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Preface

Studying the propagation of waves through inhomogeneous media has a long
history, during which a variety of inhomogeneities has been concerned. In this
thesis we focus on the propagation of time-harmonic electromagnetic waves
through periodic media; more specifically, two regimes of wave propagation are
considered: in Part II, we assume that the period of the medium is much smaller
than the wavelength of the wave, which amounts to homogenising time-harmonic
Maxwell’s equations. The propagation of electromagnetic waves in a bounded
periodic waveguide is discussed in Part III, in which we assume the period of
the medium and the wavelength of the electromagnetic wave to be of the same
order. In Part I, we introduce notation and recall some results from functional
analysis as well as statements on two-scale convergence, which will be used
extensively. This part can be skipped by the more experienced reader, with
occasional glances at specific topics if necessary.

Short overview and orientation. Part I is divided into three chapters.

In Chapter 1, we recall Banach’s closed range theorem and state some
properties of compact operators as well as of Fredholm operators on Banach
spaces. Furthermore, we prove a variant of the Lax-Milgram lemma for Banach
spaces. The results of this chapter are mainly used in Part III.

Function spaces for Maxwell’s equations are considered in Chapter 2. More
precisely, we introduce the spaces of L2-vector fields for which the distributional
curl or the distributional divergence are again L2-mappings, and define the
normal trace operator for bounded Lipschitz domains. We further define function
spaces of periodic functions and prove a Helmholtz decomposition for L?-vector
fields on the three-dimensional flat torus T3.

Chapter 3 presents an overview of those results on two-scale convergence,
which we use in Part II of this thesis; we recall, in particular, a compactness
theorem and a statement on the connection between two-scale convergence and
weak L2-convergence.

In Part IT we consider the time-harmonic Maxwell equations in a bounded
subdomain of R?, which contains a periodic array of obstacles ¥, Inrecent years,
there has been a great interest in constructing artificial materials, sometimes
referred to as metamaterials, that exhibit astonishing optical properties. Such
materials are usually constructed by choosing appropriate obstacles ¥, and
considering electromagnetic waves with a wavelength that is much larger than
the period of the array of obstacles.

Our intention in this second part of the thesis is not to propose a new
microstructure leading to a metamaterial with unusual properties; instead, we
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clarify the connection between the topology of the microstructure and transmis-
sion properties of the metamaterial. Although very general microstructures are
allowed, we stay in the framework of periodic homogenisation and use the tool
of two-scale convergence. This allows us to follow a well-established scheme in
order to homogenise Maxwell’s equations: at first, we derive and analyse the
cell problems for the two-scale limits Fy and Hg of the electric and magnetic
field, respectively. We then use solutions of those cell problems to obtain the
effective system.

As we consider very general microstructures, the analysis of the cell problems
is non-trivial. Their solution spaces, for instance, depend on the topology of the
microstructure. The characterisation of these solution spaces is possible using
k-loops and the so-called geometric average—two tools, which were developed
in [SU18] and [PSU19], respectively. In Chapter 4, both tools are defined and we
discuss some of their properties. Moreover, we present the main ideas, developed
in the articles [SU18], [PSU19] as well as in this thesis, by two microstructures.

Chapter 5 is devoted to the derivation of the effective Maxwell equations in
the case of perfectly conducting microstructures ¥,. This assumption on the
conductivity ensures that the cell problems can directly be analysed using the
geometric average and k-loops; see Lemmas 5.2 and 5.9. The characterisation of
the solution spaces allows us to derive the effective Maxwell system—our main
contribution in the second part of Chapter 5. It is noteworthy that the effective
fields are not understood in the standard way as cell averages. Instead, we define
them via the geometric average. In this way, we obtain an effective system that
has the form of Maxwell’s equations for a linear material; see Theorem 5.12. At
the end of Chapter 5, we discuss our results using four microstructures.

The more realistic case of highly conductive microstructures is treated
in Chapter 6. Although the cell problem for the two-scale limit Ey of the
electric field is identical to the one discussed in Chapter 5, the cell problem
for Hy is much more involved. Following an idea of Bouchitté, Bourel and
Felbacq [BBF17], we derive a variational identity for Hy, which is equivalent to
the cell problem. Using the geometric average, we can then characterise the
solution space of this identity; see Proposition 6.9. Having a characterisation of
the solution spaces of the cell problems allows us to obtain the effective Maxwell
system. Similar to Chapter 5, we define the effective fields using the geometric
average. In this way, we obtain the same effective system as in Chapter 5;
see Theorem 6.10.

In Part III, we consider the time-harmonic Maxwell equations in an un-
bounded and periodically perforated waveguide with periodic boundary con-
ditions on the lateral boundary. As the waveguide is unbounded, radiation
conditions at infinity must additionally be imposed to ensure well-posedness
of the problem. Let us stress that, in contrast to Part II, the wavelength of
the electromagnetic wave and the distance between two holes in the waveguide
are assumed to be of the same order. Establishing the existence of a solution
to Maxwell’s equations in the unbounded perforated waveguide is out of the
scope of this thesis. To simplify the problem, we assume that the geometry of
the waveguide allows us to reduce Maxwell’s equations to a scalar Helmholtz
equation. Following a recent idea of Schweizer [Sch19], we then show that there
exists a solution to this Helmholtz equation in a bounded perforated waveguide
that satisfies a special boundary condition, which we call a “radiation condition
at a finite distance”. More precisely, we consider a periodic array O C R x St
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of holes and the bounded waveguide Qr = (—R, R) x S'. For fixed constants
R, L > 0 and a right-hand side h € L*(Qr+1), we seek a distributional solution
u € H'(Qr+1) to the Helmholtz equation —Au — k?u = h in the perforated
waveguide Qp N O° such that u restricted to the box (—(R + L), —R) x S!
transports energy to the left and u restricted to (R, R + L) x S! transports
energy to the right.

A standard tool to establish the existence of a solution to a Helmholtz-like
equation in an unbounded domain (with appropriate boundary conditions)
is the so-called limiting absorption principle. This principle is usually based
on an operator theoretic approach. As we seek a solution to the Helmholtz
equation in the perforated waveguide that satisfies a “radiation condition at
a finite distance”, it is convenient to formulate the problem using sesquilinear
forms instead of operators. We therefore prove an abstract limiting absorption
principle for sesquilinear forms, from which we deduce the existence of a solution
to the Helmholtz equation in the perforated, bounded waveguide that satisfies
the special boundary condition.

Chapter 7 starts with the derivation of the scalar Helmholtz equation
from Maxwell’s equations and a discussion of our replacement of the radiation
condition at infinity. We formulate the “radiation condition at a finite distance’
with appropriate function spaces and sesquilinear forms.

Chapter 8 is devoted to an abstract limiting absorption principle for sesquilin-
ear forms on Banach spaces; see Theorem 8.6. The proof of this principle is based
on a Fredholm alternative for sesquilinear forms, which we discuss in Proposi-
tion 8.2. This chapter can be read independently of Chapters 7 and 9, since we
consider abstract sesquilinear forms on Banach spaces.

In Chapter 9, we first establish the existence and uniqueness of solutions to
a family of auxiliary problems, from which we deduce the existence of a solution
the Helmholtz equation in the bounded perforated waveguide that satisfies
the “radiation condition at a finite distance”; see Theorem 9.5. For this last
step, we use the abstract limiting absorption principle from Chapter 8. This
principle can only be applied if the Helmholtz equation has at most one solution.
Using standard arguments, we show in Proposition 9.6 that this uniqueness
assumption is satisfies except for an at most countable set of numbers k2 > 0.

)
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In the beginning of sections and subsections, we indicate whether they
contain material from the above articles. Results from the following article are
related but not used in this thesis:

[OSUV18] Mario Ohlberger, Ben Schweizer, Maik Urban and Barbara

Verfiirth. Mathematical analysis of transmission properties of
electromagnetic meta-materials. Accepted for Netw. Heterog.
Media, 15(1) 2020, arXiv:1809.08824, 2018

Notation and conventions. Let us fix basic notation and conventions used
in the rest of this thesis.

Constants are denoted by C and may change from line to line. If necessary,
the dependence of parameters is mentioned in parentheses.

We often consider families of functions that are indicated by a continuous
parameter > 0 or § > 0. Abusing notation, we still use the term
“sequence” for these ordered families. If no ambiguity is possible, we do
not relabel subsequences.

We denote by F either the field of real numbers R or the field of complex
numbers C. If not explicitly stated, any vector space is assumed to be
over the field F.

Let V and W be vector spaces over F. A map £: V — W is linear if
lau + v) = al(u) + £(v) and anti-linear if {(au + v) = @l(u) + £(v)
for all u,v € V and a € F. For a € R we set @ = a. We call a map
b: V xW — F a bilinear form if it is linear in each of its arguments, and
a sesquilinear form if it is linear in the first and anti-linear in the second
argument. If a statement is formulated for general F, we always call a
map b: V x W — [ sesquilinear to emphasise that the complex case is
included.

Let © be an open subset of RY. We write C°();F) for the space of
continuous functions 2 — F. For all £k € N with k£ > 1, we denote by
C*(;F) the space of k-times continuously differentiable functions on
2. The space of smooth maps is given by C*(4;F) = [,y CF(;F).
For k € Nyg U {+c} and m € N with m > 2, we identify the space
Ck(Q;F™) with C¥(Q;F)™. Moreover, C*(Q;F) denotes the space of
C*(€; F)-functions that have compact support in 2. Let Q be the closure
of 2. We denote by C*(Q;F) with k € Ng U {+o0} the space of functions
in C*(€;F) which have a continuous extension to Q and for which all
partial derivatives up to order k have a continuous extension to Q.

Let  be an open subset of R? with a Lipschitz boundary, and let k& € Ny.
We use Sobolev spaces on open subsets of R? in the usual way; see for
instance the book by Evans and Gariepy [EG15, Chapter 4]. We write
H(Q;F) for Wk2(Q;F). For m € N with m > 2 we identify the spaces
HF(Q; F™) and HF(Q;F)™.

If (X, 2A, i) is a measure space with p(X) < oo and f € L'(X, u1), then

]ifi:]{(f(x)dx::ﬁ/xf(x)dx.



Part 1

Preliminaries

Bernard of Chartres used to say that we are like dwarfs
sitting on the shoulders of giants so that we are able to see
more and further than they, not indeed by the sharpness of
our own viston or the height of our bodies, but because we
are lifted up on high and raised aloft by the greatness of
giants.

—John of Salisbury, Metalogicon






CHAPTER

Linear Operators and the
Lax-Milgram lemma

This section is devoted to some well-known results from functional analysis,
which we will use throughout this thesis.

We remind the reader that there are two natural dual spaces for a given
normed complex vector space V:

V= {E: V-oF ‘ ¢ is linear and bounded} (1.0.1)

and
V= {8: V->F ‘ ¢ is anti-linear and bounded} . (1.0.2)

The map V' — V*, £ — ( is an isometric isomorphism between the normed
spaces V' and V*. Note that both spaces are complex Banach spaces. Let us
emphasise that the pairing (-, )y v : V' x V — C is a bilinear form whereas
(-, Y= v: V*xV — C is a sesquilinear form.

1.1 Linear Operators

Let V and W be normed vector spaces over the same field. If T: V — W
is linear and bounded, then its dual T': W' — V' is a linear and bounded
operator that is uniquely defined by the identity

<w’,Tv>W, W= ( ’w',v>v, , forallveVandw e W' . (1.1.1)

If V' is a normed vector space and U C V is a linear subspace, we define the
annihilator UL of U as the set

Ul = {1/ eV

(W u)yr v =0 for all u € U} : (1.1.2)

We identify the annihilator U+ of U and the orthogonal complement of U if V'
is a Hilbert space. The annihilator J‘(U ") of a linear subspace U’ of V' is given

7
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as
J'(U’) = {v ev ‘ (', )y, v =0 for all v’ € U’} : (1.1.3)

Let T: V — W be a bounded linear operator between two normed spaces.
Using the definition of the dual operator T”, a straightforward computation
shows the identity

ker 7' = (imT)~ . (1.1.4)

PROPOSITION 1.1. (Banach’s closed range theorem) — Let X and Q) be two Ba-
nach spaces over the same field, and let T: X — ) be a linear and bounded
operator. Then the following statements are equivalent:

(i) The range imT of T is closed in Q).
(i) The range imT" of T' is closed in X'.
(iti) im T =~ (ker T").
(iv) imT" = (ker T')*.
Proof. We refer to [Cial3, Theorem 5.11-5] for a proof of this result. O

We turn our focus now on two classes of linear operators, which play an
essential role in Chapter 8.

Compact operators

Let us recall that a subset B of a normed space V' is relatively compact in V' if
its closure B is compact in V.

DEFINITION 1.2. (Compact operator) — Let V' and W be two normed vector
spaces over the same field. A linear operator K: V — W is compact if for all
bounded sets B C V, the image K(B) is relatively compact in W.

Every compact operator is bounded. Indeed, as the closed unit ball B; in V is
bounded, K(Bj) is compact and thus bounded; in particular,

sup |Kv|| < 0.
lvll<1

The next result gives an equivalent characterisation of compact mappings.

PROPOSITION 1.3. — Let V and W be two normed vector spaces of the same
field, and let K: V. — W be a linear operator. Then K is compact if and only
if K maps every bounded sequence (vy,), in V onto a sequence (Kvy,)y that has
a convergent subsequence.

Proof. The proof of this result is straightforward; we refer to [Kre78, Theorem
8.1-3]. O

A basic property of a compact linear operator is that it transforms weakly
convergent sequences into strongly convergent sequences.

8



CHAPTER 1. LINEAR OPERATORS AND THE LAX-MILGRAM LEMMA

PRrROPOSITION 1.4. — Let V and W be normed spaces over the same field and let
K:V — W be a compact linear operator. Assume (vy,)n s a weakly convergent
sequence in V with weak limit v € V.. Then (Kuvy,), strongly converges to Kv
in W.

Proof. We refer to [Kre78, Theorem 8.1-7] for a proof of this result. O

Given a linear operator on a reflexive Banach space, the following character-
isation of compactness turns out to be useful.

LEMMA 1.5. — Let X be a reflexive Banach space, and let K: X — X* be a
bounded linear operator. Then the following statements are equivalent.

(i) The operator K is compact.

(i) Every bounded sequence (uy)n in X has a subsequence (uy,), that weakly
converges in X to some u € X such that

lim (K, vp)xs x = (Ku, 0)x» x (1.1.5)

n— oo
for every sequence (vy,)y in X that weakly converges in X to some v € X.

Proof. Assume K is compact. Fix a bounded sequence (uy), in X. Due
to Propositions 1.3 and 1.4 there exists a subsequence (Kuy,),, such that Ku, —
Ku in X* for some u € X. Let (v,,), be any sequence in X with v,, — v weakly
in X. Weakly convergent sequences are bounded, and thus

(K un,vn)xe 2 — (Ku, )z x| < [(Kun — Ku,v)xe x| + [(Ku, v — v) - x]
< C’HKun—Ku’

e |<Ku,v — Un>3ex|

Sending n — oo yields the claim.

Assume (77) holds and let (uy), be a bounded sequence in X. In view
of Proposition 1.3, we need to show that (Ku,,), admits a strongly convergent
subsequence. As (u, ), is bounded, we find a subsequence (u,), that weakly
converges in X to some element u € X. We claim that (Ku, ), strongly converges
to Ku. Suppose the contrary: there exists € > 0 and a subsequence (Kuy, )y,
such that ||Ku, — Ku||x~ > ¢ for all n € N. By definition of the dual norm, for
each n € N we find v, € X with ||v,|x < 1 such that

e < || Kun — Kul

3
e < [(Kun = Ku,vn)x x| + 5 (1.1.6)

The sequence (vy,), is bounded in X and thus admits a weakly convergent
subsequence (vy,), with weak limit v € X. This together with (1.1.5) implies

lim |<Kun — Ku,vn>x*,x’ =0.

n—oo
Thus, sending n — oo in (1.1.6) yields a contradiction. Consequently, (Kuy, ),
converges to Ku in X. As the sequence (u, ), was chosen arbitrarily, the claim
is proved. O

The next result clarifies the relationship between compact operators and
their duals.
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PROPOSITION 1.6. — Let V and W be two normed vector spaces over the same
field, and let K:V — W be a linear operator. Then the following statements
hold:

(i) If K is compact, so is its adjoint K': W' — V.
(ii) Assume W is complete and K is bounded. If K' is compact, so is K.

Proof. A proof of the first part can be found in [Kre78, Theorem 8.2-5]. For a
proof of the second part, we refer to [Heu92, Satz 79.3]. O

The spectral properties of compact operators on an infinite dimensional
Banach space resembles those of square matrices on finite dimensional vector
spaces.

PROPOSITION 1.7. — Let V' be an infinite dimensional normed space, and let
K:V =V be a compact operator. Then the spectrum o(K) of K is an at most
countable set and every nonzero X € o(K) is an eigenvalue of K.

Proof. The statement that every nonzero A € o(K) is an eigenvalue of K is
proved in [Kre78, Theorem 8.6-4]. In [Kre78, Theorem 8.3-1] it is shown that the
set of eigenvalues of K is at most countable and the only point of accumulation
is 0. 0

Fredholm operators

Given a vector space V and a linear subspace U C V', the codimension of U is
defined as
codimU :=dimV/U .

If W is an algebraic complement of U, that is, the vector space V admits the
decomposition V = U @ W, then the quotient map w: W — V/U is bijective
and hence dimW = codimU. Let T: E — V be a linear map between two
vector spaces over the same field. The cokernel of T is defined as

cokerT:=V/imT.

Clearly, dim coker T' = codimim 7.
In this section we restrict our attention to operators on Banach spaces.

DEFINITION 1.8. (Fredholm operator and Fredholm index) — Let X and Q) be
two Banach spaces over the same field. A bounded linear operator T: X — 9)
is a Fredholm operator if its kernel ker T and its cokernel cokerT are finite
dimensional vector spaces. If T is a Fredholm operator, then the integer

indT = dimker T" — dim coker T’

is the Fredholm index of T'.

The Fredholm index can equivalently be defined as indT = dimkerT —
codimim 7.

10



CHAPTER 1. LINEAR OPERATORS AND THE LAX-MILGRAM LEMMA

REMARK 1. — The definition of Fredholm operators is not consistent across the
literatur. Operators T: X — 2 with dimkerT < 0o and codimimT < oo are
sometimes called Noetherian operators. A Fredholm operator in this terminology
is a Noetherian operator T: X — Q) with indT = 0.

Some authors assume in the definition of a Fredholm operator additionally
that the range of the operator is closed. This leads to an equivalent definition,
since every bounded linear operator with finite dimensional cokernel has a closed
range. Let us demonstrate this fact:

LEMMA 1.9. — Let X and %) be Banach spaces over the same field. If T: X — %)
is a linear and bounded operator with codimim T < oo, then the range im T is
closed in %).

Proof. The kernel ker T is a closed subspace of X, since 7" is bounded and linear;
hence, the quotient space X/ ker T is a Banach space. The induced operator

T:%/kerT =9, [z]— T(x)

is injective and satisfies im7T = im7T. As codimimT < oo, there exists a
linear subspace W C %) with dimW < oo such that the vector space )
admits the direct decomposition ) = im7T & W. Define the vector space
X = (X/kerT) x W. As X/kerT and W are Banach spaces, so is X with
vespect to the norm ||([a], )15 = l[a]llx/ ker + [wllw- The operator

T:x—=9, T(z],w) =T +w

A1
is linear, bounded, and bijective. Thus, its inverse operator T'  is bounded,
since X and ) are Banach spaces. As

-1
) ((X/kerT) x {0})
we find that im 7T is closed in %). O

im7T = (T_l

Proposition 1.6 discussed the relationship between compact operators and
their duals; the next result clarifies the connection between Fredholm operators
and their duals.

LEMMA 1.10. — Let X and ) be Banach spaces over the same field, and let
T:X — 9 be a Fredholm operator. Then T': Q)" — X' is also a Fredholm
operator with indT" = —ind T

Proof. We recall the identity (1.1.4). It is straightforward to see that the
vector spaces (im7)* and ()/im T)’ are isomorphic; in particular, (im T)* is
a finite dimensional space, since codimim T < co. Combining this observation
with (1.1.4) yields

ind7 = dimker T — codim im 7' = dim ker T’ — dim ker 7" . (1.1.7)

By assumption, ker T is finite dimensional, and so is its dual space (kerT)’.
The mapping

X' /(ker T)* — (ker T)', [2'] = 2'|ker T

11



1.2. THE LAX-MILGRAM LEMMA FOR BANACH SPACES

is a well-defined linear bijection; see [BK14, Proposition 3.51]. Hence, we may
identify X’/(ker T)* and (ker T')’. Thanks to Lemma 1.9, the range im T of T
is closed in Q). Thus, applying Proposition 1.1, we find that

dim(ker T') = dim X' /(ker T)* = dim X¥’/(im T") = dim coker(7"). (1.1.8)

Using that dimker T' = dim(ker T')" and combining (1.1.8) with (1.1.7), we find
that the dual operator 7" is a Fredholm operator with

indT = —ind 7" .
This proves the claim. O

Fredholm operators are stable under composition and we have the following
result.

LEMMA 1.11. — Let X, ), and 3 be Banach spaces over the same field. If
T:X—9 and S: Y — 3 are Fredholm operators, then so is ST: X — 3 with

ind(ST) =ind S+ indT'.
Proof. For a proof of this result we refer to [Tay11, Proposition 7.6]. O

An import class of Fredholm operators is given by compact perturbations of
a fixed Fredholm operator.

LEMMA 1.12. — Let X and ) be Banach spaces over the same field, and let
T:X — 92 be a Fredholm operator. If K: X — %) is a compact operator, then
T + K is a Fredholm operator with ind(T + K) = ind T

Proof. We refer to [Tayl1, Corollaries 7.2 and 7.5]. O

1.2 The Lax-Milgram lemma for Banach spaces

Consider a real Hilbert space §). Each bounded bilinear form b: § x H — R
induces a bounded linear operator B: $§ — $, u — Bu, where Bu € §) is
uniquely determined by (Bu,v)s = b(u,v) for all v € $. Assuming the bilinear
form b is coercive—that is, there exists a constant ¢y > 0 such that

b(u,u) > coflull, forallue§, (1.2.1)

Lax and Milgram [LM54] showed that the operator B has a bounded inverse.
This result had also been obtained by others, we mention Visik [Vis51].

This section is devoted to the generalisation of this result for sesquilinear
forms b: X x V — FF, where X is an arbitrary Banach space over F and V is a
reflexive normed space over the same field. Such generalisations are classical:
Sauer [Sau66] established the result in the case X = V is a reflexive Banach
space and showed that reflexivity is necessary. We consider the more general
case of a reflexive Banach space V' and an arbitrary Banach space X, and prove
a variant of a result by Hayden [Hay68]. Of course, in this case, the coercivity
estimate (1.2.1) has to be replaced appropriately.
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CHAPTER 1. LINEAR OPERATORS AND THE LAX-MILGRAM LEMMA

We say a sesquilinear form b: X x V' — F is X-elliptic if there exists a
constant c¢g > 0 such that

sup [b(u,v)| > collul|x  forallu € X. (1.2.2)
veV
llvllv=1

If X =V is a real Hilbert space, then b is X-elliptic if it is coercive. Every X-
elliptic sesquilinear form b has the property that uw = 0 if and only if b(u,v) =0
for all v € V. There might be, however, a non-trivial element v € V such that
b(u,v) =0 for all u € X. A sesquilinear form b: X x V — F is non-degenerate
if the following two requirements are satisfied:

(i) For every u € X\ {0} there exists v € V such that b(u,v) # 0;
(ii) For every v € V' \ {0} there exists u € X such that b(u,v) # 0.

We are now in the position to state the generalisation of the Lax-Milgram
lemma.

PrOPOSITION 1.13. — Let X be a Banach space over the field F, and let V
be a reflexive normed space over the same field. Let b: X x V. — T be a
non-degenerate, bounded, and X-elliptic sesquilinear form. Then the following
statements hold:

(i) For every £ € V* there exists a unique u € X such that
b(u,-) =¢(-). (1.2.3)

Moreover, the unique solution u € X to (1.2.3) satisfies the estimate
1
lulle < —[[€llv-,
Co

where co > 0 is the constant from (1.2.2).

(i) The operator B: X — V*, u — Bu with
(Bu,v)y=yv =b(u,v) forallveV

is a Banach space isomorphism; that is, B is a bijective, linear and
bounded operator between Banach spaces.

Proof. In order to show (%), it suffices to prove statement (4) and to show that
1B~ < e

Step 1. The sesquilinear form b is linear in its first argument and bounded,
which implies linearity and boundedness of B. We claim that B is an injective
operator with closed range. Indeed, since b is X-elliptic, we find that

|Bully+ = sup [(Bu,v)vy|> sup |b(u,v)| > collullx (1.2.4)
v ev

ve v
llvllv <1 lollv=1

for all uw € X. From inequality (1.2.4) it is straightforward to conclude that B
has closed range and is injective. We are left to prove that B is surjective.

13



1.2. THE LAX-MILGRAM LEMMA FOR BANACH SPACES

Step 2. Suppose B is not surjective. We then find v; € V* such that
vy ¢ im B. As im B is a closed subspace, the Hahn-Banach theorem implies
the existence of a linear functional ¢ € V** such that £(v§) = 1 and £|i, g = 0.
Using the reflexivity of V, we find a unique element vy € V' such that

((v*) = Wv*,v for all v* € V*. (1.2.5)

For every u € X,

b(u,ve) = (Bu,vg)y+y = {(Bu) =0, (1.2.6)

where we used that ¢ vanishes on im B to obtain the last equation. Since b is
non-degenerate, we deduce from (1.2.6) that v, = 0. In view of (1.2.5), this is
a contradiction to £(v§) = 1.

We have shown that B is a bijective, linear, and bounded operator; its
inverse B~! is thus also bounded. Moreover, from (1.2.4) we deduce that
1B < et O

REMARK 2. — In Proposition 1.13, we assumed that V is a reflexive normed
space, which already implies completeness. Indeed, V' is isomorphic to V**, which
as the dual space of V*is a Banach space. We write, however, “reflexive normed
space” instead of “reflexive Banach space” to emphasise that completeness is
not used in the proof of the statement.

14



CHAPTER

Function spaces for
Maxwell’s equations

2.1 Spaces related to divergence and curl

The analysis of Maxwell’s equations requires special function spaces involving
the divergence and curl of vector fields. Our objective in this chapter is to
define these function spaces and to list some of their properties. We follow
the book by Girault and Raviart [GR86]. Throughout this section, Q C R? is
bounded, open, and connected set with a Lipschitz boundary.

Studying cell problems, which naturally arise in the homogenization of
time-harmonic Maxwell’s equations, it is necessary to consider vector fields that
are less regular than H'(2;C3?). Every vector field u € L?(€;F?) induces a
distribution div u: C°(;F) — F by

(div “v@c;o(g;mxcso(gﬁ) = /Q<“»V‘P>~

If this distribution is induced by an L?(Q; F)-function, we write div u € L?(Q; F).
The space

Hr(div, Q) = {u € L2(Q;F?) ’ div u € LQ(Q;IE‘)} (2.1.1)
is a Hilbert space when equipped with the norm
[ull e aiv ) = [lull2@s) + [[div |2 oir) -
We have the following density result.

PROPOSITION 2.1. — IfQ is an open and bounded subset of R3 with a Lipschitz
boundary, then the space C°°(Q2;F3) is dense in Hp(div, Q).

Proof. The statement is proved in [GR86] for F = R; see Theorem 2.4. The
case F = C follows easily, since every vector field u € Hc(div, 2) can be written
as u = Re{u} + Im{u} with Re{u}, Im{u} € Hg(div, Q). O
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2.2. SPACES OF PERIODIC FUNCTIONS

It is a classical result from the theory of Sobolev spaces that there exists a
unique linear and bounded extension tr: H'(;F) — H/2(9%;F) of the linear
map C°(;F) — CO(OQ;F), p — p|aq; see, for instance, [GR86, Theorem 1.5].
Using the density result of Proposition 2.1, we can introduce the normal trace
on 0N of vector fields in Hy(div, ).

THEOREM 2.2. (Normal trace) — Let Q be an open and bounded subset of R?
with a Lipschitz boundary. Denote by v the unit outward normal on Of).
The mapping tr,: C*°(Q;F3) — L2(0Q;F), u — (ulsq,v) can be extended to
a linear and bounded mapping tr,: Hg(div,Q) — H~Y2(9;F). Moreover,
Green’s formula

(0 + [ aiv ) = (e 0. 6500y 2,100

holds for all u € Hy(div,Q) and ¢ € H*(;F).

Proof. The theorem is proved for Hg(div,2) in [GR86, Theorem 2.5]. The very
same proof is also valid for the case F = C, since only the density of C>°(Q;C?)
in He(div, Q) is used, which was proved in Proposition 2.1. O

Abusing notation, we shall always write (u, ) instead of tr, (u); similarly, we
simply write ¢ instead of tr(e) if no ambiguity is possible.

The time-harmonic Maxwell equations are equations for complex-valued
vector fields u: 2 — C3. We shall therefore simply write H(div,(2) instead of
Hc(div, Q). The kernel of the normal trace operator is denoted by Hy(div, Q);
that is,

Hy(div,Q) = {u € He(div, Q) | tr,(u) = O} . (2.1.2)
Similar to H(div,$2) we introduce the space
H(curl, Q) := {u € L*(Q;C?) ‘ curl u € L*(Q; C3)} ) (2.1.3)

which is a Hilbert space with respect to the norm
”u”H(curl,Q) = ||u||L2(Q;<C3) + chrl UHL2(Q;C3) :

The completion of C2°(€; C?) with respect to the norm || - || g (curt ) is denoted
by Hp(curl,Q). Similar to Hy(div,(), the space Hp(curl,) can also be
characterised by the tangential trace. We do not need this notion and refer
to [GR86, Section 2.3] for more details.

2.2 Spaces of periodic functions

The closed unit cube [0, 1]? in R? is denoted by Y'; sometimes referred to as the
unit cell or periodicity cell. Let m € N with m > 1. Maps f: R3 — F™ that
satisfy

fly+e)=fy) forallycR¥>andic{l,...,d}

are called Y -periodic. For k > 0, we define
CH(Y;F™) = {f|y: Y 5 F™ | f e CFR3F™) is Y-periodic} .
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CHAPTER 2. FUNCTION SPACES FOR MAXWELL’S EQUATIONS

The Sobolev space Hé“(Y; F"™) is defined as the completion of C°(Y;F™) with

respect to the H*-norm.

On the unit cube Y, we can define an equivalence relation ~ by identifying
opposite faces—that is, y ~ ¢/ whenever y — 3’ € Z3. The quotient Y/ ~ can
be identified with the flat three-dimensional torus T2, and every Y-periodic
map Y — F™ can be viewed as a map T? — F™. We denote the canonical
projection Y <+ T3 by ¢+ and the universal covering R?> — T2 by 7. Given a
subset U of Y, we introduce the “periodic continuation” of U as the set

U= J (m+0U). (2.2.1)
mezZ3

We note that +(U) = w(U) C T? is open if and only if ¢=!(:(U)) C Y is open.

Let us warn the reader that, in general, +(U) C T? is not open although U C Y

is open. Indeed, for ¢ € (0,1/2), the set U := [0, ) is open in Y but +(U) C T3

is not open.

DEFINITION 2.3. (Lipschitz domain on T3) — Let U C Y be a non-empty sub-
set for which 1(U) C T? is open, and let U C R® be the set defined in (2.2.1).
We say t(U) has a Lipschitz boundary if U has a Lipschitz boundary. Moreover,
t(U) is a Lipschitz domain provided «(U) is connected and has a Lipschitz
boundary.

Assume U C Y is non-empty and let U be the set defined in (2.2.1). Similar
to CF(Y;F™), we define the space
ij(U;]Fm) = {f\U: U—Fm|feCHU;F™)is Y—periodic},

for k> 0. If U C Y is open, then the completion of Cé“ (U;F™) with respect to
the H*-norm is denoted by Hé“(U; F™).

2.3 Helmholtz decomposition for periodic vector fields

For a bounded Lipschitz domain € C R3, the classical Helmholtz decomposition
states that every vector field v € L?(Q; R?) can be written as a sum of a gradient
vector field and a divergence-free vector field; see, for instance, [Sch18, BPS16].
Such a decomposition does also hold for L2-vector fields on the torus T2. We
remark that the two spaces Hﬁ1 (Y;F3) and H'(T?;F3) can be identified. Before
proving the Helmholtz decomposition , we recall a classical result related to the
Sobolev space H!(T3;F?).

LEMMA 2.4. — Consider the sesquilinear form b: H*(T3;F3)x HY(T3;F?) — T,

b(v, ) = / {curl v, curl ) —l—/ div v - div ¢. (2.3.1)
T3 T
Then, for all v € H*(T3;F3), there holds
b0, 0) = [ F0l22 g, (232)

In particular, the map H'(T?;F?) — R, v — b(v,v) + [|v]? is the standard
HY(T3;F3)-norm. Moreover, if v € L*(T3;F3) is a vector field for which
curl v € L*(T?;F3) and div v € L?(T3;F), then v € H*(T3;F?).
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2.3. HELMHOLTZ DECOMPOSITION FOR PERIODIC VECTOR FIELDS

Proof. We begin by proving equation (2.3.2). For vector fields v € Cf°(Y; F3)
the following identity for the vector Laplacian holds:

<(_AU)’U>L2(T3;]F3) = (curl curl v, U>L2(T3;]F3) —(Vdiv U,U>L2(T3;F3) . (2.3.3)

Using integration by parts on both sides of (2.3.3), one readily checks that (2.3.2)
holds for all vector fields v € C3°(Y; F3). By definition of the periodic Sobolev

spaces, C&’O(Y;IF?’) is dense in H'(T3;F3). Thus, for every v € H'(T?;F?) we
find a sequence (v )ken in C°(Y;F?) that converges to v in H'(T% F?). As
there are constants c1, co > 0 such that

||cur1 v — curl ka%?(T3;F3) < 01||VU - V’UkH%z(Tz;]FSXB.) (234)
and

|div v — div UkH%z(Ts;F) < || Vo — V’Uk||%2(vﬂ~3;ﬂrax3) )
we deduce that

||VU||2L2(T3;1FBX3) = klim ||Vvk||2L2(T3;1F3x3) = lim b(vg,vk) = b(v,v).
—00 k—o0

This proves the identity (2.3.2) for all vector fields v € H*(T?3;F3). Having this
identity, it is obvious that v — b(v,v) + [1s|v|? is equal to the standard norm
on HY(T3;F3).

In order to prove the second part of the lemma, fix a vector field v €
L?(T3;F3) for which its curl and its divergence are L?(T3)-maps. Let (p-). be
a sequence of mollifiers, and set v. == v * p.. Then v, € C’g’o(Tg; F3), and for
g, > 0 there holds

b(v: —ver) + [[ve —ver||* = [l — UE’H%P(TB;IFB) : (2.3.5)

As v, — v in L?(T3;F?), curl v. = (curl v) * p. — curl v in L?(T?;F?) and
div v. = (div v) * p. — div v in L?(T?;F), we deduce from (2.3.5) that (v.). is
a Cauchy sequence in H*(T3;F?); hence, there exists © € H'(T?; F?) such that
ve — ¥ in HY(T?;F3). By uniqueness of the limit, v = 9 € H*(T3;F?), which
proves the claim. O

Define the space of gradient vector fields as
VHY(T? F) = {u c LQ(T3;]F3)‘ there is a © € H(T%; F) with u = VO in 11‘3}
and the space of solenoidal vector fields as

sol

L2,(T3 F3) = {ueL2(T3;F3) div u =0 in T3}.

Armed with the characterisation of the H'-norm of vector fields and the
above defined spaces, we are now in the position to formulate a first version
of the Helmholtz decomposition on the torus, which resembles the classical
Helmholtz decomposition for a bounded Lipschitz domain.

LEMMA 2.5. — The following orthogonal decomposition of L*(T?;F?) holds,
L*(T3;F%) = VHY(T?,F3) @ L2 (T3 F3).

sol
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CHAPTER 2. FUNCTION SPACES FOR MAXWELL’S EQUATIONS

More precisely, for every u € L*(T3;F3) there exists a periodic potential © €
HY(T3;F) and some vector field w € L2 (T%;F3) such that u= VO +w in T3.

sol

Moreover, the potential © € H(T3;F3) is the unique solution to
/ <V@, V<p> = / <u, V<p> for all ¢ € H(T3;TF).
T T3

with [1,© = 0.

Proof. Fix u € L?(T3;F3). Thanks to the Lax-Milgram lemma, there exists a
unique function © € H'(T3;F) with [, © = 0 such that

/(ve),v@:/ (u, V) forall p € H'(T%F).
T3 T3

Having this potential © at hand, we find that the vector field v .= u — VO is
an element of L2(T3;F3) and satisfies

/Ts@,v@ = /Ts<u,w> —/Tg<v9,w> =0,

for all o € HY(T3;F). This shows that v € L2 (T3;F3).

sol
In order to show that the decomposition
L*(T%F3) = VH' (T F) @ L2, (T?; F?)
is direct, we need to prove that only the trivial vector field is an element in
both spaces. One readily checks, that L2 (T?;F?) is a linear subspace of the

L2-orthogonal complement of VH?!(T?;F), which proves the claim. (]

The space L2 ,(T?; F3) of solenoidal vector fields on the torus can be further

decomposed. To this end, we define the space of curl vector fields as

curl H*(T3;F3) = {u € L*(T3;F3)

there exists w € H*(T?; IF‘S)}

such that v = curl w in T3

We further introduce the space of harmonic vector fields,

H(T3;F3) = {u € L*(T3;F?) ‘ curl =0 in T? and div v = 0 in ']I‘?’} .
Having these function spaces at hand, we can state an improved Helmholtz
decomposition on the torus.

PROPOSITION 2.6. (Helmholtz decomposition on the torus) — The vector space
of harmonic fields Hy(Y;F3) is finite dimensional. More precisely, H(T3;F?) =
F3. Furthermore, the following orthogonal decomposition holds

L*(T3;F3%) = VHY(T*F) ® curl H*(T?; F3) @ H(T3; F?).

In particular, for every vector field u € L?(T3;F3) there exist a scalar potential
© € HY(T3;F), a vector potential w € H'(T3;F?), and a constant c € F* such
that u = VO + curl w + ¢ in T3.
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2.3. HELMHOLTZ DECOMPOSITION FOR PERIODIC VECTOR FIELDS

Proof. We proceed in two steps.

Step 1. We claim that the vector space H(T3;F3) = F3. First, we observe
that H(T?;F?) is a subspace of H*(T?3;F3); indeed, if u is an harmonic vector
field, both its distributional curl and its distributional divergence vanish in T3.
We can thus deduce from Lemma 2.4 that v € H(T?;F3). Equation (2.3.2)
shows Vu = 0 in L%(T3;F3*3). This implies that u = ¢ € F?, since T?
is connected. Consequently, H(T3;F3) C F3. The other inclusion, that is
F? C H(T3;F?) is clear.

Step 2. We already know, by Lemma 2.5, that L?(T3;F3) admits the
orthogonal decomposition

L*(T%F®) = VH (T F) ® L3, (T* F°).
One readily checks that H(T3;F3) c L2 (T3;F3). As H(T3;F?) is finite

dimensional, it is a closed subspace of L2 (T?;F?), and thus

L2 (T3 F3) = H(T% F3) @ H(T3; F3)* .

sol

The claim is proved if we show that #(T%;F?)* = curl H] (Y;F?) in L2, (T% F?).

By Step 1, H(T?;F%) = F3. This implies curl H!(T3;F3) C H(T3;F?)*1. To
prove the converse inclusion, fix a vector field v € H(T?;F?)*. Consider the
function space

Hy o(T% F?) = {“ e HY(T?F?)

/ u = 0 and divuinnT3}7
T3

and let b: H) (T F?) x H}, (T F%) — F be the sesquilinear form defined
in (2.3.1). The Lax-Milgram lemma together with equation (2.3.2) establish

the existence of a unique solution w € Hy, o(T% F?) to

b(w, ) = /T3 (v, curl ) (2.3.6)

for all ¢ € HSIOLO(']I‘?’;FS). Note that w satisfies (2.3.6) also for all ¢ €
HY(T3;F3), since the equation holds for constant vector fields. The claim
is proved if the remainder R := v — curl w € L?(T3;F?) vanishes.

We claim that R € H(T?;F3). Indeed, as v € L2 (T3 F?) we find that

div R = div v — div curl w = 0. On the other hand, by construction of w, there
holds

/ (R,curl ) = / (v, curl @) — / (curl w, curl ¢)
Y Y %
— [ to.curl ) = b(w.) =0,
Y
for all ¢ € H'(T3;F3). This shows that R € H(T3;F?3).
The proof is finished if we can show that R is also an element of H(T3;F3)L.

As shown above, curl H(T3;F?) c H(T?;F3)+ and so curl w € H(T3;F3)L.
We chose v € H(T3;F3)L and hence, R = v — curl w € H(T3;F3)L. O
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CHAPTER

Two-scale convergence

In order not to disturb the discussion later on, we present the definition of two-
scale convergence, introduced by Nguetseng [Ngu89], and some of its properties
in this chapter. The main references are [LNW02] and [A1192]; we also mention
the book by Pavliotis and Stuart [PS08].

3.1 Banach space-valued maps

In this section, we survey the definition and basic properties of L?-spaces for
Banach space-valued maps. The appropriate integral is the Bochner integral.
We briefly recall some facts on the Bochner integral and refer to the book by
Diestel and Uhl [DU77, Chapter 2] for a more detailed discussion on the topic.

Let X be a (real or complex) Banach space with norm || - ||, and let £
be an open and bounded subset of R?. A map f: Q — ¥ is simple if there
exist x1,...,x, € X and measurable subsets F1,..., E, of Q) such that f =
2;21 xilg,. Wesay f: Q — X is strong measurable if there exists a sequence
(fx)x of simple functions with limy_, o || fx(z) — f(z)|| = 0 for almost all = € Q.
The following characterisation of Bochner integrable functions is sufficient for
our purposes.

LEMMA 3.1. — Let f: Q — X be a strong measurable map. Then f is Bochner
integrable if and only if

/ 1/ (@) dz < oo
Q
Proof. We refer to the proof of Theorem 2 in [DUT77, Chapter 2.2]. O

For brevity, we abuse notation and write ||f| for the map @ — R, = —
I f(z)]]. The previous result motivates the following definition:

L2 (%) = {f: Q- ‘ f is strong measurable and || f|| € LQ(Q;R)} :

One can show that L?({); X) is a Banach space. In addition, simple functions
are dense in L%(Q; X). If X is reflexive, so is L%(Q; X); see Corollary 2 in [DU77,
Chapter IV.1].

21




3.2. THE NOTION OF TWO-SCALE CONVERGENCE

3.2 The notion of two-scale convergence

Let Q be an open and bounded subset of R?, and denote the closed unit cube
in R? by Y := [0, 1]%. Throughout this section, m € N with m > 1.

DEFINITION 3.2. (Two-scale convergence) — A sequence (u),, in L?(Q;C™) is

said to two-scale converge to ug € L?(Q x Y;C™), and we write u" 2 ug, if

lim Q<u"(z),1/)<a:, 2)>dx—/Q/Y<uo(z,y),1/)(x7y)>dydx (3.2.1)

n—0
for every ¢ € L*($); C?(Y; Cc™)).

We remark that different definitions of two-scale convergence are present
in the literature; the main difference concerns the space of test functions,
L2(8; Cj?(Y; C™)). We refer to [LNWO02] for a discussion on different choices of
spaces of test functions.

LEMMA 3.3. — Let (u"), be a sequence in L*(Q;C™) that two-scale converges
to ug € L2(Q2 x Y;C™). Then

ul — / uo(-,y)dy  weakly in L*(Q;C™) asn — 0.
Y

In particular, the sequence (u"), is bounded in L*(£;C™).

Proof. Fix an arbitrary ¢ € L?(2;C™). We can view the map = ~ (z) as an
element of L?(Q; CJ(Y;C™)). As (u"), two-scale converges to ug, we obtain

lim <u”(m),¢(w)> dz = /

n—0 Jq Q

([ wnle.9)dy. o(a)) da
Y
As 1) was chosen arbitrarily, the claim follows. O

In [LNWO02], [All92], and [PS08], only sequences (u”), in L?*(Q;R) are
considered. In order to apply the results obtained in these articles to sequences
in L2(2; C™), we need the following two auxiliary lemmas.

LEMMA 3.4. — Let Q be a bounded and open subset of R?. For a sequence
(u"),, in L*(Q;C) the following statements are equivalent:

(i) (u™), two-scale converges to ug € L*(2 x Y;C).

(ii) The sequences (Re{u"}), and (Im{u"}), in L*(;R) two-scale converge
to Re{uo} € L*(Q x Y;R) and Im{ug} € L*(Q x Y;R), respectively.

Proof. Assume (u"), is a sequence in L?(2;C) that two-scale converges to
up € L2(2 x Y;C). We note that 2Re{u"} = u" + u" and that 2i Im{u"} =
u — ", Thus, using the fact that every ¢ € L?((, Cj?(Y; R)) is an element of
L?(Q; C3(Y; C)), the two-scale convergence of (u"), implies statement (7).
Conversely, assume that statement (4) holds. Then (7) follows from the obser-
vation that Re{y}, Tm{y} € L*(2; CJ(Y,R)) for every ¢ € L*(Q; CE(Y, C)).O
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CHAPTER 3. TWO-SCALE CONVERGENCE

LEMMA 3.5. — Let Q be an open and bounded subset of R%, and let m > 2. For
a sequence (u), in L*(€2; C™) the following statements are equivalent:

(i) (u™), two-scale converges to ug € L?(2 x Y;C™).

(ii) Foreachk € {1,...,m}, the sequence (u}), two-scale converges to (ug)r €
L?(Q x Y;C).

Proof. Let (u"), be a sequence in L?(2; C™) that two-scale converges to ug €
L?(Q x Y;C™). We observe that for each k € {1,...,m} and for all test
functions 1 € L?(€); CE(Y; Q)), the vector field (z,y) — ¥ (z,y) ey, is an element
of L*(Q; CY(Y;C™)). This together with the two-scale convergence of (u"),
implies statement (7).

The converse implication, (%) = (%), is straightforward and follows from the
linearity of the integral. O

We have the following result.

LEMMA 3.6. — Let Q C R be open and bounded. If 1) € L& (Y;CO(;R)), then
for any n > 0 the map Q@ — R, z — ¢,(x) = ¥(x/n,z) is measurable and
satisfies

HwnHLl(Q;R) =< C(Q)W”L;(Y;CO@;R))

Proof. The statement is proved in [Al192, Corollary 5.4]. O

The next result is crucial for the theory of two-scale convergence, and for us
in Chapters 5 and 6.

THEOREM 3.7. (Compactness theorem) — If (u"), is a bounded sequence in
L2(; C™), then there exists a subsequence (u"),, and a map ug € L*(QxY;C™)
such that (u"),, two-scale converges to ug.

Proof. The statement for sequences in L?(£2;R) is proved in [LNW02, Theorem
14]; see also [Al192, Theorem 1.2].

In order to prove the general statement, let (u”), be a bounded sequence
in L?(2;C™). The sequences (u]), ..., (ul), are then bounded in L?(;C).
Fix k € {1,...,m}. Applying Theorem 14 from [LNWO02] to the sequence
of the real part and the imaginary part of u, respectively, we deduce the

existence of a subsequence (uy), that two-scale converges. As k € {1,...,m}
was arbitrary, we can successively choose subsequences (u7),, ..., (ul,), that
two-scale converge. This implies the claim, by Lemma 3.5. O

The following theorem shows that if (u"), two-scale converges, then the
identity (3.2.1) holds for test functions in other spaces than L*(Q; C{(Y;C™)).

THEOREM 3.8. — Let Q be an open and bounded subset of Re. If (u"), is a
sequence in L2(Q; C™) that two-scale converges to ug € L*(Q x Y;C™), then

n—0

lim Q<u"(a:),z/}<x, 2) > dz = /Q /Y<u0(x,y),w(a;,y)> dy dz, (3.2.2)
for every ¢ € Lf(Y; Co(;Cm)).
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Proof. Thanks to the linearity of the integral, we may assume that (u"),, is a se-
quence in L?(€2; R™) and that test vector fields are elements of Lf(Y; CO(Q; R™)).
The statement for a sequence in L?(2;R) is proved in [LNW02, Theorem 15].
In order to prove the general statement, we apply Theorem 15 from [LNW02]
to the sequence (u}), for each k € {1,...,m}, which two-scale converge to
(uo)r € L2(Q2 x Y;R™) by Lemma 3.5. O

The next result is a straightforward variant of a classical rule, which applies
to vector fields u”: € — C? for which both sequences (u"), and (ndiv u"), are
bounded in L?(£2; C3); see [Al192, Proposition 1.14].

LEMMA 3.9. — Let Q be an open and bounded subset of RY, and let (u"),, be
a sequence in H(curl,Q). Assume that (u"), and (ncurl u"), are bounded
sequences in L?(Q;C3). Then there exists a vector field ug € L?(2 x Y;C3)
with curly ug(z,-) € L (Y;C?) for almost all x € Q such that

u? 2wy and ncurl o 2 curly ug . (3.2.3)

Proof. As both sequences (u7), and (ncurl ©"), are bounded, we find subse-
quences (u"), and (ncurl u”), as well as a vector field £ € L?(Q x Y;C3) such
that

u 2 up and ncurl u” =N £.

The claim is proved provided &(z, -) = curl, ug(x, -) for almost all z € Q. Choose
an arbitrary test function § € C2°(Q;R) and a test vector field ¢ € Cp°(Y;C?).
Define ¢(z,y) = 0(x)y(y) and set o, (-) = ¢(-,-/n) for each n > 0. On the one
hand, we have

lim [ (ncurl u”(m),gpn(:ﬂ»dx:/Qﬂ(x)/y<§(x,y),z/)(y)>dydx. (3.2.4)

n—0 Q

On the other hand, applying integration by parts and using the boundedness of
(u")y, we find that

71713% Q<n curl u(z), o, () do = 717% A 0(x)(u"(z), curl ¥(z/n))dz

+ %ig%)n/ﬂ@”(x), Vo(z) Ap(z/n)) dz

:/9(w)/<u0(x7y),curl z/1(y)>dydx.
Q Y

Combining the last equation and (3.2.4) yields the claim. O
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Part 11

Homogenization of
time-harmonic Maxwell’s
equations in general periodic
microstructures

What you say is very fine, Adso, and I thank you. The
order that our mind imagines is like a net, or like a ladder,
built to attain something. But afterward you must throw the
ladder away, because you discover that, even if it was useful,
it was meaningless. Er muoz gelichesame die leiter
abewerfen, sé er an ir ufgestigen.

—Umberto Eco, The name of the rose

He must, so to speak, throw away the ladder after he has
climbed up it.

—Ludwig Wittgenstein, Tractatus Logico-Philosophicus






CHAPTER

Introduction

In the mid nineteenth century, James C. Maxwell [Max61, Max65] published
twenty equations summarising the state of electromagnetic theory in those days;
he thereby added a critical correction to Ampeére’s circuital law by introducing a
displacement current term. Oliver Heaviside later simplified this set of equations
via vector notation; the resulting system of four equations involves four time-
and space-dependent unknown fields: the electric field &, the displacement field
D, the magnetic field ‘H and the magnetic induction B. The sources of the
electromagnetic field are the electric current density J and the electric charge
density p. Maxwell’s equations then read

curl £ = -8, curl H=J + 0:D, (4.0.1a)
div D =p, div B=0. (4.0.1b)

The relations between the four fields D, B, £, and H are determined by the
(experimentally derived) material laws; sometimes referred to as the constitutive
relations. In this work, we are interested in linear isotropic materials and thus
the material laws are of the form

D=¢£ and B=pH, (4.0.2)

with space-dependent scalars € and u. We refer to ¢ as the permittivity of the
material and to p as the permeability of the material.

Simplifications. We consider Maxwell’s equations (4.0.1) in a bounded
and simply connected Lipschitz domain Q C R3. For simplicity, we assume
that there are neither charges nor currents; that is, p = 0 and J = 0. Let us
mention that we have not specified any boundary conditions on 0f2, which can
be used to encode source terms. The results presented in this part of the thesis
are essentially independent of the boundary values of the electromagnetic field
on 0f); this is why we will not specify any boundary condition in the sequel.

Instead of the full Maxwell system (4.0.1), one often studies a reduced set
of equations—namely, the so called time-harmonic Maxwell equations. In order
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4.1. GEOMETRY AND OVERVIEW OF MAIN RESULTS

to derive this reduced system, we make the time-harmonic ansatz

H(x,t) = Re{H(x)e "}, E(z,t) = Re{E(z) e '}
B(x,t) = Re{B(z)e !} | D(z,t) = Re{D(x)e ™'},

with time-independent fields H, B, E, D: Q2 — C3 and a fixed frequency w > 0.
Substituting the fields H(x)e ! and E(x)e ! into (4.0.1a) and using the
constitutive relations (4.0.2) yield the time-harmonic Mazwell equations

{curl E= iwpH in{, (4.0.3a)
curl H = —iweE  in Q. (4.0.3b)

The two equations in (4.0.1b) are automatically satisfied by D = ¢E and
B = pH, which can be seen by taking the divergence in (4.0.3b) and (4.0.3a),
respectively.

Metamaterials. For a homogeneous material both the permittivity € and
the permeability p are space-independent; they do depend, however, on the
frequency w of an electromagnetic wave hitting the material. Whereas the
permittivity € = e(w) can be a complex number with non-negative imaginary
part for frequencies w of visible light, all natural materials show a non-magnetic
behaviour for this region of the spectrum; their permeability p is hence close to
1o > 0, the permeability of free space.

In recent years, there has been a great interest in constructing artificial
materials, also called metamaterials, that behave as homogeneous materials
with a negative permittivity e [FB97] or a non-trivial permeability pf [BS10,
BBF09, BBF17]; we refer to the survey [Schl6] for an overview. Usually such
metamaterials are periodically micro-structured. Assuming the scale of the
microstructure is small compared to the wavelength of the fields, a rigorous
mathematical analysis of the behaviour of the artificial material can be performed
using periodic homogenisation theory.

The vital part in the construction of metamaterials with unusual optical
properties is the choice of the microstructure. Using highly conductive split-ring
resonators, Bouchitté and Schweizer [BS10] designed a metamaterial with neg-
ative permeability Re{u®(w)} < 0 for special frequencies w. A similar result
holds for perfectly conducting split rings, which was later shown by Lipton and
Schweizer [LS18b]. In [LS16], Lamacz and Schweizer construct a metamaterial
that exhibits a negative permittivity Re{e*®} < 0 as well as a negative per-
meability Re{uf(w)} < 0 for a special frequency w. Bouchitté, Bourel, and
Felbacq [BBF09, BBF17] exploited the so-called Mie resonances to construct a
metamaterial with artificial magnetism from dielectric microstructures.

In contrast to the above mentioned articles, our intention in the subsequent
chapters is not to propose a new microstructure leading to an artificial material
with unusual properties, but to clarify the connection between the topology
of the microstructure and transmission properties of the metamaterial. We
thereby extend the result obtained in [SU18] and [PSU19].

4.1 Geometry and overview of main results

Although we are interested in general microstructures, we stay in the framework
of periodic homogenization.
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Figure 4.1: Left: The set of obstacles ¥,), located in a subdomain R € €, is
obtained by a “periodization” of microstructures ¥ C Y. Right: Magnification
of the microstructure in R.

Geometric assumptions. Besides 2 C R?, we consider a simply connected
Lipschitz domain R € €2 in which the metamaterial is located; see Figure 4.1.
The term metamaterial describes a periodic assembly of conductors and free
space. More precisely, let Y denote the closed unit cube [0,1]> C R3. As
discussed in Section 2.2, we sometimes identify Y with the flat three-dimensional
torus T3. We make the following assumptions on the microstructure:

(A1) ¥ CY is a subdomain of the flat three-dimensional torus T? that has a
Lipschitz boundary;

(A2) ¥* =Y \ ¥ is a connected and non-empty subset of T?.

We call a microstructure ¥ admissible provided assumptions (A1) and (A2) are
satisfied.
Denoting the period of the metamaterial by n > 0, we set

Y= U n(m—i—E) with M::{m€Z3‘n(m+Y)€R}.
meM

Equations. Let R € (2 be as described above, and let > C Y be an admis-
sible microstructure. As discussed above, we may assume that the permeability
1 of the microstructure ¥ coincides with the permeability pg of free space. On
the other hand, the permittivity ¢ of ¥ differs from the permittivity of free
space €9 by a complex scalar, e = €,e0 with €,: @ — C being the relative
permittivity. In Q\ ¥, we set e, = 1 since we assume free space outside the
metamaterial 3,. The value of €, in ¥,, is chosen below. The time-harmonic
Maxwell equations for a metamaterial with period n > 0 then read

curl E" = iwpoH" in Q, (4.1.1a)
curl H" = —iweyeoE"  in 2. (4.1.1b)

Main results of Chapter 5.

The microstructure ¥ is assumed to be perfectly conducting, which formally
amounts to £, = +oo in ;. More rigorously, we require £ and H" to vanish
identically in 3,, and impose equation (4.1.1b) only in Q\ X,,.
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Cell problems and their analysis. In the first part of Chapter 5, we
derive the cell problems for the two-scale limits Ey and Hy of (E7), and (H"),.
It is well-known that the solution space X of the cell problem for Ej is at most
three-dimensional; see, for instance, [SU18, LS18b]. In contrast, the solution
space of the cell problem for Hy can have more than three dimensions; indeed,
Lipton and Schweizer [LS18b] consider a two-dimensional full torus ¥ € Y and
show that there are four linearly independent solutions to the cell problem of
Hy. Our main result of this first part states, however, that the two-scale limit
Hy lies in an at most three-dimensional subspace X* of the solution space of
the Hy-cell problem; see Lemma 5.5 and (5.2.11). Let us emphasize that this is
no contradiction to the result by Lipton and Schweizer, because they consider a
microstructure ¥ = X(n) that changes its topology as n — 0.

In order to derive the effective equations, we need a characterisation of X ¥
and X . Tt turns out that both spaces depend only on the topology of ¥. We
can thus, for a large class of admissible ¥, determine bases for X¥ and X#
by using special curves in Y—so-called k-loops—, which were first introduced
in [SU18]J; see Lemmas 5.2 and 5.9, and Section 5.4.

There is another, more abstract, way to characterise the spaces X¥ and
XH using the so-called geometric average. This average is a linear map that
assigns to each vector field v € L?(X*;C3) with curl v = 0 in ¥* a constant
vector §.. v € C3, which we call the geometric average of v. The geometric
average can be applied to every element in X, allowing us to consider the
following subspaces of C3:

AE::{/U uEXE} and AH::{%U
Y *

The maps fY: XF 5 AF and fz* : XH 5 AH are vector space isomorphisms,
and hence the characterisation of X and X* is equivalent to the characterisa-
tion of A® and AM. It turns out that A is determined by A¥. That is, we
can focus on the analysis of A and can then deduce the characterisation of
XE, AF and X¥ from AF. Let us stress that AF can be determined easily,
for a large class of microstructures X, using k-loops.

Effective material parameters and effective equations. The second
part of Chapter 5 is concerned with the definition of effective material parameters
and the derivation of effective equations. The relative permittivity £ as well
as the relative permeability u® of the metamaterial R are linear maps, which
are defined via solutions of the cell problems. More precisely, e is the unique
linear map °f: AF — AP that satisfies

() o)~ o ot
Y Y Y

The relative permeability uf: A# — C3 is defined by ueﬂ(fz* v) = fY v. We
recall that outside the metamaterial, we assume free space; this leads to the
following definition of the effective material parameters:

vE XH} . (41.2)

é(l‘) = idsxs 1Q\R($) —|—€eﬁ]1R(17) and ,LAL(ZC) = idgsxs ]lQ\R(CC) + ,ueﬁ]lR(:Z?) .

What is noteworthy in the homogenisation of the time-harmonic Maxwell
equations is that the effective magnetic field H is not to be understood in
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the standard way as a cell-average. Instead we define H:Q—C3 using the
geometric average,

H(z):= ¢ Ho(z,). (4.1.3)

E*
The effective electric field E: Q — C3 can also be defined as the geometric
average of the two-scale limit Fy; it turns out, however, that for Ey the volume
average and the geometric average coincide. We therefore define E: Q — C3 as

E(z) = /YEO(:E, . (4.1.4)

We remind the reader that Eg(z,-) is an element of X, and that Hy(z,-)
is an element of X#. This fact together with the definitions (4.1.3) and (4.1.4)
yield:

E(x) e AP and H(zx) e AH (4.1.5)
for almost all 2 € R. The spaces A¥ and A" depend only on the topology of ¥
and can be determined easily using k-loops, for a large class of microstructures
Y. Moreover, (4.1.5) allows us to determine whether transmission through the
metamaterial is possible, and if transmission is possible, in which directions the
fields can point.

Our main contribution in this second part of Chapter 5 is the derivation of the
effective system; see Theorem 5.12. Denote by 74z: C3 — C3 the orthogonal
projection onto A, The effective field (E, H): Q — C3 x C? satisfies the
following equations:

curl B = iwpopd in Q, (4.1.6a)
TaE (curl ﬂ') = —lwegm 4B (éE) in Q, (4.1.6b)
curl H = —iwegF in O\ R. (4.1.6¢)

The effective system has the form of time-harmonic Maxwell’s equations
for a linear material. We note, however, that the material parameters €yé and
Hofr are, in general, tensors—although e, and pp are scalars. Depending on
the space A, equation (4.1.6b) does not determine all components of curl H.
To the best knowledge of the author, the first effective Maxwell system, in
which not all components of curl H are determined, appeared in [SU18]; see
also [PSU19].

Equations (4.1.6a) and (4.1.6b) imply interface conditions across the bound-
ary OR of the metamaterial. For a microstructure X that is compactly contained
in (0,1)3, we will see that A¥ = C3 and consequently, the effective system
coincides with time-harmonic Maxwell’s equations for some linear material. In
this situation, the tangential components of E and H do not jump across OR.
Of particular interest are those microstructures . for which some components of
the effective field (E, H ) vanish while other components satisfy certain parts of
Maxwell’s equations. This occurs, for instance, for cylindrical or plate structures;
see Section 5.4.

Main results of Chapter 6

In this chapter, we consider the more realistic high contrast case; that is, the
microstructure ¥ is highly conductive. The relative permeability &, is thus
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defined as €, = e,n7? in ¥, with Im{e,} > 0. This scaling is not new in
the theory of homogenisation and leads to metamaterials with astonishing
optical properties; see, for instance, [Zhi05, FB05, CC15, LS16, BBF17]. The
assumption Im{e, } > 0 is vital to ensure existence and uniqueness of solutions
to the cell problem.

Cell problems and their analysis. Similar to Chapter 5, we first derive
the cell problems for the two-scale limits Ey and Hy of (E7),, and (H7),. These
cell problems are well-known; see, for instance, [BS10, BBF09, LS13, LS16].
Moreover, the cell problem for Fy coincides with the cell problem of Ej in the
case of a perfectly conducting microstructure ¥. We can therefore use the same
techniques to analyse the solution space X% as in Chapter 5.

The analysis of the cell problem for Hy is much more involved, though.
Besides the fields E7 and H" one considers a third quantity J", the rescaled
displacement current, which was introduced in [BS10]. Denoting the two-scale
limit of (J"), by Jo € L?(2 x Y;C?), the cell problem of H, reads

curly, Ho(z, ) = —iweoJo(z, -) inY, (4.1.7a)
divy Ho(z,-) =0 inY, (4.1.7b)
curly Jo(z, ) = iwpoerHo(z,-) in X, (4.1.7¢)

Jo(z,) =0 in o, (4.1.7d)

for almost all x € R. The solution space to this cell problem can have more
than three dimensions. Indeed, Bouchitté and Schweizer [BS10] consider a
two-dimensional full torus ¥ € Y and show that (4.1.7) admits four linearly
independent solutions.

Our main result in the first part of this chapter is a new variational equation
involving Jy and Hp, from which we deduce that Hy lies in an at most three-
dimensional subspace of the solution space to (4.1.7). More precisely, we show
that for every vector field v € Lg (Y;C?) with curl v =0 in ¥* and §,. v =0
there holds

/<J0(m,-),curl v) = iwer,u()/ (Ho(z,-),v) (4.1.8)
b v

for almost all x € R. Using properties of the geometric average it is straightfor-
ward to show that (4.1.8) implies equations (4.1.7b) and (4.1.7c); the converse,
however, is not true, in general. That is, the variational identity (4.1.8) contains
more information than the two equations.

Combining (4.1.7a) and (4.1.8) we obtain the following variational charac-
terisation of Hy in R,

/<cur1 Ho(z,-),curl v) = w25r50,u0/ (Ho(z,-),v), (4.1.9)
by Y

which holds for all v € L7(Y;C?) with curl v = 0 in ¥* and §.. v = 0. Thus,
the variational identity (4.1.8) allows us to reduce the cell problem of Hy from
a system of coupled partial differential equations to one variational equation,
which can be analysed by the Lax-Milgram lemma.

The variational characterisation (4.1.9) was also found by Bouchitté, Bourel,
and Felbacq in [BBF17]; they consider, however, only microstructures ¥ &
(0,1)3 which are simply connected and for which ¥£* C [0, 1]% is simply connected,
as well. Moreover, in [BBF17] the variational identity (4.1.9) is directly derived
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from Maxwell’s equations (4.1.1) using more advanced results from the theory
of two-scale convergence. Our approach—that is, taking the detour to derive
equations (4.1.7a) and (4.1.8) first and then combine them—, yields a more
elementary proof of (4.1.9).

Let us comment on the solution space of (4.1.9). The effective system (4.1.7)
implies that Ho(z,-) € Hﬁ1 (Y;C3) is curl-free in X%, for almost all z € R. We
therefore define the solution space X of (4.1.9) to be the space of vector fields
w E Hﬁl(Y; C?) with curl w = 0 in ¥* such that (4.1.8) holds after substituting
Hy(z,-) by w. As each w € XH satisfies curl w = 0 in ¥*, we can apply the
geometric average and obtain a constant vector fz* w € C3. The linear map
$. XH — C? is injective, since Im{e,} > 0; consequently, dim X* < 3. Let

us define
AH::{% w‘weXH}.

We emphasize that the definition of the space A¥ seems to be the same
as (4.1.5) from Chapter 5; however, the solution space X is defined differently
in each chapter. The geometric average fz* : XH — AH is again a vector space
isomorphism, and thus allows us to characterise A" instead of X . Similar
to Chapter 5, we show that A is determined by A¥. That is, also in the high
contrast case, the analysis of the solution spaces X¥ and X reduces to a
characterisation of A¥.

As the cell problem of Ej is the same in Chapters 5 and 6, the spaces A”
coincide as well. Therefore, from an abstract point of view, if we understand
the case of perfectly conducting microstructures, then we also understand the
high contrast case, and vice versa. Let us emphasis, however, that although the
solution spaces of the Hy-cell problem in both cases are isomorphic they do not
coincide, and this influences, for instance, the relative permeability u°f of R.

Effective material parameters and equations. The effective material
parameters £ and [i are defined as in Chapter 5. We also define the effective
electromagnetic field (F, H) as in (4.1.3) and (4.1.4), and obtain (4.1.6) as the
effective system. This is not surprising but rather an evidence that the effective
field (F, H) is defined in the right way, since we obtain an effective system
which has the structure of Maxwell’s equations for a linear material.

Concluding comments

Besides our new definition of the geometric average and k-loops, we use mainly
the tool of two-scale convergence in Chapters 5 and 6.

Literature. In [BBF09, BBF17], Bouchitté, Bourel, and Felbacq study the
behaviour of solutions (E", H"), of (4.1.1) as n — 0 based on the following
assumptions on the microstructure: ¥ is connected and compactly contained in
(0,1)3 and ¥* C (0,1)? is simply connected. Let us stress that the emphasis
in the articles [BBF09, BBF17] is more on constructing metamaterials with a
negative effective permeability than on the connection between the topology of
3. and transmission properties of the metamaterial. A first step to study this
connection is presented in [SU18], in which microstructures ¥ are allowed that
satisfy the following property: every vector field v € L?(Y; C?) with vanishing
distributional curl in ¥* can be written as v = VO 4 ¢ in ¥* for some periodic
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potential © € H;(E*;(C) and some constant vector ¢ € C3. Moreover, ¥ is
assumed to be perfectly conducting.

Perfectly conducting microstructures ¥ are also studied in [PSU19]; there
Y is only assumed to satisfy assumptions (A1) and (A2). The main topic
of [PSU19], however, is the generalisation of the geometric average to this large
class of microstructures. Nevertheless, parts of our results in Chapter 5 coincide
with conclusions from [PSU19).

Technical remark. As described in the previous sections, we show in Chap-
ters 5 and 6 that the classical cell problems of Hy do not contain all the infor-
mation about Hy. Indeed, in the case of a perfectly conducting microstructure
3, our analysis reveals that Hy lies in an at most three-dimensional subspace
XH of the solution space to the cell problem; in the high contrast case, we
obtain the new relation (4.1.8) between Jy and Hy. We would like to stress
that these two new information are obtained in the same way—namely, by
testing equation (4.1.1a) with the same vector field. More precisely, we choose
a cut-off function § € C2°(%;R), a vector field v € LF(Y;C?) with curl v = 0
in ¥* and ¢, v = 0, and define the test vector field ¢ € CO(Q; Lf(Y; C3?)) as
o(z,y) = 0(x)v(y). The new information about Hy is then derived by testing
equation (4.1.1b) with ¢(-,-/n), using that (E"), and (H"), two-scale converge,
and from the definition of the geometric average.

Averaging electromagnetic fields. The effective magnetic field H is
not to be understood as a cell-average but as a geometric average; see its
definition (4.1.3). In fact, the same holds true for the effective electric field
E. The reason for choosing a different averaging method is the following: the
electric field as well as the magnetic field may be viewed as differential one-
forms. As such, line integrals are the natural objects to average electromagnetic
fields. In the physics literature this is well-known; see, for instance, [PHRS99]
or [Ram05, Chapter 2.4]. This fact has also been utilised in the mathematical
homogenisation of Maxwell’s equations; we mention [KS08] for a two-dimensional
homogenisation problem, and [BBF09, BBF17] for an analysis of the full three-
dimensional Maxwell system.

Besides this mathematical argument, there is also a physical reason which
suggests that taking the volume average as the effective field is not the right
choice. Assume (E", H"), is a bounded sequence of distributional solutions to
time-harmonic Maxwell’s equations (4.1.1), and let H denote the weak L2-limit
of (H™"),. It turns out that the tangential trace of H jumps across the interface
OR, which is not desirable for a physical quantity. Moreover, having the effective
system (4.1.6) for (£, H) at hand, and using the fact that H = p°TH in R, the
effective system in terms of H read

curl B = iwpoH in R,

mae (curl (uCH)*llA{) = —lwepmar (éE) in R.
This set of equations has apparently not the form of Maxwell’s equations for
some linear material.

Line integrals are well suited for smooth vector fields. However, for less
regular fields, which one encounters in the framework of periodic homogenization,
a generalisation of line integrals is necessary. Such a generalisation—the so-called
geometric average—was first accomplished by Bouchitté, Bourel, and
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Figure 4.2: The figure shows two admissible microstructures. The unit cell Y
is represented by the cube; the dark grey areas represent the microstructures.
(a) X1 represents a metal plate, which is not compactly contained in (0, 1)3.
(b) X2 is a torus which connects opposite faces of Y. Neither is ¥o compactly
contained in (0,1)3 nor is its complement simply connected.

Felbacq [BBF09] and later extended to be applicable to more general microstruc-
tures ¥; see [PSU19] for an overview of the different definitions. Defining the
effective fields via the geometric average leads to the effective system (4.1.6),
which is in Maxwell form and which expresses, in particular, that the tangen-
tial components of H do not jump across the interface OR. Furthermore, the
effective magnetic induction B = ﬂoueﬂH agrees with the weak L2-limit of
B" = pupH" in the metamaterial R.

4.2 Main ideas discussed by two examples

The objective of this section is to present the ideas, which are developed
in [SU18, PSU19] as well as in this thesis, using two microstructures; in doing so,
we postpone involved technical details to later sections. The two microstructures
that we consider are sketched in Figures 4.2 (a) and 4.2 (b).

The metal plate
Choose v € (0,1/2) and set

1 1
Y= {(y17y2ay3) GY’yl € <2%2+V>}~

A sketch of X is given in Figure 4.2 (a).

Bouchitté and Schweizer analyse in [BS13] the high contrast case, but only
in a two-dimensional setting. We note that the results from [BBF09, BBF17]
cannot be applied since ¥ is not compactly contained in (0,1)3.

We focus in this section on the case that ¥; is perfectly conducting, which
is also discussed in [SU18]; see Section 6.4 for a discussion of the high contrast
case.
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Cell problem of Ej. We first analyse the cell problem for the two-scale
limit FEy. Let us recall from the previous section that the identical cell problem
appears in the high contrast case; the following analysis applies thus to both
cases. For almost all z € R, the field Fy = Ey(z,-) € Lg (Y; C3) satisfies

curly By =0 inY, (4.2.1a)
divy By =0 in X7, (4.2.1b)
EO =0 in 21 5 (421C)

in the distributional sense. We ask: how many linearly independent solutions
of (4.2.1) exist?

In order to answer this question, we first ask: what are necessary conditions a
solution to (4.2.1) has to satisfy? Assume u € Lﬁ2 (Y;C3) is a solution to (4.2.1).
Equation (4.2.1a) implies the decomposition u = VO + ¢ in Y for some periodic
scalar potential © € Hj (Y;C?) and a constant vector ¢ € C*. Substituting this
decomposition into equation (4.2.1c) yields VO = —c¢ in ¥, from which we
deduce that

O(y1,v2,y3) = —c1y1 — cay2 — cayz  for (y1,y2,93) € X1,

where ¢; = (c,e;) for j € {1,2,3}. As © is periodic, the following identities
have to be satisfied

G(ylaoay?)) = @(y17 1ay3) and @(ylayQaO) = C—)(ylay2, 1)

for all (y1,y2,y3) € X1. Hence, ca = ¢35 = 0. On the other hand, there is no
restriction on cy.

The above argument can be summarised as follows: if it is possible to connect
two opposite points on the faces {yr = 0} and {yx = 1} by a continuous curve
in X1, then ¢ = 0 with k € {1,2,3}. Indeed, y2: [0,1] = X1, ¥2(¢) == (y1,¢,y2)
is a continuous curve in ¥; connecting the opposite points (yi,0,y3) and
(y1,1,y3), for all y; € (—v,~) and ys € [0,1]. Similarly, the continuous curve
v3: [0,1] — 31, v3(t) = (y1,y2,t) connects (y1,y2,0) with (y1,y2,1) for all
11 € (=7,7) and y2 € [0,1]. The curves 7, and 73 are examples of so-called
k-loops in X1; more precisely, 2 is an es-loop in 1 and 3 is an es-loop in ¥.

We also note that there is mo continuous curve in 3; connecting the faces
{y1 = 0} and {y; = 1}. This implies the existence of a periodic potential
© € H/(Y;C) with VO = e; in ¥;. Indeed, a solution © € H}(Y;C) to

{—A@ =0 in¥:, (4.2.22)
0= Y1 in 21 5 (422b)

satisfies VO = ey in X1. Let us remark, however, that there are admissible
microstructures ¥ for which there is no © € Hﬂl (Y;C) with VO = ¢; in &
although the faces {y; = 0} and {y; = 1} cannot be connected by a continuous
path in ¥; see Remarks 3 on page 49.

The above considerations show that every solution u € L?(Y; C3) of (4.2.1)

is of the form u = VO + Ae, with © € H}(Y;C?) and A € C, and thus

= { [

UEXE}CCel.
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We claim that AF = Ce;. Indeed, for fixed A € C, the vector field E': Y — C3,
E':=a 'Mg: e; with o = [X}] is a solution to (4.2.1) with [,, E' = Xe;.

In order to answer the question how many linearly independent solutions
the system (4.2.1) admits, we show that the linear map [,,: X¥ — A¥ is a
vector space isomorphism. By definition of A¥, this map is onto. Thus, we are
left to prove that every u € X¥ with fy u = 0 vanishes identically. Choose
such a vector field u € X¥. Then v = VO + ¢ in Y with ¢ = 0, since fY u = 0.
Consequently, due to (4.2.1b) and (4.2.1c), the potential © € Hj (Y;C?) solves

{—A@zo in 97,
eo=C inEl,

for some C' € C. This Dirichlet problem has only the constant solution © = C,
and hence u = 0. We note that this proof of the injectivity of [, : X* — AF
works for any admissible microstructure X.

We have thus shown that the solution space X% to (4.2.1) is isomorphic
to AP = Ce;. Moreover, due to its definition in (4.1.4), the effective field
E(x) € A¥ = Ce, for almost all z € R.

Cell problem of Hy. If ¥, is perfectly conducting, then the two-scale
limit Hoy(x,-) € L?(Y;C3) satisfies, for almost all x € R,

curly Hp =0 in X7, (4.2.3a)
divy Ho=0 Y, (4.2.3b)
Hy=0 in3%, (4.2.3¢)

in the distributional sense. We ask again: how many linearly independent
solutions to (4.2.3) exist?

Let v € L3(Y;C?) be a solution to the cell problem (4.2.3). Due to the
special structure of 31, equation (4.2.3a) implies that v = VO + ¢ in X7 for
some periodic potential © € Hﬁl(E}‘; C) and some constant vector ¢ € C3. In
contrast to the decomposition of a solution to the Ey-cell problem (4.2.1), the
constant vector ¢ in the decomposition of v is not uniquely defined. Indeed, the
function ¢: X7 — R,

1
Y1 for Y1 € |:O, 5 - ")/)
®(y1,92,y3) = (4.2.4)

1
y—1 fory; € <2+’y,1}

is an element of H;(ZT; C) with V® = e;. Hence, v admits the two decomposi-
tions v = VO +cand v = V(O +®)+ (¢c—e1). On the other hand, there cannot
be a potential ¥ € H;(Z”{; C) with V¥ = e. For there was such a potential W,
it has to be an affine function of yo which is periodic as well. But every periodic
and affine function is constant and hence es = V¥ = 0. A similar reasoning
shows there cannot exist a potential ¥ € H (27; C) with V¥ = e3.

Given a solution v € Lg(Y; C3) of (4.2.3) that can be written as v = VO +¢
in 33} for some © € H}(X};C) and ¢ € C*. The geometric average fz; veC?
of the field v is defined as

f V= <C, 62> €2 +<C, 63> €3 . (425)
%

*
1
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Denote the solution space to (4.2.3) by X. We claim that every v € X
with fz* v = 0 vanishes identically in Y. As the geometric average of v vanishes,
1
v = VO+Ae; in Xj for some © € H (%};C) and some A € C. Equations (4.2.3b)
and (4.2.3c) imply that © is a weak solution to

{—A@ =0 in 7, (4.2.6a)
0,0 = —X(ey,v) on 0X7, (4.2.6b)

where v is the outward pointing normal. This Neumann problem is uniquely
solvable up to an additive constant. Setting © = —A® provides us with a
weak solution to this Neumann problem, where ® is defined in (4.2.4). Thus,
any weak solution © € H|(%};C) of (4.2.6) satisfies VO = —AV® = —\e;
in ¥7. From this, we deduce that v = VO + Ae; = 0 in £j. Due to (4.2.3¢c),
the field v vanishes identically in Y. We have thus proved that the geometric
average fzi‘ : XH — C3 is an injective linear map; that is, there are at most

three linearly independent solutions to (4.2.3).
By the definition of the geometric average in (4.2.5) there holds

AH::{%E v

*
1

UEXH} C Cey®Ces .

We claim that A7 = Cey ®Ces. Indeed, given any ¢ € Cey @C e3, one readily
checks that v = (cg e3 +c3 03)]1g; is an element of XH with fz; v = c. Conse-
quently, the geometric average is a vectors space isomorphism between A and
Cey @Ces. This together with (4.1.3) implies that H(z) € A” = Cey ®Ces
for almost all z € R.

The effective material parameters and equations. The relative per-
mittivity e of the metamaterial is given as the diagonal matrix

eoff = diag(/ |E1|2,0,O> =o't diag(1,0,0) € R3*3
Y

where the field E', defined above, is a basis of XF.
The vector fields H2, H*: Y — R?, H? := 1y- ey and H3 := 1y e3 are
solutions of the Ho-cell problem with §.. H/ = e; for j € {2,3}. Thus, the
1

relative permeability u® of the metamaterial R is given by

=l
Y

Defining the effective permittivity &: Q — R3*3 and the effective perme-
ability fi: Q — R3*3 as in Section 4.1, the effective system (4.1.6) for the
microstructure >; reads

/ H3> = adiag(0,1,1) € R**3.
Y

curl B = iwuoﬂf{ in Q,
OoHy — 03Hy = —iweg(E);,  in Q,
curl H = —iwegE inQ\R.
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Torus touching the boundary

In this section, we consider a two-dimensional full torus X5 which connects the
two opposite faces {y; = 0} and {y; = 1} of the unit cube Y; see Figure 4.2 (b)
for a sketch of X5.

The high contrast case, which we consider in this section, has never been
treated before. Indeed, the results from [BBF09, BBF17] are not applicable
since Yo is neither compactly contained in Y nor is X3 simply connected in Y;
we can also not apply the result from [SU18, PSU19] since ¥ is not perfectly
conducting. We discuss the case that X is perfectly conducting in Section 5.4.

Cell problem of Ej. After replacing ¥; by X5, the cell problem for the
two-scale limit Fy is identical to (4.2.1). We can therefore use the techniques
discussed above to determine the solution space X . Let us first observe that
there is a continuous curve 7 : [0,1] — X5 connecting the faces {y; = 0} and
{y1 = 1}. In contrast, there is no continuous curve in 39 connecting the opposite
faces {yx = 0} and {y = 1} for k € {2,3}. Thus, every solution u € L;(V;C?)
to (4.2.1) is of the form u = VO +coea +cze3 in Y for some © € Hﬁl(Y; C) and
¢, c3 € C. Consequently,

= { [

As there are no continuous paths in ¥y connecting the faces {yr = 0}
and {yr = 1} for k € {2,3}, we can, similar to (4.2.2), construct potentials
05,05 € Hul(Y;(C) that are harmonic in 33 and that satisfy VO3 = ey in
Yo and VO3 = e3 in YX5. These two potentials allow us to conclude that
AF = Cey @Ces. Indeed, given any vector ¢ € Cey BC e3, one readily checks
that the vector field u: Y — C3,

uGXE} CCey®Ces .

u = —{(c,e2)VOy — (c,e3)VO3 + ¢

is an element of X with [, u = c.

In the previous section, we showed that fY: XP — AF is injective; the same
proof works for ¥5. Consequently, the volume average yields a vector space
isomorphism between X¥ and A¥ = Cey @Ce3. Moreover, the effective field
satisfies £(z) € Cey ®Ceg for almost all z € R.

Cell problem of Hj. Besides Ey and H, we introduce a new quantity—
namely, the rescaled displacement current Jy € L?(Q x Y;C3). For almost all
z € R, the fields Hy = Ho(z,-) € L(Y;C?) and Jo = Jo(z,-) € L3 (Y;C?) are
distributional solutions to (4.1.7).

We saw in the previous section that the geometric average can be used
to characterise the solution space to the Hy-cell problem. Unfortunately, we
cannot simply apply the definition of the geometric average from the previous
section, although the field Hy(x, -) is curl-free in ¥3. Indeed, in definition (4.2.5)
we assume that every v € L7(Y;C?) with curl v = 0 in ¥} can be written as
v = VO + ¢ in Xj for some © € Hﬂl(Ei;(C) and for some ¢ € C3. This
decomposition is not true for curl-free vector fields in ¥3.

In [PSU19], the definition of the geometric average was extended to vec-
tor fields v € Lg(E*;(CS) with curl v = 0 in ¥*, where X is any admissible
microstructure. In order to state this definition, we introduce a space of test
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vector fields,
V= {¢€ Li(Y;(CS) ’curl ¢=0inY and ¢ =0 in 22}.

Let v € L§(Y; C?) be a vector field with curl v =0 in £3. One can show that
there exists a unique vector .. v € C* such that
2

/Z*”M’: <7£Z ”) A </Z ¢) for all ¢ € V. (4.2.7)

We remark that the geometric average defined in (4.2.5) satisfies iden-
tity (4.2.7); a proof can be found in [SU18, Corollary 2.12].

Let us consider some properties of the geometric average, which will turn
out to be useful to characterise the solution space of the Hy-cell problem. If ¢
is a constant vector in C3, then fz; ¢ = c. Indeed, as every solution u € X

of the Fy-cell problem is an element of V and as fY: XE 5 Cey@Ces is
an isomorphism, we find v/ € X¥ with [, u/ = ¢; for j € {2,3}. Using
identity (4.2.7) with ¢ = u’, we find that

<cj{zgc>/\ejc/\(/Z;uJ)(%E;C)/\(/Z;uj)0 for j € {2,3}.

From this equation we deduce that fz* ¢ = c for any ¢ € C3. Given a potential
2
SN Hﬁ1 (Y;C), we compute that

(f,50) (1) - o= [oro- oo .

for all ¢ € V. Hence §,. VO = 0.

The two-scale limit Hy(z,-) is curl-free in X% and thus an element of the
function space

X = {v € H;(Y;(C?’) ‘ curl v =0 in Z;}

Our main contribution in the analysis of the Hy-cell problem in the high contrast
case is a new variational equation involving Jy and Hy. More precisely, for
every v € X with §. v = 0 there holds:

2

/ <J0,curl v> — iwuosr/ <H0,v> =0. (4.2.8)
o Y

This identity implies equations (4.1.7b) and (4.1.7¢). Let us verify this claim.
If o € Cf°(Y;C) is an arbitrary test function, then Vi € X' with fZS Ve =0.
We can therefore choose ¢ = Vo in (4.2.8) and find that Hj satisfies (4.1.7b).
On the other hand, every ¢ € C2°(3; C?) is an element of X with fz; W = 0.
Setting ¢ = ¢ in (4.2.8) yields (4.1.7c).

Combining (4.2.8) with equation (4.1.7a) yields a variational characterisation
of the two-scale limit Hy: for almost all x € R, the field Hy = Ho(z,:) € X
satisfies

b(Ho,v) =0 for all v € X with j{ v=0, (4.2.9)
by

*
2

40



CHAPTER 4. INTRODUCTION

where the sesquilinear form b: X x X — C is defined as

b(w,v) = /2

This variational cell problem (4.2.9) of Hy is equivalent to equations (4.1.7a)
and (4.2.8) in the following sense: if w € X satisfies b(w,v) = 0 for all vector
fields v € X with fzs v =0, then (Hy, Jp) is a solution to (4.1.7a) and (4.2.8),
where Hy = w and Jy == —(iweg) ! curl w. On the other hand, if (Ho,Jo)
solve (4.1.7a) and (4.2.8), then Hj satisfies (4.2.9).

Thanks to the equivalence of the variational cell problem (4.2.9) with the
two equations (4.1.7a) and (4.2.8), we can focus on the analysis of the space

<cur1 w, curl v> — wggogr,uo/ <w, v> .
Y

*
2

X ::{weX‘b(w,v):0f0rallv€XWithj{ v:O}.
=3

Choose an arbitrary vector field w € X*. As the map 562* : X — C? is linear,
2
there exists a vector field wy € X with ¢, wo = 0 such that w = wo + §,,. w in
2 2

Y. To shorten notation, we set z := fz* w. Thanks to this decomposition of w
2
there holds

0 = b(w,v) = b(wo,v) — weoe, o /Y<z,v> (4.2.10)

for all v € X with .. v =0. Equation (4.2.10) motivates the question: Given
2
z € C3, is it possible to find a unique wy € X with fz* wo = 0 such that
2

b(wo,v) = w2€0€7~p,0/ (z,0) forall v € X with ]{ v=07 (4.2.11)
Y 53
If this question has an affirmative answer, then the map §..: X# — C3
2
is a vector space isomorphism. Let us check the injectivity of the map first:

Assume w € X has a vanishing geometric average. Then, by (4.2.10), the
field w satisfies b(w,v) = 0 for all v € X with fz* v = 0. Thus, by uniqueness,
2

w = 0. In order to show that the map is onto, we choose ¢ € C3. Then there
exists wo € X with . wo = 0 such that
2

<c,v> forallvé)(withf v=0.

b(wp,v) = w2€o€rﬂo/
=3

Y

Setting w := wy + ¢ yields an element of X with ¢ w = ¢, wo + . c = c.
2 2 2

The question whether for every z € C? there exists a unique wy € X with
$s.. wo = 0 such that (4.2.11) holds has an affirmative answer; the proof is
an application of the Lax-Milgram lemma. We remark that the assumption
Im{e,} > 0 is vital for the proof.

We have shown above that the geometric average fzs : XH — C3 is an iso-

morphism between the solution space X of the variational cell problem (4.2.9)
and C3.

Effective material parameters and equations. As the map fY : XF o
AF = Cey ®Ces is an isomorphism, there exist unique fields E?, E2 € X¥ such
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that fy EJ = e, for j € {2,3}. The relative permittivity % of the metamaterial
R is a 3 x 3-matrix, which is given by

{(Ek,El>L2(Y;C3) if k,1 € {2,3}

() =

s

0 fk=1lorl=1

The relative permeability % of R is given by

,U;CH — (/ Hl / H2 / H3> c R3><3’
Y Y Y

where H7 is the unique element of X with .. H? = e; for j € {1,2,3}.
2

Defining the effective permittivity 2: Q — R3*3 and the effective permeability

Qi 0 — R3*3 as in Section 4.1, the effective system (4.1.6) for the microstructure

Yo reads

curl £ = iwuoﬂf{ in Q,
O3l — 01H3 = —iweo (2E), in Q,
O H, — 9,11 = —iwao(éE)B in Q,
curl H = —iweg in O\ R.

4.3 Preliminary geometric results

The derivation of effective Maxwell’s equations is based on an analysis of two
cell problems, for which we need the notion of a k-loop and the geometric
average. We introduce both concepts in this section and discuss the relevant
properties.

Geometric averaging

Throughout this section, ¥ is an admissible microstructure. Following [PSU19],
we shall define the geometric average for vector fields v: ¥* — C? with vanishing
distributional curl in ¥*. We extend the notion of a geometric average, which
was introduced in [PSU19], to prepare for an analysis of highly conductive
materials.

In a first step, the geometric average for real-valued vector fields * — R? is
defined. Afterwards, the results are extended to complex-valued fields ¥* — C3.

Function spaces for the geometric average. The space of vector fields
for which we define the geometric average is

Xe(SF) = {v € L2(X%F) ’ curl v = 0 in 2*} , (4.3.1)
where F denotes either R or C. We note that the equation curl v =0 in X* is
understood in the distributional sense. In the definition, we also need a space
of test vector fields,

Ve(D*) = {gb € L3(Y;F%) |curl ¢ =0 in Y and ¢ = 0 in 2} L (432)
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The space of attainable volume averages of fields from Vg(¥*) is denoted by

AY(S) = {ﬁ

Clearly, AX(%*) is a linear subspace of F2. Given any linear subspace W of F3,
we define the wedge-annihilator W” as the set

e VF(Z*)} . (4.3.3)

F2  if dimW =0
WA::{beFB‘b/\w:OforallweW}: W if dimW =1 .
(0} if dimW > 2

The set W C F3 is defined as the orthogonal complement, W/t == (W")=+.

It turns out that
{0} if dmW =0

WM =Wt if dimW =1 . (4.3.4)
3 if dim W > 2

Notation: In Chapters 5 and 6, we mostly consider complex-valued vector
fields 3 — C® and hence write X(X*), V(X*), and AY(X*) instead of Xc(X*),
Ve(2), and A (Z).

Definition of the geometric average—real-valued fields. In this para-

graph, we present the definition of the geometric average for real-valued vector
fields ¥ — R3.

DEFINITION 4.1. (Geometric average—real-valued fields) — The geometric av-
erage is the unique linear map

D AR(DY) = AR (M (4.3.5)
o

that satisfies the identity

fro-()o(Ls) e

for allv € Xx(X*) and ¢ € Vr(X*). We say that .. v € R? is the geometric
average of v.

Among all vectors b € R? that satisfy the identity

/*quS:bA(/*(b), (4.3.7)

for all ¢ € Vr(X*), the geometric average §;,. v is the one with the minimal
Euclidean norm. The next result establishes the validity of Definition 4.1.

THEOREM 4.2. — There exists one and only one map that satisfies (4.3.5)
and (4.3.6). This map is linear, bounded and surjective.

Proof. We refer to [PSU19, Theorem 2.2] for the proof of this theorem. O
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Definition of the geometric average—general case. In Chapters 5 and 6,
we mostly encounter complex-valued vector fields, which forces us to extend
the geometric average to vector fields in X' (¥*). Although this definition is

straightforward,
7{ vi= 7{ Re{v} —&—i% Im{v}, (4.3.8)

some remarks are in order. Before we prove that the geometric average of a
complex-valued vector field is also characterised by the identity (4.3.6), we need
the following auxiliary result.

LEMMA 4.3. — For vector fields v: ¥ — C3 and ¢: Y — C3 the following
statements hold.

(i) v e X(E*) if and only if Re{v},Im{v} € Ar(Z*).
(ii) ¢ € V(E*) if and only if Re{¢}, Im{o} € Vr(Z*).

As the proof is straightforward, we postpone it to Appendix A.

The previous lemma in particular implies that the expressions on the right-
hand side of (4.3.8) are well defined.

THEOREM 4.4. — There is one and only one map

: * V(o) = e{v i m{v 3.
) Ay s s E*v.—]i*R{}—i- %E*I (v} (4.3.9)

that satisfies

foom( ) (L) wom

for allv € X(X*) and ¢ € V(X*). This map is linear, bounded and surjective.

Proof. We proceed in four steps.

Step 1. (Ewistence) We need to show that the map defined in (4.3.9) satisfies
the identity (4.3.10). To this end, fix two fields v € X(X*) and ¢ € V().

A straightforward computation shows that for two complex vectors o, 3 € C?
there holds

Re{a A B} = Re{a} ARe{f} — Im{a} AIm{S} (4.3.11)
and

Im{a A B} = Re{a} AIm{B8} + Im{a} ARe{S}. (4.3.12)
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Thus, using (4.3.6) for the real-valued vector fields Re{v}, Im{v}, Re{¢}, and
Im{¢}, we find that

/2* Re{v A ¢} = /2 Re{v} ARe{¢} — /2 Im{v} A Im{¢}

(o) ([ 00

() ()
-l o[ m{f o} omf
el (f ) (o)} w9

where we used (4.3.11) again to obtain the last equality. A similar calculation
using (4.3.12) yields

(DR B

Combining (4.3.13) and (4.3.14) proves that the map §,,. satisfies (4.3.10).
Step 2. Before we prove uniqueness of the map, we need to show that
im §.. € AYV(Z*)M. If dim AY(2*) € {0,2,3}, one readily checks that this
inclusion holds.
In the case dim AY(X*) = 1, the space AY(X*) coincides with AY(X*)L.
The claim follows if we show that

AY(ZN T @idf (29T c AV (zH)E. (4.3.15)

Fix c1,ca € AY(X*)1. Every b € AY(X*) can be written as b = Re{b} +1Im{b}
with Re{b}, Im{b} € AX(X*). Thus,

(o1 +ic2.b) = (er. Refb}) — (co. T {b}) +i({er, T {b}) + (o, Re{b})) = 0.

As b € AY(¥*) was chosen arbitrarily, the inclusion (4.3.15) holds, and we infer
that im ¢, C AY(E*)".

Step 3. (Uniqueness) Assume L: X(X*) — AY(Z*)M satisfies (4.3.10).
Then, for any v € X(X*) and every ¢ € V(X*), there holds

(L@) - f v) n oo (4.3.16)

Let us set R(v) = L(v) — §s.v € AV(EZ*)™. If dim AY(Z*) = 0, then
AY ()M = {0} and R(v) = 0 for all v € X(X*) by definition.

If dim AY(X*) = 1, we find vectors ¢ € AY(X*) and by € C? such that
(¢,ba,c A by) is an orthogonal basis of C3. Fix v € X(X*). By definition of
AY (2*)M there exists scalars ag, a3 € C such that R(v) = agbay + az(c A by).
Substituting this into (4.3.16) with a vector field ¢ € V(X*) such that f,. ¢ = ¢
yields

0=R(w)Ac=agbg Ac+as(cAby)Ac.
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From this we infer that ay = ag = 0, and hence R(v) = 0.

In the case dim AY(X*) > 2 we can argue similarly and show that R = 0.
This establishes the uniqueness of the map fz*'

Step 4. The proof of linearity, boundedness, and surjectivity of the map
5. is similar to the one presented in [PSU19, Proof of Theorem 2.2]. O

The following properties of the geometric average are used later.

LEMMA 4.5. (Properties of the geometric average) — Let ¥ C Y be an admis-
sible microstructure.

(i) In the case X = () the geometric average coincides with the volume average.
More precisely, for every vector field v € X(Y') there holds

fo-fo

(ii) For every f € H;(Z*;(C) the vector field V f is an element of X (X*) with
]{ Vfi=0.

(iti) Denote by 4y (5L C? — C? the orthogonal projection onto AY (X*)\-.
Any constant vector field ¢ € C? is an element of X (X*) with

7{ C=T vmane(c).

Proof. (i) Let v € L(Y;C?) be a vector field with curl v = 0 in Y. Every
vector ¢ € C? is an element of V(Y). We therefore find that

([o)ne=[one=(fv)ne

and as AV (Y) = C3?, the claim follows. )
(i) Let f € H{(%*;C) be arbitrary. Choose an H'-extension f € H}(Y;C)
of f. Then, for any ¢ € V(X*) there holds

(%*Vf>/\(/z*¢>2/*Vf/\¢>=/}/Vf/\q§:/Ycurl(f¢):0.

The claim follows as 0 € AY(X*).
(iii) Fix ¢ € C® and let ¢ € V(X*) be arbitrary. We compute

(o) (o) = Lenemen (o) = mmopun ([ o).

where we used the definition of AY(X*)" and the fact that [y, ¢ € AY(X*) to
obtain the last equation. O
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Figure 4.3: On the right, we sketch the cross-section Y N {ys = 1/2} of the unit
cell Y. We assume that the cross-sections Y N {ys = ¢} are identical for any
c € (0,1). The gray area represents a subset U, which is open in T%. On the
left, a part of the cross-section (|J,czs(k 4+ U)) N {x3 = 0} is sketched. The
universal covering R? — Y, y — y mod Z? is denoted by 7. The black curve
v in Y represents a k-loop in U. From its lift 4 on the left, we see that v is a
(1,1,0)-loop in U.
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The notion of k-loops

In this section we generalise the concept of a k-loop that was introduced
in [SU18]. Consider a path o: [0,1] — T3. We say that 6: [0,1] — R? is a
lift of o provided o = 7 o &, where 7 denotes the universal covering R? — T3,
xz+ 2 mod Z3. Let us recall that besides 7 there is another covering of the
torus, ¢t: Y — T3, 2 — = mod Z3.

DEFINITION 4.6. — Let U C Y be a non-empty subset for which 1(U) C T? is
open. For a vector k € Z3, k # 0, a continuous and piecewise continuously
differentiable closed and simple curve v: [0,1] — ¢(U) is called a k-loop in U if
there is a lift : [0,1] — R3 of v satisfying 7(1) — 7(0) = k.

In Figure 4.3, a k-loop and one of its lifts is sketched. We observe that every
lift 4: [0,1] — R? of a continuous and closed path «: [0,1] — «(U) satisfies
7(1) — 7(0) € Z3. In the definition of a k-loop we demand that there is a lift 7
of «y for which 4(1) — 4(0) = k. The next result shows that if there is one such
lift, then every lift has this property.

LEMMA 4.7. — Let U C Y be a non-empty subset for which 1(U) C T3 is open,
and fiv k € Z3. For a continuous and piecewise continuously differentiable
closed and simple path v: [0,1] — «(U) the following statements are equivalent:

(i) There is a lift : [0,1] — R® of v satisfying ¥(1) — 7(0) = k.
(ii) Every lift 7: [0,1] — R3 of v satisfies 7(1) — 7(0) = k.

Proof. When (ii) holds, then (i) is trivially true. In order to show that (%)
implies (i7), let 4 be a lift of v with (1) —%(0) = k. Suppose that 5: [0, 1] — R?
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is another lift of v for which (1) — &(0) # k. As  is the universal covering of
T3, for every y € «(U) there is a point p € U such that 7(p) = y. We further
have that 7= (y) = {p} + Z3. Thus for each t € [0,1] there is a vector | € Z3
such that 4(t) = 5(¢) + 1. Due to the continuity of 4 and & it is the same vector
1 €73 for all t € [0,1]. Using this relation between v and o, we find that

k#6(1)—6(0)=5(1)—5(0) =k.
As this is a contradiction, the claim is proved. O

Given a subset U of the unit cell Y, we define the two index sets

Ly = {k A ‘ k # 0 and there is a k-loop in U} (4.3.17)
and
Ny = {k YA ‘ k # 0 and there is no k-loop in U} . (4.3.18)

Clearly, there holds Ly UNy = Z3\ {0}.
We will exploit the following connection between k-loops and potentials

in Chapters 5 and 6.

PROPOSITION 4.8. — Let U C Y be a non-empty subset for which +(U) C T3
is connected and has a Lipschitz boundary. If m € Z3\ {0} satisfies (m,k) =0
for all k € Ly, then there is a potential ©,, € H;(U;R) with VO,, = m.

Proof. We proceed in two steps: at first we construct a potential on the torus,
and afterwards we lift this function to Y.

Step 1. We first construct a potential ¥, : «(U) — R. To this end, fix a point
Yo € 1(U). For every y € ¢(U) we choose a piecewise smooth path 7, : [0,1] —
(U) connecting 7, (0) = yo and (1) = y. Denoting by 7,: [0,1] — R? a lift
of vy, we define W, : t(U) = R by Wy, (y) = (¥,(1) — 7,(0),m).

Claim: U, is well defined. The potential ¥, is independent of the chosen
path 7,. Indeed, let o,: [0,1] — ¢(U) be another continuous and piecewise
continuously differentiable path connecting o, (0) = yo and o, (1) = y. Denote
by &y: [0,1] — R? the unique lift of ¢, with ,(0) = 7,(0). Setting I': [0,1] —
u(U),

_ fo,(1—2t) forte(0,1/2]
[(t) = {%(% —1) forte(1/2,1]°

we obtain a continuous and piecewise continuously differentiable closed path.
For every lift T': [0,1] — R? of T there exists k € {0} U Ly such that

(1) —T(0)=k. (4.3.19)
One readily checks that I': [0,1] — R3,

. [e,1-2t) forte0,1/2)
[(t) = {%(% —1) forte(1/2,1]°

is a lift of T'. Thanks to (4.3.19) we find that &, (1) = T'(0) = [(1)—k = ¥,(1) =k
for some k € {0} U Ly. As &, was chosen in such a way that 7,(0) = 7,(0), we
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infer that

Thus ¥, is independent of the chosen path ~,.

The domain ¢(U) is path connected and hence the potential ¥,,, depends on
the basepoint yg in the following sense: if we choose another basepoint y; € ¢(U)
and define ®,,, in the same way as ¥,, but with respect to the basepoint y1,
then ¥,, — ®,, = ¢ for some c € R.

Step 2. Having the potential ¥,, at hand, we define the ©,,. Let U C R3
denote the “periodic continuation” of U, that is,

U= U (m+U).
meZ3

We recall that 7: R?> — T2 denotes the universal covering of T3. Clearly,
7(U) = 1(U). Setting ©,,: U — R, ©,, := ¥,, or provides us with a continuous
and Y-periodic function. We need to prove that VO,, = m. It suffices to
show this identity almost everywhere in U. Choose § € U and y € U such that
m(g) = y. Without loss of generality, we may assume that ¥, is constructed
with respect to the basepoint y and hence ¥,,(y) = 0. As 7 is a covering, there
are open sets V C U and V C U such that v V — V is a homeomorphism.
Fix j € {1,2,3} and choose hg > 0 such that § 4 he; € V for all h € (0, hy).
The path 7: [0,1] — R3, 5(t) :== g+ the; is a lift of v: [0,1] = «(U), v ==mo7,
which satisfies v(0) =y and (1) = 7(§ + he;). Thus, by definition of ¥,,, we
find that
Om (¥ + hes) = (3(1) = 7(0),m) = h{e;,m).

As ©,,(7) = ¥, (y) = 0, we compute that

_ . O,H+he;) — 05T

= (ej,m) .

The identity VO,,, = m is thus proved. We need to show that ©,, € Hul(U; R).
As VO,, = m, we find that ©,, ENCl(Tj;R). Moreover, ©,, as well as its
gradient are Lipschitz continuous on U. We can thus extend both to continuous

maps on the closure of U and find that ©,, € C* (ﬁ, R). The claim follows by
restricting ©,, to U C Y. |

REMARKS 3. — (a) The assumption on m € 73>\ {0} in Proposition 4.8
can, in general, not be replaced by m € Ny. Indeed, consider the set U
in Figure 4.4. Every k-loop in U is of the form k = (n,n,l) for n,l € Z
and thus e; € Ny. Suppose © € H;(U;R) satisfies VO = e1. As the
two components Uy and Uy are connected subsets of [0,1]2, there ewist
constants c1,co € R such that

yi+er if (yi,v2,y3) € Un

O(y1,y2,¥y3) = : )
( ) y1+c2 i (y1,y2,y3) € Un
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Figure 4.4: On the left: The dark grey area represents a subset U of the unit
cube Y such that «(U) C T? is open. Moreover, U C (0,1)3 has two connected
components U; and Us. On the right: We sketch a cross-section Y N {y3 = ¢}
of the left figure, for some ¢ € [0,1]. The cross section of the two connected
components are called Vi and Vs, respectively. As can be seen from the left
figure, every k-loop in U is of the form k = (n,n,!) for n,l € Z.

By periodicity,

1 1 1 1
@<072793> :@<172793> and ®<2707y3> 29(2317y3)

for all y3 € [0,1]. The first equality yields the identity ¢y = 1 + c2 and
the second equality implies that ¢c1 = co. As this is a contradiction, there
cannot exist a periodic function © € Hﬁl(U;R) with VO = ey, although
e € NU.

(b) In Sections 5.4 and 6.4 we consider microstructures U for which every
m € Ny satisfies (k,m) =0 for all k € Ly. If U is such a microstructure,
we deduce from Proposition 4.8 that, for every m € Ny, there exists a
potential ©,, € Hul(U;R) with VO, = m.
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CHAPTER

Effective Maxwell’s
equations for perfectly
conducting microstructures

In this chapter, we focus on a perfectly conducting microstructure 3; in view of
the time-harmonic Maxwell equations (4.1.1) this formally amounts to €, = +00

in ¥,. More precisely, using the notation from Section 4.1, we consider a
distributional solution (E", H") € L*(Q;C3) x L?(£;C3) to

curl E" = iwpoH" in Q, (5.0.1a)
curl H" = —iwegE" in Q\ %, (5.0.1b)
E"=H"=0 in%,, (5.0.1c)

where w > 0 is a fixed frequency, and ¢g, uo > 0 are the permittivity and
permeability of free space, respectively.

In this chapter we combine and generalise the results obtained in [SU18,
PSU19]. Indeed, k-loops were used to characterise the solution spaces of the
cell problems and to determine the effective equations in [SU18|. However, the
assumptions on the microstructure were rather restrictive. In [PSU19], the
above system was homogenised for microstructures X satisfying assumptions
(A1) and (A2), but k-loops were not used to characterise the solution spaces of
the cell problems.

Besides assumptions (Al) and (A2) discussed in Section 4.1 we make an
additional one:

(A3) There exists a sequence (E", H"), of distributional solutions to (5.0.1)
that satisfies the energy-bound

Sup/ |E"? + |H"? < . (5.0.2)
n>0.JQ
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5.1. THE OSCILLATING ELECTRIC FIELD

This assumption together with Theorem 3.7 ensure the existence of a subse-
quence (E", H"), and of fields Ey, Hy € L?(2 x Y;C?) such that

E" 2\ E, and H" 2~ H,.

Assumption (A3) further implies the existence of a subsequence (E", H"),, and
of fields E, H € L*(Q;C3) such that (E"), weakly converges to E in L?*(Q; C?)
and (H"), weakly converges to H in L?(3;C3). The relation between E and
Ey as well as between H and Hy is given in Lemma 3.3,

E(x) :]{/Eo(x, ) and H(z) :]{/Ho(x, 9, (5.0.3)

for almost all z € Q.
In the subsequent sections, we define five spaces to which we will often refer.
The following list is meant to be an overview and a reference:

e X% is the space of vector fields u € L? (Y;C3) that are distributional
solutions to (5.1.1);

e AP is the space of attainable volume averages of fields in X¥ and it is
defined in (5.1.6);

o X, defined in (5.2.9), is the space of vector fields v € Lf(Y; C?) that are
distributional solutions to (5.2.1);

e XH is the space of fields w € X that satisfy identity (5.2.2);

o A ig the space of attainable geometric averages of fields in X and it is
defined in (5.2.12).

5.1 The oscillating electric field

Our aim in this section is to derive the cell problem for the two-scale limit Ey
and to analyse its solution space.

LEMMA 5.1. (Cell problem) — Let Q C R? be as described in Section 4.1 and let
Y CY be an admissible microstructure. Let (E", H"), be a sequence satisfying
assumption (A3), that two-scale converges to (Ey, Hy), and that weakly converges
in L*(Q;C?) x L2(;C3) to (E,H). Then for almost all x € R the two-scale
limit Ey = Eo(x,-) € L3 (Y; C?) satisfies

curly B =0 inY, (5.1.1a)
divy By =0 in 3", (5.1.1b)
Ey=0 inX, (5.1.1¢)

in the distributional sense.
Outside the meta-material R, the two-scale limit Ey is y-independent; that
is, Eo(x,y) = E(x) for almost all x € Q\ R and almost ally € Y.
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Proof. We choose § € C°(€;R), ¢ € C°(Y; C?), and define the field ¢(z,y) =

O(z)(y) for all z € Q and y € Y. For fixed n > 0 we set ¢, (z) == ¢(z/n) and
n(x) = 0(x),(x). Combining assumption (A3) and equation (5.0.1a), we find
that (E"), and (ncurl E), are bounded in L?(Q; C?). Thus, by Lemma 3.9,

we know that ncurl E” N curly, Fop; that is,

lim [ n{curl E", ¢,) = / 9/ (curl, Ey,v) . (5.1.2)
n=0 /g Q Jy

On the other hand, for each n > 0 the field E” is a distributional solution

o (5.0.1a), and hence

%ii% Q77<E7l,(:ur1 [n]) = iwpo }Iii%/Qn<H"7@n> =0, (5.1.3)
where we used the boundedness of (H"), in L?*(Q;C?) to obtain the last
equation. Combining equations (5.1.2) and (5.1.3), we conclude that Ey(z,-) is
a distributional solution to (5.1.1a) for almost all z € Q.

On account of (5.0.1b), the distributional divergence of E" vanishes in Q\X,,.
Fixing 0 € C°(;R), ¢ € C*(E*;C), and setting ¢, (z) == ¥ (x/n) for each
n > 0, we calculate

0=t [ (7, 0)+ tim [ o(En V)= [0 [ (B0ve). (514

where we used the two-scale convergence of (E7), to obtain the last equation.
From (5.1.4) we deduce that Ey(x,-) satisfies (5.1.1b) for almost all x € Q. In
order to prove that Ey(x,-) solves (5.1.1c), we choose 6 € C2°();R) and ¢ €
C(3;C3). For each n > 0 we set @, (z) == 0(x)(x/n). As E" satisfies (5.0.1c),

0:71]13%/<E,s0n / /EO, . (5.1.5)

Thus, the two-scale limit Eq(z, ) satisfies (5.1.1) for almost all € R.

We claim that div, Ey(z, ) =01in Y for almost all z € Q\ R. Indeed,
thanks to equation (5.0.1b), the distributional divergence of E” vanishes in
Q\ R. Fix 0 € C(Q\ RB;R) and ¢ € C°(Y;C). Setting 1y (z) = ¢ (x/n) for
each n > 0, we deduce that

0 = lim n, (E, v9>+hm O(E", Vi) = /
=0 Jo\r Q\R Q\R

Thus, both curl, Eo(z,-) and div, Eg(x,-) vanish in Y for almost all z € Q\ R,
from which we infer that Fy(z,-) is a constant vector field, by Lemma 2.4.
Using (5.0.3) yields the identity Fo(-,y) = E(-) for almost every y € Y. O

e/y<E0,w>.

REMARK 4. (On the averaging of the electric field) — As explained in the in-
troduction, the natural object for averaging the electric field is a line integral—or
a generalisation thereof. We use the geometric average, introduced in Section 4.3.
However, in view of equation (5.1.1a), Lemma 4.5(i), and (5.0.3), we find that

j{/EO(QS,') :][YEo(aa-) = E(z)
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The next result settles the uniqueness of solutions. We investigate the
existence of solutions to (5.1.1) in more detail; to this end, we remind the reader
that the index sets Ly, and Ny are defined in (4.3.17) and (4.3.18), respectively.

LEMMA 5.2. (Analysis of the cell problem) — For an admissible microstructure
¥ CY the following statements hold:

(i) Given any c € C? there is at most one distributional solutionu € L3(Y;C?)
to (5.1.1) with f,, u = c.

(1) If k € Ly, then there is no distributional solution to (5.1.1) with volume
average equal to k.

(iii) If m € Ny, satisfies (m,k) = 0 for every k € Ly, then there is a unique
distributional solution u™ € L%(Y; R3) to (5.1.1) with £, u™ =m.

Proof. (i) It suffices to show that every distributional solution w € Lg (Y;C3?)
to (5.1.1) with fY w = 0 vanishes identically. As w is curl-free in Y, we can
apply Proposition 2.6 and find a potential © € Hﬁl(Y; C) and a constant ¢ € C3
such that w = VO+-cin LF(Y; C*). The volume average of w vanishes and hence
¢ = 0. Equation (5.1.1c) implies VO = 0 in ¥, and since ¥ is connected, we infer
that © is constant in ¥.. Combining this observation with equation (5.1.1b), we
deduce that © € Hﬁ1 (Y;C) is a weak solution to

—A© =0in ¥*,
{ ©=din X,

for some d € C. The unique solution to this problem is ® = d. Hence
w=V0O =01in Y and the claim is proved.

(it) Suppose u* € LZ(Y;C?) is a distributional solution to (5.1.1) with
fy u* =k € L. Due to equation (5.1.1a), there exist a potential © € Hﬁ1 (Y;C)
and a constant ¢ € C3 such that u* = VO + ¢ in Lg(Y;(C?’). As f, ub =k,
we infer that ¢ = k. Let v: [0,1] — «(3) be a k-loop in ¥ and denote by
7:[0,1] — X a lift of . By equation (5.1.1c), the field u vanishes identically in
3 and hence

L B Yd . .
0= [u= [ (. w)a= [ lOGEN] dt+ 30) ~5(0).

As O is periodic and 7 is a k-loop, we conclude that

0= /0 % [@(ﬁ(t))] dt + <k,ﬁ/(1) — ,7(0)> _ ‘k|2 '

This is a contradiction since k # 0.

(iii) Fix m € Nyx which satisfies (m, k) = 0 for all k& € Mx. By Proposi-
tion 4.8, there exists a potential © € Hﬁl(E; R?) such that VO = m in Lg(E; R3).
Let ® € H} (Y;R) be a weak solution to

{ACD—O in X,

®=0in X.
Setting u™ = —V® 4+ m provides us with a distributional solution to (5.1.1).
As @ is a periodic function, fY 4" = m and the claim is proved. O
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We denote the space of distributional solutions to (5.1.1) by X and set

= { [

Clearly, AP is a subspace of C3. In the definition of the geometric average, the
space AY(X*), given in (4.3.3), plays a crucial role. The next result allows us
to simplify the derivation of the effective equations; see Section 5.4.

ueXE}. (5.1.6)

LEMMA 5.3. — The two spaces A¥ and AV (X*) coincide for every admissible
microstructure . C Y.

Proof. The solution space X is a subset of V(£*) and hence AF C AV (X*).
In order to show the converse inclusion, we prove that for each ¢ € V(X*) there
is a potential © € H} (Y; C) such that ¢ +VO € XPF. Indeed, let © € H;(Y;C)
be the unique distributional solution to

{—A@zdivqb in ©*
©=0 inX>.

One readily checks that ¢ + VO satisfies equations (5.1.1a) and (5.1.1c). More-
over, by construction of ©, the distributional divergence of ¢ + VO vanishes in
¥*. Consequently, ¢ + VO € X¥. The potential © is periodic and hence

]€¢:]{V¢+/1VV®:][Y(¢+V@)6AE.

As ¢ € V(X*) was chosen arbitrarily, AY(X*) C A and the claim is proved.[]

We note that, due to Lemma 5.2 (i), for every vector ¢ € A there exists a
unique element u € X¥ such that fy U= C.

PROPOSITION 5.4. (Characterisation of the solution space) — If ¥ C Y is an
admissible microstructure, then there holds

dim X¥ = dim A¥ < 3.

More precisely, let {b7|j € I} be a basis of A¥ with I C {1,2,3}. For each j € 1
we denote by u’ the unique distributional solution to (5.1.1) with fu? =0
Then every u € X can be written as a linear combination,

u= Zajuj in L§(Y;C3) ) (5.1.7)
jel
with coefficients a; € C for j € 1.

Proof. Fix u € X¥. As f, u € AP, we find o; € C for j € I such that

]éu:zaj]{/uj.

Define the field w: Y — C? by w == u—zjejajuj. Then w € X¥ and
][w:][u—Zaj][ u! = 0.
Y Y ier Y

Due to Lemma 5.2 (i), distributional solutions to the cell problem (5.1.1) are
unique and hence w = 0. This proves (5.1.7) and the claim follows. g
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This characterisation is somewhat abstract, since it might not be easy to
determine a basis of A”. In many cases, however, the solution space can be
characterised using k-loops; see Proposition 5.13.

5.2 The oscillating magnetic field

In this section we derive and analyse the cell problem for the two-scale limit Hy.
The analysis is more delicate than in the previous section due to the fact that
the geometric average can, in general, not be used to show a uniqueness result.

The cell problem and its solution space. We recall that the energy-
bound (5.0.2) ensures the existence of a subsequence (H"), and a field Hy such

that H" — Hy. Moreover, the weak L2-limit H of (H™"), is connected with
the two-scale limit Hy by (5.0.3).
In order to state the cell problem of Hy we define the function space

X = {v € Lg(Y;C3) curl v =0 in Z*}.

We recall from Section 4.3 that the geometric average can be applied to every
element of X.

LEMMA 5.5. (Cell problem) — Let Q C R3 be as described as in Section 4.1
and let ¥ C Y be an admissible microstructure. Let (E",H"), be a sequence
satisfying (A8), that two-scale converges to (Eo, Hy) and that weakly converges
in L2(Q;C3) x L2(Q;C3) to (E, H). Then for almost all x € R the two-scale
limit Hy = Hy(x,) € Lg(Y; C3) satisfies

curly Hy =0 in X", (5.2.1a)
divy, Ho=0 inY, (5.2.1b)
Hy=0 inX%, (5.2.1¢)

in the distributional sense. Moreover, for almost all x € Q the following identity
holds:

/ (Ho(z,y),v(y))dy =0  for allv € X with j{ v=0. (5.2.2)
Y

*

Outside the meta-material R the two-scale limit Hy is y-independent; that
is, Ho(z,y) = H(x) for almost all x € Q\ R and almost ally €Y.

Proof. We proceed in three steps.

Step 1. (Derivation of equations (5.2.1a)-(5.2.1¢)) This proof mimics the
one for Lemma 5.1. For § € C2°(£;R) and v € C.(X*; C3), we define p(x,y) =
O(x)Y(y) for all x € @ and y € Y. We further set ¢,(-) = ¢(-/n) and
©n(-) = 0(-)1y(-) for each n > 0. As the sequence (H"), two-scale converges to
Hy, which in particular implies that (H"), is bounded in L?(2;C3), we find
that

lim [ n(H", curlp,]) = hm/ (H", VO Ny) + hm/ (H", curl ¥,)
n—0 Jq
/ / Hy, curl ¢) . (5.2.3)
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On the other hand, H" is a distributional solution to (5.0.1b) and hence

lim [ n(H",curl[p,]) = —iweg hm / Ton)=0. (5.2.4)
n—0 Jq
Combining equations (5.2.3) and (5.2.4), we deduce that Hy(z,-) is a distribu-
tional solution to (5.2.1a) for almost all z € Q.
Choose 0 € C2°(€4R), ¢ € C°(Y;C) and define ¢, (+) == ¢ (-/n) for n > 0.
The distributional divergence of H" vanishes in ) because of equation (5.0.1a).
Thus,

0=lim [ ny,(H",V0) + lim / O(H", Vip,) = / 9/ (Ho, V), (5.2.5)
n—0 Jq n—0 Jq Q v
where we used the two-scale convergence of (H"),, to obtain the last equality.
Equation (5.2.5) implies that Ho(z,-) satisfies (5.2.1b) for almost all z € ).
In order to prove that Hy(x,-) solves (5.2.1c), we choose 6 € C°(€Q; R) and
Y € C2°(%;C?). For each i > 0 we set ¢, (-) :== 0(-)3(-/n). The vector field H"
satisfies (5.0.1¢) and thus

o:gii% Q(H”,gon) =/99/2<Ho,w>

Consequently, Hy(z,-) solves (5.2.1) for almost every z € R.

Step 2. (Derivation of (5.2.2)) Fix a vector field v € X with ¢.. v =0
and a test function 6 € C°(€;R). For n > 0 we set ¢, (-) == 0(-)v(-/n). The
sequence (H"), two-scale converges to Ho,

lim Q<H",apn>=/99</y<Hg,v>>. (5.2.6)

On the other hand, E" is a solution to (5.0.1a) and thus

i
H" o) = ——— E" curl [p
ey =~ [ (Er.cule,)
- (E", V60 Av(-/n)), (5.2.7)
Who Jo\x,

where we used that curl v = 0 in ¥* and E”7 = 0 in X, to obtain the last
equation. As the two-scale limit Ey satisfies the cell problem (5.1.1), we infer
that Ey(x,-) € V(E*) for almost all x € Q; the space V(X*) is defined in (4.3.2).
Sending 1 — 0 in equation (5.2.7) and using the definition of the geometric
average in Theorem 4.4, we find that

lim [ (H", ¢,) = // Eo, VO Av) = <v9,/ EO/\v>
n—=0 Jq ~ who * wiio 5=

:w%m Q<va, (/EO> (7{@>> (5.2.8)

Combining equations (5.2.6) and (5.2.8) and using that §,,, v = 0, we deduce

that
/QG</Y<HO,U>> —o.
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This proves equation (5.2.2), since 6 € C°(€);R) was chosen arbitrarily.

Step 3. For almost every x € Q \ R there holds curl, Hy(z:) =0in Y. To
see this, we choose § € C°(Q2\ R;R) and ¢ € Cg°(Y;C?), and define the field
©n () = 6(-)¥(-/n) for each n > 0. Due to equation (5.0.1b) we have

(H", curl [p,]) = /Q\RQ/Y<H07CUT1 V),

which proves that Hy(z, -) is curl-free in Y for almost all x € Q\ R. We showed
above that divy, Hy(z,-) = 0in Y for almost all z € Q\ R. Applying Lemma 2.4
we deduce that Hy(z,-) is a constant vector field in ¥ and the claim is proved.[]

0 = lim n
’I’]*)O Q\R

System (5.2.1) is usually referred to as the cell problem for Hy. As was shown
by Lipton and Schweizer [LS18b, Proposition 2.1], there might be more than
three linearly independent solutions to this cell problem. The identity (5.2.2),
which will ensure that Hy lies in an at most three-dimensional subspace of the
solution space of (5.2.1), was first discussed in [PSU19, Corollary 5.2].

The solution space to the classical cell problem (5.2.1) is defined as

X = {v € LﬁQ(Y;(C?’) ‘ v is a distributional solution to (5.2.1)} . (5.2.9)

Equipped with the L§ (Y'; C?)-scalar product, X is a Hilbert space. We further
introduce the following two subspaces of X,

Xo = {v €X ‘ ]{ v = 0} (5.2.10)

/ (w,v) =0 for all v € Xo} . (5.2.11)
Y

As the geometric average is a bounded operator, X is a closed subspace of
X. Moreover, by definition, X is the L?-orthogonal complement of Xg; we
may therefore write X = Xy @ X¥. We already explained that X might have
more than three dimensions; it is, however, always a finite dimensional space.

and
XH = {w eX

PROPOSITION 5.6. — For every admissible microstructure ¥ C Y, the space X
of distributional solutions to (5.2.1) is finite dimensional.

As we do not use this result, we postpone its proof to Appendix B.

The appropriate function space and its analysis. The space Xy can
be nontrivial and hence, there might be two or more solutions to the cell
problem (5.2.1) with the same geometric average. However, if we only consider
distributional solutions in X ¥ then uniqueness of solutions necessarily holds.
Thanks to identity (5.2.2) we can indeed focus on X as Hy(z,-) € X for
almost all x € R.

We observe that the solution space X is a subset of X (X*), the latter space
being defined in (4.3.1); the geometric average can thus be applied to elements
of X. Before analysing the space X, we introduce the space A" of attainable
geometric averages of fields in X c X,

v ff

o8

vE XH} . (5.2.12)
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Let us recall from Section 4.3 that the geometric average is a surjective linear
map X(X*) — AY(X*)M. Tt is thus remarkable that the two subspaces A” and
AY(S*)M of C? coincide.

LEMMA 5.7. — The two spaces A" and AV () coincide for every admissible
microstructure > C Y.

Proof. The solution space X of the cell problem (5.2.1), defined in (5.2.9), is a
subset of X(¥*). As the geometric average maps X (¥*) onto AY(X*)™ and as
XH c X, we infer that A C AV(X*).

Fix k € AY(X*)M with k # 0. Then, by Theorem 4.4, there is an element
vk € X(2%) with §,. v% = k. Let © € H}(¥*;C) with f;,. © = 0 be the unique
solution to

/ (VO,Vyp) = —/ (v,Vp) forall p € H}(3*;C). (5.2.13)

Defining the vector field

w Y+ ve inxr
w” =
0 in¥
provides us with an element of Lg(Y; C?). We claim that w* € X . Clearly, w*
is a distributional solution to equations (5.2.1a) and (5.2.1c). Let us show that
the distributional divergence of w* vanishes in Y. To do so, fix ¢ € o (Y;C).
As ¢ € H{(¥*;C), we can use (5.2.13) and find that

/Y<w1c7w>:/*<uk7w>+/*<ve,w>:o.

Consequently, w* € X and, by Lemma 4.5 (ii), we find that ¢, w* = §., v* = k.
As k # 0, we infer that w* € X*H. The constant vector field v° := 0 is an
clement of X with ¢, v = 0. This shows that AY(X*)" c A", O

Having chosen the appropriate functions space X, in which we seek so-
lutions to the cell problem (5.2.1), the analysis of the cell problem is rather
straightforward.

LEMMA 5.8. (Analysis of the cell problem) — Let ¥ C Y be an admissible mi-
crostructure. Then the following statements hold:

(i) Given any ¢ € C3 there is at most one distributional solution v € X
to (5.2.1) with ¢, v =c.

(ii) For every c € A" there is a unique element v¢ € X with $o. ¢ =c.

(iii) If c ¢ A®, then there is no element v € X with . v =c.

Proof. (i) It suffices to show that every w € X with $s. w = 0 vanishes
identically. This, however, follows from the definition of the space X as the
L?-orthogonal complement of X.

(ii) Given ¢ € AH | the existence of a field 2° € X with ¢, ° = ¢ follows from
definition of the set A¥. The space X admits the decomposition X = Xo® X
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and hence we can write ¢ = 9§ + 75, where ¥ € Xy and 95 € X . Setting
v¢ = ¥§ provides us with an element of X! that satisfies fz* v = ¢. Uniqueness
of v¢ follows from (7).

(iii) The space X admits the orthogonal decomposition X = X @ X1,
Every element v € X, satisfies fz* v = 0. Thus, for any constant vector
¢ € C*\ {0} there holds, ¢ € A™ if and only if there exists v € X with §., v =c.
This shows statement (7). O

Compared to Lemma 5.2, the previous result seems to be unsatisfactory
as it provides only an abstract condition for the existence (and non-existence)
of distributional solutions to (5.2.1) with prescribed geometric averages. As it
turns out, a statement similar to Lemma 5.2 cannot hold for X*. We do have,
however, the following relations.

LEMMA 5.9. — Let ¥ C Y be an admissible microstructure, and let Ls+ and
N« be the sets given in (4.3.17) and (4.3.18).

(i) If m € N~ satisfies (m, k) =0 for all k € Lx~, then m is not an element
of AH ; in particular, there is no v™ € X with fz* ™ =m.

43 I’ ke E}]* then there exists ’Uk € X with
( ) Y
% ’Uk = TTAH (k) y (5.2.14)

where T4 : C3 — C3 denotes the orthogonal projection onto AM.

Proof. (i) By Proposition 4.8, there exists ©,,, € Hj (X*;R) with VO,, = m.
Applying the properties of the geometric average from Lemma 4.5 we obtain
that

0= VO,, = m = mau(m),
HE Y

As m # 0, we deduce that m ¢ AH.
(ii) Fix k € Ls-. Let © € H}(X*;C) be a weak solution to

/ (VO,Vyp) = —/ (k, V) forall p € H(X*C). (5.2.15)

We claim that the vector field

5 VO +k inX*
V¥ =
0 in>

is an element of X . One readily checks that v¥ solves the equations (5.2.1a)
and (5.2.1c) in the distributional sense. In order to show that the distributional
divergence of v* vanishes in Y, we take a test function ¢ € Cpe(Y;C). As
¢ € H} (2% C), we can use (5.2.15) and find

/Y@k,v@:/*<va+k,w>:/p(vawﬂfz*(k,w}:o,
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which proves that v* is a distributional solution to the cell problem (5.2.1).
Applying the properties of the geometric average from Lemma 4.5 yields

]{vk: ve+7{ k=man(k).
* E* *

This proves the claim. O

REMARKS 5. — (a) Let us discuss equation (5.2.14) in more detail. The

(b)

spaces AF and AY(X*) coincide, by Lemma 5.3. Moreover, the iden-
tity A = AV(S*)N holds, due to Lemma 5.7. Thus, using the defini-
tion (4.3.4) of AY(X*)M,

{0} if dim AF =0
AT = V(@M =0 (AR i dimAZ =1
c? if dim AF > 2

Due to Lemma 5.2(i), the linear map fy : XE — AP s a vector space
isomorphism. We consider three cases:

Case 1. If the solution space X T is zero-dimensional, then A® = {0} and
hence for every element v € X there holds fz* v =0.

Case 2. If dim X¥ =1, then A” = (AF)L and equation (5.2.14) reads
% ’Uk = W(AE)L(k).

Case 3. If dim X¥ > 2, then A" = C? and equation (5.2.14) reads

% v =k

Consequently, for any k € Ly« there exists a unique v* € X with
k
$o. V5 = k.

The above considerations allow us to discuss the relation between the
two subspaces spang Ly« and A™ of C3. For a generic microstructure ¥,
neither is spang L+« a subspace of A nor is A a subspace of spang Lx-.
We again consider three cases, depending on the dimension of X .

Case 1. If dim X¥ = 0, then A" = {0}. However, we find admissible
microstructures ¥; such that dimspang [,2; =j for all j € {0,1,2,3}.
Indeed, fix v € (0,1/2) and consider for j € {1,2,3} the following sets

)
i(yz —;)2 <r2}.

7l

1
Yo = {y € Y’ Hy— 5(1,1,1)

and

Z; = {(y17y27y3) ey

o~
S
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We set
21 ZZY\71, ZQI:Y\(71U72), EgZZY\(ZlLJZQUZg,).

We note that all four microstructures X, ..., %3 are admissible. More-
over, for each j € {0,1,2,3}, there exist e1-, e2-, and ez-loops in X,
which implies, by Proposition 5.13, that the corresponding Ey-cell prob-
lem (5.1.1) has only the trivial solution; that is diim X¥ = 0 for all four
microstructures.

On the other hand, one readily checks that there is no k-loop in X for
any k € Z3\ {0}, and thus dimspan Ly; = 0. Fiz j € {1,2,3}. If there
is a k-loop in X%, then k has the form k = Z{Zl aye; for ap € Z. This
shows that dim spang Eg; =7.

Summarising the above considerations, we find that A¥ C spang Lx- if
dim X¥ = 0.

Case 2. If dim X ¥ = 1, we do not know which of the two inclusions hold
for a generic microstructure 3. However, the identity spang Lx = A
is, in gemeral, wrong. Indeed, consider the two cylinders Zy, Zy defined
in case 1, and set ¥ = Zy U Zy. As there are e1- and es-loops in X but
no es-loop, we infer from Proposition 5.13 that A¥ = Ces. Consequently,
A = Ce; ®Cey. On the other hand, one readily checks that Ls- =
73\ {0} and thus spang Lx- = C3. That is, A C spang Ly

Case 3. Ifdim XF > 2, we deduce from case 3 in (a) that spang Ls- C AT,
Adding an additional assumption on X, we can show that spang Ls« =
AH = C3; see Proposition 5.14.

Having Lemma 5.8 at hand, we can turn to the characterisation of the
solution space X . Similar to Proposition 5.4, this result is rather abstract for
general microstructures; we stress, however, that this characterisation is not
needed to derive the effective equations.

PROPOSITION 5.10. (Characterisation of the solution space) — If ¥ C Y is an
admissible microstructure, then

dim X" = dim A¥ < 3.

More precisely, let {b’ | j € I} be a basis of A", and denote by v/ the dis-
tributional solution to (5.2.1) with geometric average equal to b’. Then every
v e X can be written as a linear combination,

v=> a;/ inLi(Y;C?), (5.2.16)
jel

with coefficients a; € C for j € 1.
Proof. Fix ve XH. As $e.v € AR we find ; € C for j € I such that
74 v:Zajbj:Zajf v .
: = jed )
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Define the field w: Y — C? by w = vfzjelajvj. Then w € X# and

%E*w:j{*v—z%%*vjzo.

JjeJ

From Lemma 5.8(%), we deduce that w = 0 and the claim is proved. O

5.3 Effective material parameters and equations

The objective of this section is the derivation of the effective system as well as
the definition of the effective permittivity and effective permeability. Let us
recall that the subspaces AF and Al of C? are defined in (5.1.6) and (5.2.12),
respectively. Denote by m4z: C> — C? the orthogonal projection onto A¥.

Before we define the effective material parameters, we need the following
technical result.

LEMMA 5.11. — Let ¥ C Y be an admissible microstructure, and let A¥ be
the space defined in (5.1.6). Then there exists one and only one linear map
e AF 5 AF that satisfies the identity

<aeff(]€ ul),]{/u2> :/Y<u1,u2> (5.3.1)

Proof. Ezistence. Due to Lemma 5.2, for every ¢ € A there is a unique element
u® € XP with fy u® = ¢. The uniqueness of the element u° implies that the
map e AP — (AF)*,

<seff <]€ ul)’]éu2>(AE)*,AE ::]{/<u1,u2> (5.3.2)

is linear. As AF is a finite dimensional vector space, we may identify (A®)* and
AP In this way, we obtain a linear map £°: AF — AP that satisfies (5.3.1).
Uniqueness. Assume L: A¥ — AF is a linear map such that for all ui,us €

XF the identity
<L(]{/u1>,]€w> :/Y<u1,uQ> (5.3.3)

holds. Identifying the finite dimensional vector space A¥ with its anti-dual
(AE)* we conclude from (5.3.2) and (5.3.3) that (L — &°f)(c) = 0 in (A®)* for
all ¢ € AP. This implies that L = ¢ on AF. O

for all uy,us € XF.

The unique linear map *f: AF — AF from Lemma 5.11 is called the relative
permittivity of the metamaterial located in R.

We recall from Lemma 5.8 that for every k € A there is a unique element
vF € XM with §. v* = k. The linear map p: A7 — C3 given by

/f’ﬂ(% v) ::][ v forveXH”
* Y

is called the relative permeability of the meta-material located in R.
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For x € Q we define the effective permittivity and the effective permeability

as
eff .
fzeRr
Ba) =" o (5.3.4a)
idgaxs ifxe Q\R
and
eff :
fzeRr
ae) =" o . (5.3.4b)
ideaxs ifx € Q\R

We recall that Eg, Hy € L?(2 x Y;C3) are the two-scale limits of (E"), and
(H™),, respectively. The effective electromagnetic field (E, ﬁ) Q- CxC?is
defined by

E(x) ::]{/Eo(z,y)dy and  H(z) = E*Ho(z,~). (5.3.5)

Note that H is defined on all of ©; outside the microstructure Q\ R, we assume
free space—in other words, there is no microstructure. Thus, by Lemma 4.5 (%),
for z € Q@ \ R there holds

() = y{/ Hy(z,) = ][Y Ho(zy)dy = H(z).

THEOREM 5.12. (Effective equations) — Let @ C R® and let R € Q be as
in Section 4.1. Let ¥ C Y be an admissible microstructure, and let & and
fv be the maps given in (5.3.4). Assume (E", H™"), is a sequence satisfying (A3)
on page 51. Then the effective electromagnetic field (E, fI) satisfies

E(x)e AP and H(z) € A" for almost allz € R. (5.3.6)

Moreover, (E, H) is a distributional solution to

curl B = iwpop in ), (5.3.7a)
TAE (curl fl) = —lWwegT 4B (éE) in (5.3.7b)
curl H = —iwegE in Q\R. (5.3.7¢)

Proof. Thanks to the preparation of the last sections, we can follow standard
arguments to derive (5.3.7a)-(5.3.7c). We infer (5.3.6) by combining Lemmas 5.1
and 5.5 with (5.3.5).

Step 1: Derivation of (5.3.7a) and (5.3.7c). The sequence (E"7, H"), con-
verges weakly in L?(Q; C?) x L?(92;C3) to (E, H). The distributional limit of
equation (5.0.1a) thus reads

curl E =iwpgH in Q. (5.3.8)

By Lemma 3.3, the two-scale limit Ey and the weak limit E of (E"), are
connected by the identity

E(x) :][ Eo(z,-) for almost all z € (2.
Y
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Using the definition of the effective electric field £ in (5.3.5), we find that
E(x) = E(z) for almost all € Q and thus curl F = curl E.

On the other hand, using the definition of the effective permeability & in R,
we find that

H(x) =]£Ho(x, ) = pt 0 Ho(x,) = p*TH(z) = pH(z), (5.3.9)

for almost all z € R. Outside of R, the two-scale limit Hy(z,-) coincides with
the weak limit H(z) by Lemma 5.5, and thus H(z) = H(z) for almost all
x € O\ R. This together with the definition of j implies (5.3.9) for almost all
x € Q. From (5.3.8) and (5.3.9) we conclude that equation (5.3.7a) is satisfied.

In order to prove (5.3.7c), we observe that Q\ R C Q\ X,. We can therefore
take the distributional limit in equation (5.0.1b) and find that

curl H = —iwegE  in Q\ R.

This shows (5.3.7¢), since 2 = E and H = H in Q\ R.
Step 3: Derivation of (5.3.7b). Choose 6 € C=(4;R), u € XF, and set
©n(-) = 0(-)u(-/n) for n > 0. Due to the two-scale convergence of (H"),,

lim Q<H",curl[<pn]>:/Q/*<H0,V9/\u>:/Q<V9,/*u/\HO>. (5.3.10)

Thanks to Lemma 5.5, for almost all z € Q, the field Hy(z,) is an element
of X(X*) such that we can apply the geometric average to Hy(x,:). On the
other hand, X¥ is a subset of V(¥*) and hence u € V(X*). We can thus apply
the defining identity (4.3.10) of the geometric average on the right-hand side
of (5.3.10) and obtain

/ u Hy(z, ) = (/ u) A < Hy(z, )> , (5.3.11)
* * 2*
for almost all z € 2. Combining (5.3.10) and (5.3.11) yields

. " _

71]12% Q<H ,curl [p,]) /Q< . HO,VH/\/*u>

_ /Q< ) Ho.cul (9/u)> (5.3.12)

On the other hand, for each n > 0, the field H" is a distributional solution
to (5.0.1b). Thus, by exploiting the two-scale convergence of (E"),,

. n . . "
%13%) Q<H ,eurl [p,]) = —iweg %1;% Q(E »Pn)
Z—iw€0/ 9/<E0,u> (5313)
o Jy

Using the map ° and the definition of the effective field F as well as of the
effective permittivity &, we find that

/Y<Eo(x7-)7u> - <Eeff(/y Eo(x,-)>7/yu> = <?:(x)E(x),/Yu>, (5.3.14)

65



5.4. DISCUSSION OF EXAMPLES

for almost all x € R. For z € Q\R there holds Ey(x,-) = E(z) and &(z) = idcaxs.
Thus, for almost all x € Q we find the identity

/Y<E0(x,-),U> = <é(a:)E(a:),/Yu> (5.3.15)

Substituting (5.3.15) into equation (5.3.13) yields

lim Q<H’7,curl [<p,7}> - —iwao/ﬂ<éE,9/Yu>. (5.3.16)

Combining equations (5.3.12) and (5.3.16), and using the definition of H
from (5.3.5), we obtain

/Q<ﬁ1,cur1 (9/u>> :—iweo/ﬂ<éE,9/yu>.

As u € XF was chosen arbitrarily, we infer that equation (5.3.7b) holds. [

5.4 Discussion of examples

The section is devoted to the discussion of the effective equations by examples.

Special geometries

All the microstructures we discuss in this section satisfy the following two
assumptions:

(A4) There exist an orthogonal basis (b1, b, b3) of R? and two disjoint sets
N,L c {1,2,3} with N UL = {1, 2,3} such that b; € Ny and b; € Lx
foralli e N and j € L.

(A4*) There exists an orthogonal basis (b1, b3,b3) of R® and two disjoint sets
N*, L* C {1,2,3} with N* U L* = {1,2,3} such that b} € Ny~ and
bj € Ly« foralli € N* and j € L™,

Let us remark that if a microstructure ¥ satisfies (A4), then for every m €

Ny there holds (m,k) = 0 for all & € Lyx. Combining this observation

with Lemma 5.2 (i), we find that for every m € Ny there exists a unique

element u™ € X¥ such that fY u™ = m. Moreover, for such microstructures

the solution space X of the cell problem (5.1.1) can be characterised in terms
of k-loops.

PROPOSITION 5.13. — Let ¥ C Y be an admissible microstructure for which
assumption (A4) holds. For eachi € N, we denote by u* the unique distributional
solution to (5.1.1) with f,, u* = b;. Then every u € X¥ can be written as a

linear combination,
u = Z ' (5.4.1)
ieN

with scalars a; € C for i € N. In particular, dim X¥ = |N|. Moreover,
AF = spangc Ny . (5.4.2)
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Proof. We proceed in two steps.

Step 1. (Proof of (5.4.1)) Let u € Li(Y;(C:;) be a distributional solution
to (5.1.1). As the distributional curl of w vanishes in Y, we find a potential
(GRS Hﬁ1 (Y;C) and a constant ¢y € C? such that u = VO + ¢ in Y. For each
1 e€{1,2,3}, we set oy :== (co,b;). The vector field

vi=u— E a;u’
ieN

is an element of X with

][ v = Zajbj € spane Ly .
Y jEL
If a; =0 for all j € L, we deduce from Lemma 5.2(3) that v = 0 and the claim
is proved.
Suppose there exists jo € L for which «;, # 0. Let ~;, be a bj,-loop in X.

As v is an element of X7 its distributional curl vanishes in Y; we find thus a
potential ® € H}(Y;C) such that

v=V®+Y ajb; nY. (5.4.3)
jEL

Using that v =0 in ¥ and the Helmholtz decomposition (5.4.3), we find that
1 d 1 .
0= [ o= [ SleGo]dr Yo [ (b 0)d
Yio 0 jeL 0
= a;(bj,bj,) = aj, .

JjerL

As this is a contradiction, we infer that a; = 0 for all j € L. This proves the
representation (5.4.1).

Step 2. (Proof of (5.4.2)) By Lemma 5.2 (i) and assumption (A4), for every
m € Ny there exists u™ € X¥ with f,, u™ = m. Thus, Ny, C A and hence,
since AF is a vector space, spang Ny C AF.

In order to prove the converse inclusion, choose ¢ € A¥. By definition of
AF | there exists u € X with fy u = c¢. Due to Step 1, there exist a; € C for
i € N such that u =),y a;u’. Consequently,

02][ u= Zaibi € spang Ny .
Y iEN
This proves the identity (5.4.2). O

One might think that a similar characterisation holds for the solution space
XH provided the microstructure ¥ satisfies (A4*). In view of cases 1 and 2 of
Remarks 5(b), however, we already know that the solution space X cannot
be characterised by k-loops if dim X < 1.

PROPOSITION 5.14. — Let ¥ C Y be an admissible microstructure for which
(A4*) holds. If dim XF > 2, then

spang Ly = AT = C3. (5.4.4)
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Proof. As dim X > 2, we deduce from Lemma 5.9 that each k € Lx- induces
an element v* € X with fz* vF = k. Thus, Lx- C A” and hence, since A7 is
a vector space, spang L« C AH.

In order to prove the converse inclusion, choose ¢ € A”. By definition
of A¥ there exist v € X with §..v = c. Let (b}, b3,b5) be an orthogonal
basis of R for which (A4*) is satisfied. Then, for each j € L*, there exists
vl e XH with . v = b5, For I € {1,2,3}, we set a; == (¢, b}). The vector
field w=v—3_

jeL~ a;v9 is an element of X with

f w= Z by € spang{b; | i€ N*}.

IEN*

If §.. w =0, then

027{ vzj{ w—l—Zozjj{ vj:Zajb;ESpancﬁg*,
* * E*

jeL jeL*

which proves the inclusion A C spang Ls+. We thus need to show that w has
a vanishing geometric average.

From Lemma 5.9 (3), we deduce that b} ¢ A for every i € N*. On the
other hand, w is an element of X and thus

f*w:ﬂ'AH<%E* w) = Z a;man (b7) = 0.

iEN*
This proves the claim. O

In the examples below, we can always choose (by,be,b3) = (b, b5,0%5) =
(e1,e2,e3). We remark that Proposition 5.14 is not needed to derive the effective
equations for the examples below; see also Remark 6(b) at the end of this section.

We recall from Lemmas 5.3 and 5.7 that AY(X*) = AF and AH = AV (S*)M
for any admissible microstructure ¥ C Y. Using the definition (4.3.4) of
AY(X*)™ and the fact that the volume average f,,: X¥ — A¥ is an isomor-
phism, we find that

{0} if dim X¥ =0
A =L (AB)YL if dimXP =1 . (5.4.5)
c? if dim X% > 2

Compact inclusions with simply connected complements

Let ¥ C Y be an admissible microstructure that is compactly contained in (0, 1)3.
Assume further that the complement (0,1)3 \ ¥ is simply connected; we refer
to Figure 5.1 (a) for an example of such a microstructure. Such microstructures
are, for instance, considered in [BBF09, BBF17]. As ¥ is compactly contained
in (0,1)3, we infer that

Ne=7°\{0} and Lx-=27%\{0}. (5.4.6)

A compactly contained microstructure satisfies assumptions (A4) and (A4*) with
index sets N = {1,2,3}, L =0 and N* =, L* = {1,2,3}. We may therefore
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eg 4

€2
€] €1
(a) (b)

Figure 5.1: The figure shows two admissible microstructures. The unit cell Y is
represented by the cube; the dark grey areas represent the microstructures. (a)
The microstructure ¥; is compactly contained and its complement ¥F := Y \ ¥;
is simply connected in (0,1)3. (b) 35 is also compactly contained in (0,1)3; its
complement 33, however, is not simply connected.

apply Proposition 5.13 and find that the solution space X ¥ is three-dimensional
and that
AP = spanc Ny = C?.

As dim X = 3, we infer that
Al =3, (5.4.7)

We note that (5.4.7) follows from Proposition 5.14 and (5.4.6), as well.
Having all these at hand, we can apply Theorem 5.12 and find the following
effective equations.

COROLLARY 5.15. (Effective equations) — Let Q@ C R3 and R € Q be as in Sec-
tion 4.1. Let ¥ C'Y be an admissible microstructure that is compactly contained
in (0,1)% and for which (0,1)2\X ds simply connected. Let &, fi: © — C3*3 be the
effective material parameters given in (5.3.4), and let (E", H"), be a sequence
that satisfies (A3) on page 51. Then the effective field (I, H): Q — C® x C3,
defined in (5.3.5), is a distributional solution to

curl B = iwpgpH  in ),
]A{ =

curl —iwegt K in .

Compact inclusions

Let ¥ C Y be an admissible microstructure that is compactly contained in
(0,1)3; see Figure 5.1 (b) for an example. We note that the results from [BBF09,
SU18, BBF17] can, in general, not be applied to such microstructures.

As ¥ is compactly contained in (0,1)%, we can argue as in the previous
example, and conclude that

AP =spanc Ny =C*  and A7 =C3. (5.4.8)
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€1 €1

(a) (b)

Figure 5.2: The figure shows two admissible microstructures. The unit cell Y is
represented by the cube; the dark grey areas represent the microstructures. (a)
Y3 represents a metal plate. (b) ¥ is neither compactly contained in (0,1)3
nor is its complement simply connected.

As the geometric average 3?2* : X — AF is an isomorphism, dim X = 3.
For the sake of completeness, let us mention that the space X of distributional
solutions of the cell problem (5.2.1), which is defined in (5.2.9), has, in general,
more than three dimensions.

Having (5.4.8) at hand, we can apply Theorem 5.12 and determine the
effective equations.

COROLLARY 5.16. (Effective equations) — Let Q C R and R € Q be as de-
scribed as in Section 4.1. Let X C Y be an admissible microstructure that is
compactly contained in (0,1)3. Let & ji: Q — C3*3 be the effective material
parameters given in (5.3.4), and let (E", H"), be a sequence satisfying (A3) on

page 51. Then the effective field (E,H): Q — C? x C3, defined in (5.3.5), is a
distributional solution to

curl B = iw,uo/lf{ in §,
curl H = —iwegeE in Q.
The metal plate

We fix v € (0,1/2) and consider the set

1 1
E:{(ylay%y?:)ey‘yle (5_7554_7)} (549)

We refer to Figure 5.2 (a) for a sketch of the microstructure . Observe that
¥ is an admissible microstructure. We first note that there is no k-loop in X
for k € 73\ {0} with (k,e;) # 0. On the other hand, there are k-loops in ¥ for
k € Zey®Zes. Thus,

N =Ze,\{0} and Ly = {(O,kg,kg) c 78 kg,kgGZ\{O}}.
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This shows that the metal plate satisfies assumption (A4) with N = {1} and
L ={2,3}. Applying Proposition 5.13 yields

AE = spanc Ny = Ce .

The permittivity ef: AF — AP of the meta-material located in R can therefore
be identified with a complex scalar ¢*. Moreover, as dim X = dim AP =1,

AT — (AP)" =CeyaCes .

The permeability p® of the meta-material located in R is thus a linear map
pef: Ceg ®Cez — C3.

Having all these information at hand, we can apply Theorem 5.12 and
determine the effective equations.

COROLLARY 5.17. (Effective equations) — Let © C R3 and R € € be as de-
scribed as in Section 4.1. Let ¥ C'Y be the microstructure defined in (5.4.9).
Let & and [u be the effective material parameters given in (5.3.4), and let
(E",H™), be a sequence that satisfies (A3) on page 51. Then the effective
field (E,H): Q — C3 x C3, which is defined in (5.3.5), satisfies

E(x)eCe; and H(z)eCey@®Ces for almost allz € R.

Moreover, (E,H) is a distributional solution to

(curl H); = —iweo(6E), in Q,
in A\ R.

o

curl H = —iwey

The metal torus touching the boundary

Let ¥ C Y be a two-dimensional full torus that connects the two (and only the
two) opposite faces {y; = 0} and {y; = 1} of the unit cube; see Figure 5.2 (b)
for a sketch. As both ¥ and ¥* are connected, ¥ is an admissible microstructure.
We first note that there is no k-loop in X for k € Zey @®Zes. On the other
hand, there is a k-loop in X for every k € Ze; with k # 0. Combining these
two observations, we obtain

Ny = {(0, ko, k) € Z3 | ko ks € Z\{O}} and Ly = Ze, \{0}.

Thus, 3 satisfies assumption (A4) with index sets N = {2,3} and L = {1}.
From Proposition 5.13 we deduce that

AF = spanc Ny = Cey @Ces .

The permittivity e of the meta-material located in R is thus a linear map
e®fl: Cey ®Ceg — Cey ®Ces. Moreover, since dim X = dim AF = 2,

AT =3,
Applying Theorem 5.12 we determine the effective equations.
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COROLLARY 5.18. (Effective equations) — Let  C R® and R € Q be as de-
seribed as in Section 4.1. Let ¥ C Y be a two-dimensional full-torus that
connects the two opposite faces {y1 = 0} and {y; = 1} of the unit cube. Let &
and fi be the effective material parameters given in (5.3.4), and let (E", H"),,
be a sequence that satisfies (A3). Then the effective electric field E:Q—C3,
defined in (5.3.5), satisfies

E(x) € Cey®Ces  for almost allz € R.

Moreover, the effective electromagnetic field (E, f{) Q — C? x C? is a distribu-
tional solution to

curl B = iwpopH in €,
(curl H)y = —iweg(2E)y  in Q,
(curl H)3 = —iweo(6E)s  in Q,

curl H = —iwegE inQ\R.

REMARKS 6. — (a) The above examples show that k-loops can be used to
characterise the solution space X¥ of (5.1.1) quite easily. Unfortunately,
the analysis of the solution space X of (5.2.1) for general microstructures
is more involved.

(b) We do neither need Proposition 5.14 nor a characterisation of the space
XH to derive the effective equations for the four examples. This is no
coincidence. The geometric average

s XH 5 AH

Z*
is an isomorphism between the two vector spaces and thus, instead of
characterising the solution space X of the cell problem (5.2.1), it suffices
to analyse the space A™. Moreover, A" is determined by AF. Thus, the
geometric average allows us to bypass the involved analysis of the cell
problem (5.2.1) of Hy and to focus on the analysis of the space A¥ when
deriving the effective equations.
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CHAPTER

Effective Maxwell’s
equations for highly
conductive microstructures

In this chapter, we focus on highly conductive microstructures . Following the
notation of Section 4.1, we denote the period of the metamaterial by n > 0 and
the frequency by w > 0. In view of the time-harmonic Maxwell equations (4.1.1),
we need to specify the relative permittivity ¢, of the medium; we choose a
function &, : R* — C of the form

Er
en(x) = n—zllzn (z) + 1oy, (7), (6.0.1)

where ¢, € C with Im{e,} > 0 and Re{e,} > 0. We study the behaviour of
distributional solutions (E", H") € L?(Q;C3) x L?(; C?) to the system
curl E" = iwpoH"  in Q, (6.0.2a)
curl H" = —iwege, E" in 2, (6.0.2b)
in the limit n — 0.
In Chapter 5 we make an additional assumption (A3) besides assump-
tions (A1) and (A2) discussed in Section 4.1. Assumption (A3) has to be

modified in this chapter, since the fields £ and H" are nontrivial in all of 2.
Throughout this chapter we assume:

(A3") There exists a sequence (E7, H"), of distributional solutions to (6.0.2)
that satisfies the energy-bound

Sup/ |E")? + |H"? < 00. (6.0.3)
Q

n>0
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6.1. THE OSCILLATING ELECTRIC FIELD

Assumption (A3') ensures the existence of a subsequence (E7, H"), and
fields Eg, Hy € L?(Qx Y; C?) such that (E", H") 2 (Eo, Hy). Moreover, there
exist fields F, H € L?*(;C?) such that (E"), and (H"), weakly converge in
L?(Q;C?) to E and H, respectively. The two-scale limit fields Ey and Hy and
the weak L2-limit fields F and H are related via

Pa) = Folw.) and HG@) = f Holz.),

for almost all x € Q.
The following list of spaces is intended to be an overview and reference of
the important spaces, which we define in the subsequent sections.

e X is the space of vector fields u € L§(Y; C3) that are distributional
solutions to (6.1.1). This space is identical to the corresponding function
space defined in Section 5.1;

o AP defined in (6.1.7), is the space of attainable volume averages of fields
ue XE,

e X is the space of vector fields v € Hul(Y; C3) with curl v = 0 in X*;

e XH defined in (6.2.26), is the subspace of X in which we seek Hy(z, )
for almost all z € Q;

o X is the space of vector fields v € X with div v =0in Y and §;,. v = 0;

e AH is the space of attainable geometric averages of fields in X and it is
defined in (6.2.33).

6.1 The oscillating electric field

In this section we derive and analyse the cell problem for the two-scale limit
FEy. The analysis is based on results from Section 5.1, since the cell problems
are identical.

LEMMA 6.1. (Cell problem) — Let Q C R? be as described in Section 4.1 and
let ¥ C Y be an admissible microstructure. Let (E",H"), be a sequence
satisfying (A3") that two-scale converges to (Fo, Hy) and that weakly converges
in L*(Q;C?) x L2(;C3) to (E,H). Then for almost all x € R the two-scale
limit Ey = Eo(z,-) € L§(Y; C?) satisfies

curly Bp =0 inY, (6.1.1a)
divy By =0 in 3", (6.1.1b)
Ey=0 inX, (6.1.1¢)

in the distributional sense.
Outside of the meta-material R, the two-scale limit Ey is y-independent;
that is, Eo(x,y) = E(z) for almost all x € Q\ R and almost ally € Y.
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Proof. For 6 € C2°(;R) and ¢ € C°(Y; C?) we define p(x,y) = 0(x)y(y) for
all (z,y) € @ x Y. We set ¢, (-) == 9(-/n) and ¢, (-) = 0(-)1,(-) for each n > 0.
As (E"), two-scale converges to Ey € L*(Q x Y;C?), we find that

lim [ n(E", curl[p,]) = lim / n(E", VO A ,) + lim / 6(E", curl )
n—0 Jo n—0 Jo

o :/QH</Y<E”,curl ¢>). (6.1.2)

On the other hand, for every n > 0, the field E" is a distributional solution to
equation (6.0.2a) and thus

/977<E",curl [‘Pn]> = iwuon/Q<H",g0n>. (6.1.3)

The sequence (H"), is bounded in L?(; C?) by assumption. Sending n — 0
in (6.1.3) and combining the result with (6.1.2) yields

/QH</Y<E0,curl ¢>) 0.

This proves that Ey(x,-) is a distributional solution to (6.1.1a) for almost all
x €

In order to show that equation (6.1.1b) is valid, we choose 6 € C°(€2;R)
and ¢ € C(¥*;C). For n > 0 we define ¢, (-) = 9(-/n) and @, (-) = 0(-)1y(-).

Due to (6.0.2b) the distributional divergence of E" vanishes in © \ 3, for all
n > 0. Thus,

0:/977<E”,V[</>n]>:n/ﬂwn<E”,V0>+/ﬂe<En,vwn>. (6.1.4)

Sending n — 0 in (6.1.4) and using the two-scale convergence of (E7), to Ej
shows the validity of equation (6.1.1b).

Choose 0 € C°(;R), ¢ € CX(%;C3), and define v,(-) == ¥(-/n) and
©n(-) = 0(-)1y () for each n > 0. In 3, equation (6.0.2b) reads

n?curl H" = —iwege, E",

and hence

—iwege, %%/Q<E",g0n> = 7%ii%n/ﬂ77<H’7,curl [on])

:%ji%n</ﬂn<H”,Vn/\wn>+/99<H7’,curl z/)n>>

=0. (6.1.5)

On the other hand, (E"), two-scale converges to Fy and thus,

—iwege, 7lliir%)/Q<E”,g0n> = —iWEo€r/99</z<Eo7¢>>~ (6.1.6)

Combining (6.1.5) and (6.1.6) yields: Ey(z,-) satisfies (6.1.1c) for almost all
x e Q.

The proof that Ey(x,-) is independent of y for almost all x € Q\ R is
identical to the one given for Lemma 5.1. (]
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As before, let us denote by X the set of all distributional solutions to (6.1.1).
The space of all attainable volume averages of fields in X is defined by

Az = { [

Clearly, AP is a subspace of C3. The cell problems (6.1.1) and (5.1.1) are
identical and thus, by Lemma 5.3, the spaces A¥ and AY(X*) coincide.

uEXE}. (6.1.7)

REMARK 7. — We collect other results of Section 5.1, which follow by com-
bining the proofs of Lemma 5.2 and Proposition 5.4. For every admissible
microstructure % C Y the following statements hold:

(i) Given any ¢ € C3 there is at most on distributional solution u € Lf(Y; C3)
to (6.0.2) with f, u = c.

(ii) If k € Lx, then there is no distributional solution to (6.0.2) with volume
average equal to k.

(iii) If m € Ny satisfies (m,k) = 0 for all k € Ly, then there is a unique
distributional solution u™ € L?(Y; R?) with £, u™ = m.

(iv) The space X¥ of distributional solutions to the cell problem (6.1.1) is
finite dimensional; more precisely, dim X = dim A¥ < 3.

This characterisation of the solution space X ¥ is somewhat abstract for a
general microstructure ¥. However, in many cases, X can be analysed using
k-loops; see Proposition 5.13 and the examples discussed in Section 5.4.

6.2 The oscillating magnetic field

This section is devoted to the derivation and analysis of the cell problem of
the magnetic field. In contrast to the previous section, the analysis of the cell
problem of Hy for highly conductive microstructures is more involved than for
perfectly conducting microstructures due to the appearance of a new quantity,
the rescaled displacement current, which was introduced in [BS10].

Following an idea of Bouchitté, Bourel, and Felbacq we show that Hy is not
only a solution of the cell problem but satisfies a variational identity. It is thus
sufficient to analyse the space that consists of vector fields which satisfy the
variational identity and induce solutions to the cell problem.

The classical cell problem. Besides the electromagnetic field (E", H") we
consider a third quantity—namely, the rescaled displacement current

J1:Q—C3 J" = ne,E" (6.2.1)

Assume (E", H") is a distributional solution to Maxwell’s equations (6.0.2);
that is, for every ¢ € C2°(2; C?) there holds

/<E7’,cur1 @) = iwuo/<H”,cp> (6.2.2)
Q Q
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and

/<H",curl @) = fiwso/ en(E", ). (6.2.3)
Q Q

As C2°(;C?) is dense in Hp(curl, ), both equations, (6.2.2) and (6.2.3),
are still valid for vector fields ¢ € Hy(curl,). We observe that for every
v € C(;R) the vector fields ¢ E™ and @H" are elements of Hy(curl, Q).

Assumption (A3') ensures that the sequence (J"),, is bounded in L?(£; C?).
This result was proved in [BS10, Section 3.1].

LEMMA 6.2. — Let Q C R3 as described in Section 4.1 and let ¥ C Y be an
admissible microstructure. Let (E",H"), be a sequence that satisfies (A3’).
Then the sequence of displacement currents (J"),, is bounded in L*($; C3).

Proof. We proceed in two steps.
Step 1. The claim is a consequence of the estimate

sup/ (\EUHE”F + |H77\2> < 00. (6.2.4)
n>0.JQ

Indeed, provided the bound (6.2.4) holds, we find

[ =2 [JeaPLET? < supliley)) [ JellE72 < o0
Q Q Q Q

for all n € (0,79) and for an arbitrary ng > 0. We are thus left to prove (6.2.4).
Step 2. Fix a cut-off function x € C°(9;10,1]) with x =1 in R. Clearly,
XE" € Hy(curl, Q). Setting ¢ == iw~1xE" in (6.2.3), we find that

Eo/ enx|E"? = i/<XH77,cur1 E") + i/<H",V)</\E'">
Q w Jo w Jo
= uo/ X|H"* + i/(H”,VX/\E"), (6.2.5)
Q w Ja
where we used integration by parts and the fact that (6.2.2) is valid for

xH" € Hy(curl, ). Taking the imaginary part in (6.2.5) and applying Young’s
inequality yields

50/ Im{e, }x|E"? §01/|H’7|2+02/|E"\2. (6.2.6)
Q Q Q
Similarly we obtain the estimate
60/ Re{e, }x|E"|? gc3/|m|2+02/|m|2. (6.2.7)
Q Q Q

By definition (6.0.1) of €,, we have that Re{e,} > 0 and Im{e,} > 0 in Q.
Thus, combining (6.2.6) and (6.2.7) we get

" / el B2 < o / (Refe,} + Im{e,}) x| E"?
=, Q

< Csup/ (1877 + 1P (6.2.8)
n>0.J0
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On the other hand,

50/ len| | ET|? = 50/ |[E" < g sup/ |E")?. (6.2.9)
Q Q

\s, \S, 7>0

Combining (6.2.8) and (6.2.9) yields the estimate (6.2.4) and the claim is
proved. O

Lemma 6.2 implies that a subsequence (J7),, of the sequence of displacement
currents two-scale converges to some field Jy € L%(Q x Y;C3) provided (A3') is
satisfied.

In order to state the cell problem for Hy, we introduce the function space

X = {v € H/(Y;C?

curl v =0 in E*} . (6.2.10)

We note that the geometric average can be applied to every element of X.

LEMMA 6.3. (Cell problem) — Let Q C R3 be as described in Section 4.1 and
let ¥ C Y be an admissible microstructure. Let (E",H"), be a sequence
satisfying (A3') that two-scale converges to (Eq, Ho, Jo) and such that (E")y,
(H"),, and (J"), weakly converge in L*($;C?) to E, H, and J. Then for
almost all x € R the two-scale limits Hy = Hy(x,-) € L?(Y;Cg) and Jy =
Jo(x,-) € LF(Y;C?) satisfy

curly Hy = —iwegJy inyY, (6.2.11a)
div, Ho =0 inY, (6.2.11b)
curly Jo = iwpee,Ho  in X, (6.2.11c)

Jo=0 in ¥* (6.2.11d)

in the distributional sense. Moreover, for almost all x € €, the two-scale limits
Hy = Hy(z,-) and Jo = Jo(z,-) satisfy the identity:

/<J07curl v> = iwaTuo/ <H07v> for allv € X with % v=0. (6.2.12)
> Y

*

Outside the meta-material R, the two-scale limit Hy(x, ) is y-independent
and Jo(z,-) vanishes identically.

Proof. We proceed in three steps.
Step 1. (Derivation of (6.2.11)) For § € C°(;R) and ¢ € Cp°(Y; C?) we
define p(z,y) = 0(x)Y(y) for almost all z € Q and y € Y. We further set

n(-) = ¢(:,-/n) for each n > 0. The sequence (H"), two-scale converges to
Hy € L*(Q x Y;C?), which implies that

71713% Q77<H’7,cur1 [gpn]>—/ﬂt9(/y<Ho,curl 1/1)). (6.2.13)

On the other hand, H" is a distributional solution to (6.0.2b); hence, by
definition of the displacement current J7 in (6.2.1),

/977<H’7,cur1 [on]) :—iw50/977577<E’7,<pn> :_iWEO/Q<Jnv‘Pn>‘ (6.2.14)
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The sequence (J"), two-scale converges and thus sending n — 0 in (6.2.14)
yields

lim [ (", curl[p,]) = —iws, /Q 9( /Y (J",1/}>>. (6.2.15)

n—0 Jq

Combining (6.2.13) and (6.2.15) shows that Hy(x,-) is a distributional solution
to (6.2.11a) for almost all x € Q.

Thanks to equation (6.0.2a), the distributional divergence of H" vanishes
identically in €. Thus,

0= lim Qﬁ(H”,V[ap,,]):/99</Y<H0,V1/1>>. (6.2.16)

n—0

The two-scale limit Hy(z,-) is thus a distributional solution to (6.2.11b) for
almost all z € Q.

In order to show the validity of equation (6.2.11¢c), we choose § € C°(Q; R)
and 1 € C°(%;C3). For n > 0 we define ¢, () = 0(-)¥(-/n). Using the defini-
tion of the relative permittivity ¢, in (6.0.1) and Maxwell’s equation (6.0.2a),
we compute

/Q n( I, curl [y]) = / ey B, curl[py]) = &, / (B, curl [4])

=, Q
= iwe, fig / (H", ¢p) . (6.2.17)
Q

Sending n — 0 in (6.2.17) yields

/99(/Y<Jo,curl w>> :iwsTuo/Qe(/on,w).

This proves the validity of equation (6.2.11c).

Let us fix € C°(;R) and ¢ € C°(X*;C3). For every n > 0 we set
©n() = 0(-)1(-/n). The two-scale convergence of both sequences (J"), and
(EM), as well as the definition of ¢, imply that

/90(/}/<J0,1/J>> :}12%/9<J”,g0n> :%iirb s, n(E" ¢,) =0,

which shows that Jy(z, ) solves equation (6.2.11d) for almost all = € Q. Thus,
the two-scale limits Hy(z,-) and Jy(z,-) solve (6.2.11) for almost every = € R.

Step 2. (Derivation of (6.2.12)) Choose a cut-off function § € C2°(; R) and
a field v € X with ., v = 0. For each n > 0 we define the fields v,(-) == v(-/n)
and ¢, () = 0(-)v,(-); note that ¢, € Hg(Q;C?). As (H"), two-scale converges

to Hy,
L Q<Hn,(pn>:/99(/y<H0,U>>. (6.2.18)

On the other hand, H" is a solution to (6.0.2a) for each n > 0. Thus,
1
iwu0/<H’7,g0n> = /<E",V0/\vn> + 7/ 9<E’7,curl v,7>
Q Q nJa
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As curl v, = 0in Q\ X, and &,E7 = nJ" in %,,, we deduce from the above
equation

iw,uosr/<H",<pn> :57./<E’7,V9/\U,,>+/ 6(J" curl v,).  (6.2.19)
Q Q b

n

Due to Lemma 6.1, one readily checks that the two-scale limit Ey(z,-) is
an element of the space V(3*), which is defined in (4.3.2). Thus, using the
identity (4.3.10) of the geometric average, we obtain

%ii% Q<E",V9/\vn>:/9/y<E0,V0/\v>:/Q<V¢9,/YUAEO>

:/Q<v0, (y(*v>A(LEO)>_0, (6.2.20)

where we used the fact fz* v = 0 to obtain the last equation.
Using the two-scale convergence of (J"),, we obtain

lim [ 6(J" curl v,) :/QH</E<J0,curl v>>. (6.2.21)

—0
n =,

Consequently, sending  — 0 in (6.2.19) and combining (6.2.20)-(6.2.21),
we get

iWpoe, lim/<H’7,gpn> = / 0(/ <Jo,curl v>> . (6.2.22)
n—=0 Jo Q b

Combining (6.2.22) and (6.2.18) yields the identity (6.2.12).

Step 3. For x € Q\ R the relative permittivity €, = 1 is independent of
n > 0. This implies that the two-scale limit Jy(x,-) = 0. To see this, fix
0 € Cr(Q\R;R) and ¢ € Cé’O(Y;C3). For n > 0 we define ¢, (-) = 0(-)y¥(-/n).
The two sequences (J"), and (E"), two-scale converge and hence

p— mn — 13 n =
/52\R9(/Y<JO7¢>> %%/Q\R<J7%> P o " 00 =0

which proves the claim. We have proved that equations (6.2.11a) and (6.2.11b)
are valid for almost all z € Q. Thus, curl, Ho(z,) = 0in Y and div, Ho(z, ) =
0 in Y for almost all 2 € Q\ R. Applying Lemma 2.4, we deduce that Hy(x,-)
is a constant vector field in Y. O

The system (6.2.11) is usually called the cell problem of Hy; see, for in-
stance, [BS10, BBF09]. The novelty in Lemma 6.2, and our main contribution
in this section, is the identity (6.2.12).

We observe that the two-scale limit Ho(z,-) is an element of H/(Y;C?),
for almost all z € Q. Indeed, equations (6.2.11a) and (6.2.11b) imply that
curl Hy(z,-) € L?(Y; C3) and div Hy(x,-) € L?(Y;(C) and thus, by Lemma 2.4,
the field Hy(z,-) € Hﬁl(Y; C3) for almost all x € R. Outside the meta-material,
Hoy(z,-) is constant in the second argument and hence an Hﬁ1 (Y'; C3)-vector
field, as well.
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A variational characterisation of the two-scale limit. Due to equa-
tions (6.2.11a) and (6.2.11d) the two-scale limit Hy(z,-) is an element of the
space X, which is defined in (6.2.10). Equipped with the Hﬁl (Y; C3)-scalar
product, X is a Hilbert space.

The equations (6.2.11a) and (6.2.12) allow us to give a variational character-
isation of Hy. Before we discuss this variational characterisation, we introduce
the sesquilinear form b: X x X — C,

b(w,v) = /E<Cur1 w, curl v) — w?e,eopo /Y<w, v). (6.2.23)

LEMMA 6.4. — Let ¥ C Y be an admissible microstructure. Then the following
statements hold:

(i) If (Ho, Jo) € H}(Y;C?) x L(Y;C?) satisfy (6.2.11a) and (6.2.12), then

b(Ho,v) =0  for all v € X with j{ v=0. (6.2.24)

*

(i) Assume w € X satisfies b(w,v) = 0 for all v € X with . v =0. Set
Hy = w and Jo = —(iweg) "L curl w. Then (Ho, Jy) is a distributional
solution to (6.2.11).

Proof. (i) Combining equations (6.2.11a) and (6.2.12) yields (6.2.24).
(it) By definition of the sesquilinear form b, the field w satisfies the equation

/(curl w, curl v) — wzsrsouo/ (w,v) =0 (6.2.25)
b Y

for all v € X with ¢, v = 0. Defining Jy := —(iweg) " curl w provides us with
an element of Lg(Y; C?) and the pair (w, Jo) satisfies equation (6.2.11a) trivially.
From the definition (6.2.10) of X', we deduce that Jy satisfies equation (6.2.11d).

By Lemma 4.5(ii), the vector field Vg is an element of X with ¢.. Vo =0,
for every test function ¢ € C9°(Y;C). Thus, setting v = Vi in (6.2.25) yields
the identity

/ (w, V) =0 forall p € C{°(Y;C),
Y
which shows that w satisfies equation (6.2.11Db).

In order to prove that (w, Jy) solves equation (6.2.11c), we take a test vector
field ¢ € C°(X;C?). Clearly, curl ¢ = 0 in ¥*. We claim that .. ¢ = 0.
Indeed, as the geometric average fz*  has the smallest Euclidean norm amongst
all vectors ¢ € C? for which

c/\(/*qﬁ)/*cp/\qﬁo for all ¢ € V(X¥),

we deduce that ¢, o = 0. We may therefore set v = ¢ in (6.2.25) and find that

—iweg / <J0,cur1 <p> = wle eoo / <w, <p> for all p € C°(%; C?).
b b
This proves the validity of equation (6.2.11c). O
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The identity (6.2.24) has been formulated for the first time by Bouchitté,
Bourel, and Felbacq in [BBF17, Lemma 5.4]. In [BBF17], (6.2.24) is directly
derived from Maxwell’s equations (6.0.2) using more advanced results from the
theory of two-scale convergence.

Statement (7) of Lemma 6.4 shows that the two-scale limit Hy(z, -) lies in
the space

X = {w €X ’ b(w,v) = 0 for all v € X with ]{ v = 0} : (6.2.26)

Let us stress that, although we denote them identical, the function spaces X
in Chapters 5 and 6 are not identical. Indeed, every element of X in Chapter 5
vanishes in ¥; this is not true for a generic element of the function space defined
in (6.2.26).

Before we proceed, let us briefly sketch the idea of the analysis of X. A
generic element w € X has a non-vanishing geometric average, fz* w=2z#0.
Then w = (w— 2) + 2z = wp + 2z for some wy € X with fz* wp = 0. Substituting
this decomposition into the sesquilinear form b and using the definition of X,
we obtain the equation

0 = b(w,v) = b(wo,v) — w260€,.u0/ (z,v), (6.2.27)
v

which holds for all v € X with fg* v = 0. Both vector fields wy and v are
elements of X with vanishing geometric averages. Moreover, £,: X — C,

l,(v) = W2505r,u0/y<277)> (6.2.28)

is a bounded anti-linear map. Thus, equation (6.2.27) fits in the framework of
the Lax-Milgram lemma.

Analysis of the variational equation (6.2.27). An immediate conse-
quence of statement (i) in Lemma 6.4 is the following equality:

XH:{weX‘divw:OinYandb(w,v):O Yv € X with % sz},
suggesting that instead of thinking of X as a subspace of X, we should think
of it as a subspace of

X ={veX|divv=0inY}. (6.2.29)

The geometric average is a bounded linear form and hence

7{* b= o} (6.2.30)

LEMMA 6.5. (Existence and uniqueness result) — Let b: XY x A — C be
the sesquilinear form defined in (6.2.23). Choose z € C3 and let £,: XV — C
be the anti-linear form given in (6.2.28). Assume that Im(e,) > 0. Then there
is a unique solution w € X to

b(w, ) = L.(-). (6.2.31)

xdv = {v € xdiv

is a closed subspace of X4V,
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Proof. Fix z € C3. Choose o > 0 such that aIm{e,} > 1+ Re{e,}. For every
w € XY we then find that

Re{(1 +ia)b(w, w)} = [lcurl |72 (s.co) + (Im{e,} — Refe, }) w2 (y.cs) -
Due to Lemma 2.4,
IVwliZ2(y.coy = llewrl w32 y.coy + 1div w]|F2(y.c) = [lcurl wl|7z(s.cs)

where we used that w € Xodi" to obtain the last equality. These two equations
together with the choice of « imply the coercivity of the sesquilinear form
(1 +ic)b. Onme readily checks that (1 + ia)b is bounded. Applying the Lax-
Milgram lemma, we infer the existence and uniqueness of a solution w € XV
to (6.2.31), since £, is a continuous anti-linear form on XV, O

Analysis of the space X . The first result is an immediate consequence
of Lemma 6.5.

COROLLARY 6.6. — Ifw € X satisfies . w =0, then w = 0.

Proof. Thanks to Lemma 6.4 (ii), the field w is an element of X4V, As the
geometric average of w vanishes, w € X8V, By definition of X

b(w,v) =0, (6.2.32)

for all v € X with §,. v =0. Each v € XV is an element of X' with fe.v=0
and hence equation (6.2.32) does hold for all v € X§. By Lemma 6.5, there is
only the trivial solution w = 0 in X" to (6.2.32). This proves the claim. [J

From Corollary 6.6 we infer that the geometric average fz*: XH 5 AH
is an isomorphism, where A is the space of attainable geometric averages of

fields in X7 ; that is
AT = {% v

We note that A is defined in the same was as in (5.2.12); let us stress, however,
that the symbol X* denotes different function spaces in Chapters 5 and 6. The
following result, which is an analogue of Lemma 5.7, is thus remarkable.

vE XH} ) (6.2.33)

PROPOSITION 6.7. — Let g, € C with Im{e,.} > 0. Then the two spaces A"
and AY (Z*)™ coincide for every admissible microstructure ¥ C Y.

Proof. We recall from its definition that the geometric average is a linear and
surjective map X (X*) — AY(Z*)M. As XH | defined in (6.2.29), is a subset of
X (X*), which is defined in (4.3.1), we deduce that A# c AV (E*)".

Choose an arbitrary z € AY(X*). By Lemma 6.5, there is a unique
w? € XM such that b(w?,v) = £, (v) for all v € XY . Define the vector field
v® = w* + z. One readily checks that v* € X4V satisfies

b(v*,v) = b(w*,v) — L.(v) =0,

for all v € XV, Consequently, v* € X*. Using the linearity of the geometric
average as well as Lemma 4.5 (%i), we find that §.. v* = .. z = 2. O
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REMARK 8. — We recall from its definition in (4.3.4) that the space AY(X*)
depends on AY (X*). As the Ey-cell problem is identical in Chapters 5 and 6,
the spaces AF and AY(X*) coincide by Lemma 5.8. Combining this observation
with Proposition 6.7 we find that the spaces which we denote by A” are not
only defined in the same way in Chapters 5 and 6, but they are identical. This
is a nontrivial observation, since the function space X is defined differently
in Chapters 5 and 6.

The next result clarifies the relation between k-loops and X*7.

LEMMA 6.8. — Assume e, € C with Im{e,} > 0. Let ¥ C Y be an admissible
microstructure, and let Lx+ and Nx- be the sets given in (4.3.17) and (4.3.18).

(i) If m € N« satisfies (m,k) = 0 for all k € Lx«, then m ¢ AH; in
particular, there is no element v™ € X with fz* v™ =m.

(ii) If k € Lx~, then there exists a unique v* € X with
f P = man(k), (6.2.34)

where T i : C3 — C3 denotes the orthogonal projection onto AM.

Proof. (i) By Proposition 4.8, there is a potential © € Hﬁ1 (X*:R) with VO = m.
Applying the properties of the geometric average from Lemma 4.5, we obtain
that

O—j{*V@ m—7TAH( ).

As m # 0, we deduce that m ¢ AH.

(ii) Fix k € Ls-. Due to Lemma 6.5, there is a unique element w* € XV
such that b(w*, v) = £;,(v) for all v € XXV, The vector field v = w* + k is an
element of X4V | since both summands are. Furthermore,

b(v¥,v) = b(wk,v) —l(v) =0

for all v € XY and hence v* € XH. Applying the properties of the geometric
average from Lemma 4.5, we obtain that ¢, v* = §.. k = m4m (k). This shows
the existence of v*; uniqueness follows from Corollary 6.6. O

For a discussion of equation (6.2.34) we refer to Remarks 5 on page 61; see
also Proposition 6.11.

PROPOSITION 6.9. (Characterisation of the solution space ) — If Im{e,} > 0,
then for every admissible microstructure ¥ C'Y, we have that

dim X = dim A" < 3.

More precisely, let {b7 | j € I} be a basis of A¥ and denote by vi € XH the
unique field with fz* vl = b. Then every v € X" can be written as a linear
combination,
v = Z vl in Hﬁl (Y;C?), (6.2.35)
JeI
with coefficients aj € C for j € 1.
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Proof. Fix ve XH. As §,. v e A", we find a; € C for j € I such that

% v:Zajbj:Zajj{ vl

i jel jeI .
Setting w: Y — C3 as w :==v — Zjel a;jvd provides us with an element of X
with fz* w = 0. From Corollary 6.6, we infer that w = 0 in X and the claim
is proved. O

6.3 Effective material parameters and equations

This section is devoted to the derivation of the effective system and the definition
of the effective material parameters. For convenience of the reader, let us
recall that the subspaces A¥ and A of C? are defined in (6.1.7) and (6.2.33),
respectively. Denote by m4z: C> — C? the orthogonal projection onto A¥.

By Lemma 5.11, there exists a unique linear map °f: AP — AF that
satisfies the identity

<ECH(/ U1>’/“2>:/<“17u2> for all uy,up € X7
Y Y Y

This map is called the relative permittivity of the metamaterial located in R.

Due to Corollary 6.6 the geometric average is an isomorphism between X
and Af. Thus, for every k € A there is a unique v* € A¥ with 392* vk = k.
The linear map p°f: A# — C3,

MEH<}{ v> ::][ v forveXH
* Y

is called the relative permeability of the meta-material located in R.
The effective permittivity & and the effective permeability i are then defined

as
X geft ifzeR
g(x) =1 i (6.3.1a)
ldcsxa ifx € Q\R
and
peft ifreRr
a(x) =< ] . (6.3.1b)
1dC3><3 lfl‘EQ\R

We recall that Ey, Hy € L?(2 x Y;C3) are the two-scale limits of (E"),, and
(H™),, respectively. The effective electromagnetic field (E, f{) Q- C3xC?is
defined by

B(zx) = ][Y Eo(z,y)dy and H(z):= E*Ho(x,). (6.3.2)

Let us recall fromASection 5.3 that outside the microstructure, that is, for
x € Q\ R, the fields H(z) and H(x) coincide.
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THEOREM 6.10. (Effective equations) — Let Q C R? and let R € Q be as de-
seribed in Section 4.1. Let ¥ C'Y be an admissible microstructure, and let &
and fu be the linear maps given in (6.3.1). Assume (E",H"), is a sequence of
distributional solutions to (6.0.2) that satisfies the energy-bound (6.0.3). Then
the effective electromagnetic field (E, H) satisfies

E(x)e AY  and H(z) € A" for almost all z € R. (6.3.3)

Moreover, (E, H) is a distributional solution to

curl B = iwpgpH n Q, (6.3.4a)
TAE (curl ﬁ) = —iWegT 4B (?:E) in €, (6.3.4b)
curl H = —iwegF inQ\R. (6.3.4c)

We note that the relations (6.3.3) and the effective system (6.3.4) coincide
with the corresponding results from Section 5.3. Let us stress, however, that
the relative permeabilities p°f: A” — C? are different in Sections 5.3 and 6.3,
because the function spaces which we denote by X are not identical in Chap-
ters 5 and 6. The relative permittivity e*f: A® — AP on the other hand, is
identical to the one from Section 5.3.

Proof. This proof is similar to the proof of the effective system (5.3.5).

Step 1: Derivation of (6.3.3). By Lemma 6.1, Eg(x,-) € X¥ for almost all
z € R and thus, E(z) = fy Eo(z,-) € A for almost all # € R, by definition of
AP . This shows the first part of (6.3.3).

Combining Lemmas 6.3 and 6.4 yields Hy(z,-) € X for almost all x € R.
As X c X4 we deduce that (6.3.3) holds by definition of the effective
magnetic field H as well as the definition of the space AH.

Step 2: Derivation of (6.3.4a) and (6.3.4c). The verification of (6.3.4a)
is analogous to the one for equation (5.3.7a): take the distributional limit
of (6.0.2a) as n — 0 and use to definition of the effective electromagnetic field
(E, H) as well as the definition of ji to obtain (6.3.4a).

In order to show (6.3.4c), we observe that Q\ R C Q\ X,,. We can therefore
take the distributional limit in (6.0.2b) as n — 0 and find

curl H = —iwegE  in Q\ R.
From this identity we infer the validity of (6.3.4c), since E = Fand H=H in
Q\ R.
Step 3: Derivation of (6.3.4b). Choose § € C°(Q;R) and u € XP. For

n > 0 we set ¢, (-) ==n(-)u(-/n). Using the two-scale convergence of (H"), and
the fact that curl w = 0 in Y, we obtain

lim Q(H",curl[wnb:/gl/y<H0,V9/\u>:/Q<V9,/Yu/\HO>. (6.3.5)

The definition of the geometric average implies that

/Yu/\Ho(z,~)—</*u>/\ Z*Ho(x,~): </*u)/\f{(z), (6.3.6)
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for almost all € Q. Combining (6.3.5) and (6.3.6) we get

lim | (Y, el [g]) :/Q<I§r,voA (/u>>
:/Q<f{,cur1 (e/u)> (6.3.7)

On the other hand, the field H" is a distributional solution to (6.0.2b).
Thus, by exploiting the two-scale convergence of (E"), and the fact that u =0
in X, we get

71}13}) Q<H777cu1r1 [n]) = —iweg %13(1) .~ (E", ¢y)
= —iWEQ/ 0 <E0,u> . (638)
Q X*

We claim that the identity

[ (Eute ) = (@B, o) (639

holds for almost all z € Q. Lemma 6.1 implies that £(z) = E(z) for almost
all z € Q\ R. As &(z) = idcsxs, identity (6.3.9) holds in 2\ R. For z € R,
equation (6.3.9) follows from the definitions of e® and E. Substituting (6.3.9)
into (6.3.8) yields

7171_% Q<H’7,cur1 [on]) = fiw50/9<éE, 0]{/ u>
= —iw50/<éE,0 u> (6.3.10)
Q 3

Combining (6.3.7) and (6.3.10) we infer the validity of equation (6.3.4b), since
u € X was chosen arbitrarily. O

6.4 Discussion of examples

Let us recall that we only used the spaces X¥, AF and AY to derive the
effective equations in Section 5.4. As explained in Remark 8 on page 84, the
spaces XZ, AP and A¥ are identical in Chapters 5 and 6. Thus, the effective
equations for a perfectly conducting microstructure coincide with the effective
equations for a highly conductive microstructure, and we therefore do not
state the equations again. We would like to stress, though, that the relative
permeability p°f: A# — C3 is a different map in Chapters 5 and 6, since the
function spaces X are not identical.
The next result is an analogue of Proposition 5.14.

PROPOSITION 6.11. — Let ¢, € C with Im{e,} > 0, and let ¥ C Y be an
admissible microstructure for which (A4*) holds. If dim X > 2, then

spang Ly = AT = C3.
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Proof. This proof mimics the one of 5.14. As dim X¥ > 2, we deduce from
equation (5.4.5) and from Lemma 6.8(i7) that each k € Lz« induces an element
v* e XH with §2* vk = k. Thus, L5+ C A" and hence, since A is a vector
space, spang Ly- C AH.

In order to proof the converse inclusion, choose ¢ € A”. By definition
of A# there exists v € X¥# with §,. v = c. Let (b],b5,b3) be an orthogonal
basis of R? for which (A4*) is satisfied. Then, for each j € L*, there exists
vl e XM with . 07 = b5, Set oy = (¢, b}) for I € {1,2,3}. The vector field
wi=v— Y. a;v) is an element of X7 with

% w= Z ;b € spanc{b; ‘iEN*}. (6.4.1)
* iEN*
If 4. w =0, then
027{ vzj{ w—l—Zozjj{ vj:Zajb;ESpancﬁg*,
’ . jeLx ’ jeL

which proves the inclusion A? C spang Lx-. We are thus left to prove that w
has a vanishing geometric average.

By Lemma 6.8(7), the vector b ¢ A for i € N*. On the other hand, w is
an element of X and thus

%*w = T (%E w> = > aman () =0. (6.4.2)

iEN*

This proves the claim. O
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Part 111

Limiting absorption principle for
a bounded periodic waveguide

Upwards:- in spite of the spirit that drew it downwards,
towards the abyss, the spirit of gravity, my devil and
archenemy.
Upwards:- although it sat upon me, half-dwarf, half-mole;
paralysed, paralysing; dripping lead in my ear, and thoughts
like drops of lead into my brain.
“Oh Zarathustra,” it whispered scornfully, syllable by
syllable, “you stone of wisdom! you threw yourself high, but
every thrown stone must - fall![...]”
“Halt, dwarf!” said 1. “Either I- or you! I, however, am the
stronger of the two:- you knowest not my abysmal thought!
It- could you not endure!”/...]
“Look at this gateway! Dwarf!” I continued, “it has two
faces. Two roads come together here: these has no one yet
gone to the end.[...]”
“But should one follow them further- and even further and
further on, think you, dwarf, that these roads would be
eternally antithetical?”
“Fverything straight lies,” murmured the dwarf,
contemptuously. “All truth is crooked; time itself is a circle.
“You spirit of gravity!” said I wrathfully, “do mot take it too
lightly! Or I shall let you squat where you squat, Haltfoot,-
and I carried you high!”

—Friedrich Nietzsche, Thus Spoke Zarathustra,

The Vision and the Riddle

”






CHAPTER

Introduction

Consider an electromagnetic wave (E, H) satisfying the time-harmonic Maxwell
equations

{curl E= iwpH inQ, (7.0.1a)
curl H = —iweE  inQ, (7.0.1b)

in a domain Q C R3, where w > 0 is the prescribed frequency of the wave,
€ the permittivity and pu the permeability of the medium, respectively. The
equations are complemented by boundary conditions on 9f2. For applications
it is interesting to solve the equations in an unbounded domain €2; in this
case, radiation conditions at infinity must additionally be imposed to ensure
the well-posedness of the problem. There are many radiation conditions for
time-harmonic electromagnetic waves present in the literature, the most promi-
nent being the Silver-Miiller radiation condition; see [Sil49], [Miil57], and the
survey [Sch92].

In some cases, the system (7.0.1) of two equations for two unknown fields
can be reduced to a scalar Helmholtz equation

“Au—Kku=0 inQ

with « being a component of one of the fields E or H. For an unbounded
domain €2, the problem is only well-posed if u also satisfies a radiation condition
at infinity such as the classical Sommerfeld condition [Som12]. Which radiation
condition needs to be imposed depends on the medium €2: For a homogeneous
medium with a compact boundary, the Sommerfeld radiation condition ensures
well-posedness. In the case of an unbounded homogeneous waveguide ) =
R x (0, 1), Svesnikov proved in [Sve50] that the Dirichlet as well as the Neumann
boundary value problems are well posed provided the so-called partial radiation
conditions are imposed. We mention [Rit09, Section 2.4] for a discussion of
different radiation conditions.

The study of wave propagation in a periodic medium 2 has a long history.
Wave propagation in stratified materials has been extensively discussed in the
literature; see, for instance, [Wil84, Wed91, BBDTO01]. Recently, the interest has
turned to radiation conditions for closed periodic waveguides; see, for instance,
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Figure 7.1: Cross section of the unbounded waveguide Q) = R x T2. The
dark gray areas represent a periodic assembly O of effectively two-dimensional
obstacles X..

the articles of Fliss and Joly [FJ15], Lamacz and Schweizer [LS18a], and Kirsch
and Lechleiter [KL18].

From Maxwell to Helmholtz

Instead of studying the full Maxwell system (7.0.1) in a periodic and closed
waveguide, we reduce this system to a scalar Helmholtz-like equation. This
simplification is only valid if the domain € and the source terms satisfy certain
assumptions, which we discuss below.

We denote by € the unbounded waveguide R x T2, which contains a periodic
assembly of obstacles O; see Figure 7.1 for a sketch. Let us assume that O is
an open set with Lipschitz boundary. We are interested in the propagation of a
time-harmonic electromagnetic wave (E, H) in this waveguide. Assuming the
obstacles are perfect conductors, (E, H) € L (€;C?) x L2 (Q;C?) satisfies
the time-harmonic Maxwell equations,

curl E = iwpoH + f7 inQ, (7.0.2a)
curl H = —iweoE + fF  in 9\5, (7.0.2b)
E=H=0 in O, (7.0.2¢)

in a distributional sense. Here f € L?(Q;C?) and f¥ € H(curl,Q\ 5) are
given source terms of the form

(w1, w0, 23) = f5l (w1, 32) e3 (7.0.3a)
and

fE($1,JJ2,.T3) = flE(l‘l,l‘Q) el —|—f2E(.131,.132) € . (703b)

The two functions f and f£ also vanish almost everywhere in the obstacles O.
We note that the system (7.0.2) admits, in general, no unique solution, since
no radiation conditions at infinity are specified.

This system of three equations with two unknown fields can be transformed
into a system involving only the magnetic field H; indeed, taking the distribu-
tional curl in (7.0.2b) and using equation (7.0.2a) yields

curl curl H = w?ppeoH — iweo f7 + curl f£ in Q \57
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provided (E, H) is a distributional solution to (7.0.2). Due to (7.0.2a) the
distributional divergence of H vanishes in Q and hence the normal trace (H,v)
does not jump across the interface 0. Consequently, if (E, H) is a distributional
solution to (7.0.2), then H solves

—AH = 2 poeoH — iweg f¥ + curl fF in Q \ 5, (7.0.4a)
H=0 in O, (7.0.4b)
(H,v) =0 on 90 (7.0.4¢)

Equation (7.0.4a) follows from the identity curl curl H = —AH + V div H.
On the other hand, every distributional solution H of (7.0.4) that is diver-

gence free in Q\ O induces a solution (E, H) to (7.0.2) with the electric field
given by E = (iweg) 1 (fF — curl H)lg 6.

Further simplifications. So far, we have only demanded that the obstacle
O has a Lipschitz boundary. In what follows, we additionally assume that it
is independent of z3. We call a set ¥ C (0,1)3 an effectively two-dimensional
obstacle if

Y=0x(0,1),

where ¢ € (0,1)? is an open, non-empty set with Lipschitz boundary.
An example of such an effectively two-dimensional
obstacle is given in Figure 7.2.

Given an effectively two-dimensional obstacle
¥ C (0,1)3, we define the set of all obstacles as

O = U (me1 +E).

meZ

(0,1)?

For an effectively two-dimensional obstacle X,
the geometry of O as well as the geometry of the
waveguide ) are essentially two-dimensional. We
recall from (7.0.3) that the source terms f and
fF are also independent of 3. This allows for a
special ansatz of the magnetic field transforming
the vector-valued problem (7.0.4) into a system of
scalar equations. Before presenting this ansatz, we introduce suitable notation:

Figure 7.2: The two
dark grey cylinders rep-
resent an effectively two-
dimensional obstacle X.

Q=RxS! and 0O:= 71'1,2((9)’

where 71 2: R? — R? is given by 71 2(z1, 22, 23) = (1, 72).
A special ansatz for the magnetic field. We look for a distributional
solution H to (7.0.4) of the form

H(x1, 22, x3) = u(x1,32) €3, (7.0.5)
for some function u: Q — C. Setting h := —iweg fH + 01 fF — o fF provides us

with an element of L*(Q; C) if f¥ € L?(Q;C?) and f¥ € H(curl,Q\ O). Let
€ HL.(Q\ O;C) be a distributional solution to

{—Au =w?usou+h  inQ\O, (7.0.6a)
u=0 on 00. (7.0.6b)
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Then the vector field H, given in (7.0.5) and extended trivially to €, is a
distributional solution to (7.0.4). Furthermore, the distributional divergence of
H vanishes in Q\ O.

In order to have a well-posed problem, system (7.0.6) has to be comple-
mented by radiation conditions at infinity. Choosing radiation conditions and
establishing the existence and uniqueness of a solution to (7.0.6) is out of
the scope of this thesis. Instead, we study (7.0.6) in a bounded waveguide.
More precisely, we fix R € N and [ > 0, and consider the bounded waveguide
Qpr = (—R,R) x S as well as the box Wg,; == (R, R+ 1) x S!. Denoting by
Or = O N Qg set of all obstacles in g, we prove that up to a countable set
of singular frequencies k? := w?ppey > 0 there exists a unique distributional
solution u € H*(Qp44;C) to

~Au=ku+h inQg\Og, (7.0.7a)
u=0 on 00g . (7.0.7b)

The radiation condition at infinity needs to be replaced appropriately. Loosely
speaking, we demand that, for some large ! > 0, the solution u|w_,, .., transports
energy to the left and u|w, , transports energy to the right; see the next section
for a detailed discussion.

Let us mention that this approach can lead to an existence and uniqueness
result for the Helmholtz equation in an unbounded waveguide, as has been
recently shown by Schweizer in [Sch19].

Replacement of the radiation condition at infinity

The radiation conditions at infinity have to be suitably replaced by conditions
in the boxes W_gr_;; and Wg;. An important ingredient in the formulation of
those conditions play distributional solutions to

{—Au =k*u nQ\O, (7.0.8a)
u=0 on 00. (7.0.8b)

Let us consider the following vector space, which contains special solutions to
the above problem:

w is a distributional solution to (7.0.8),

X =< uec HL.(2C) (7.0.9)

u=01in O, and sup|lullz2(w, ,;c) < o0
rEZ

Elements of X may transport energy in any direction; to indicate in which
direction along the x;-axis energy is transported, we introduce the sesquilinear
forms Qg : H' (Wg,;C) x H' (Wg,;C) — C,

Qriwv) = 7 / (Vu,ver), (7.0.10)

Wr

for R,1 € R\ {0}. We say a function u: 2 — C is quasiperiodic if there exists
¢ € [0, 27) such that the function u satisfies u(z + e1) = !¢ u(zx) for all x € Q;
the number £ is called the quasimoment of u. The following assumption is vital
for our analysis of the Dirichlet problem (7.0.7).
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ASSUMPTION 7.1. — We assume k? > 0 is non-singular in the following sense:

(i) The space X defined in (7.0.9) is finite dimensional. More precisely, there
exists a basis (¢, ..., 0, &1 ..., d%) of X and numbers & ff € [0,27)
forke{l,...,M} and j € {1,...,N} such that

(a) ¢ is &, -quasiperiodic;
(b) gb;r is £f-quasiperi0dic, and
(c) The quasimoments &1, ..., &y, &y, &% are pairwise distinct.

(ii) There exists lo € N such that the basis functions ¢y ..., ¢ d1 - s O
satisfy

Im{QOJD (65, qs,;)} <0 forallke{l,...,M}, (7.0.11a)
and
Im{Qole (o7, qu)} >0 forallje{l,...,N}. (7.0.11b)

Let (¢7,..., ¢ 1 ,-..,¢L%) be a basis of X for which (i) and (7i) in
Assumption 7.1 are satisfied. We will show that such a basis satisfies (%) for
any [ > 0; see Remark 9. Instead of the space X, we consider the following
subspaces of H* (W, ;C):

Xy = spanc{¢;|wgyl kedl,.. .,M}}

and

je{l,...,N}}.

X = spanﬁc{qb;Ir W,

Loosely speaking, a function in X~ transports energy to the left and a function in
X, transports energy to the right. Let us recall that we look for a distributional
solution u € H*(Qp4;C) to (7.0.7) such that ulw_,_,, transports energy to
the left and u|w,, transports energy to the right. To make this precise, we
introduce the operators Rﬁvl(u): Wy, — C by

Rp (u) (@1, 22) = u(z1 — R—1,z;) and R§7l(u)(x1, T3) = u(x1 + R, x2) .
The function space in which we seek a solution u to (7.0.7) is

Ry, (uw) e X, R, (u) € X;T
R,l( ) l R,l( ) l } (7.0.12)

Viri =1 ue H (Qpyy; C
ful { (©+45C) and u =0 in Og

7.1 Main results

A standard tool to establish the existence of a solution to a Helmholtz-like
equation,
Lu = —V(aVu) — k*u=f, (7.1.1)

in an unbounded domain (with appropriate boundary conditions), is the so-
called limiting absorption principle. The idea of this principle is to add a small
absorption term leading to the problem

Lus +idus = f (7.1.2)
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for 6 > 0. Usually, the existence of a solution us to (7.1.2) is easy to establish.
The challenging part is to show that the sequence (us)s converges in some
sense to a limit function w, which is a candidate for a solution to (7.1.1). The
first limiting absorption principle was formulated for the Helmholtz equation
in R? by Ignatowsky [vI05] and since then this program has been applied
successfully in several settings [BBDTO01, Hoall, Rad14, FJ15, KL18]. The
limiting absorption principle is usually based on operator theoretical results.

As we seek a distributional solution u € H'(Qpg4,; C) to (7.0.7) that satisfies
the special boundary condition in the boxes W_g_;; and Wg, it is convenient
to formulate the problem using sesquilinear forms instead of operators. We
nevertheless follow the approach to use a limiting absorption principle in order
to prove the existence (and uniqueness) of a solution u € Vg to (7.0.7).

Abstract limiting absorption principle. In Chapter 8, we derive an
abstract limiting absorption principle for sesquilinear forms on reflexive Banach
spaces, generalising the results from [SU19].

Given (real or complex) Banach spaces X and 2), a bounded sesquilinear
form b on X x 2), and £ € Y*, we seek an element v € X for which

b(u,) = £(-). (7.1.3)

If X = %) with X a Hilbert space, the Lax-Milgram lemma implies the existence
of a solution u to (7.1.3) provided b is coercive. Even in the general case of two
Banach spaces X and ), the existence of such an element u is standard provided
b satisfies the inf-sup condition (also known as Ladyzhenskaya-Babuska-Brezzi
condition). But how can we prove the existence of a solution u € X to (7.1.3)
if b does not satisfy the inf-sup condition? Borrowing the idea of the limiting
absorption principle, we propose the following approach: Instead of b, we
consider a family (bs)s of sesquilinear forms for which there exists a unique
solution us € X to
bs(us,-) =€(-),

for each § > 0. Under suitable assumptions on the sesquilinear forms (bs)s, the
sequence (ug)s converges to a solution u € X of (7.1.3). This statement, a lim-
iting absorption principle for sesquilinear forms, is the main result of Chapter 8
and it has the character of a Fredholm alternative: ker(b) = {0} implies the
existence (and uniqueness) statement.

One crucial assumption on (bs)s is the existence of a compact operator
K: X — 2" and a constant ¢ > 0 such that

sup [bs(u,v) + (Ku,v)p- 9| > cllullx  forallue X,
v€EY
llollp=1

and each § > 0. Loosely speaking, the operator B: X — 2*, u — b(u,-)
satisfies the inf-sup condition up to a compact perturbation. This assumption
essentially restricts the applicability of the abstract limiting absorption principle
to equations posed in bounded domains.

A key ingredient for the abstract limiting absorption principle is a Fredholm
alternative for sesquilinear forms; see Proposition 8.2. Our result is not new
but rather a variant of known results [Stu69, Kre77].

Application to the Dirichlet problem (7.0.7). In Chapter 9, we use
the abstract limiting absorption principle, derived in Chapter 8, to study the
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question if there exists a unique distributional solution u € Vg ; to (7.0.7). To
this end, we first prove that for each § > 0 and every h € L?(2g;C) there is a
unique distributional solution us € Vg, to

~Aus = k*(1+id)us +h in Qg \ O, (7.1.4a)
us =0 on 00g, (7.1.4b)
provided [ > 0 is large enough and k? > 0 is non-singular in the sense of
Assumption 7.1. This existence and uniqueness result follows from a Fredholm
alternative for sesquilinear forms.

Using an appropriate sesquilinear form b: Vg ; x Vg ; — C, the limit problem

for 6 = 0 can be written as
b(uv ) = <h’ '>V*

R,

Vi - (7.1.5)

If k2 > 0 is non-singular, ker(b) = {0}, and I > 0 is large enough, then the
sequence (ug)s of solutions to (7.1.4) converges weakly in Vi ; to a limit function
u which satisfies (7.1.5). The assumptions on k% and [ are necessary to ensure
the existence of the sequence (us)s. However, whether the kernel of b is trivial
depends on the value of k2 > 0. We prove, using standard arguments, that there
is an at most countable set of non-singular values k2 > 0 such that ker(b) # {0}.

Similar approaches

Dohnal and Schweizer [DS18] consider, for H > 0, the following Helmholtz-like
equation
Lu = —V(aVu) — k*u = f (7.1.6)

in the closed waveguide R x (0, H)y; the symbol § indicates periodic boundary
conditions on the lateral boundary. The source f has a compact support and
the coefficient field a: R? — R is bounded and satisfies a(z) > ¢ > 0 for all
x € R%. Moreover, a is assumed to be periodic in the left half-space and in
the right half-space: a(z) = a_(x) for z € (—00,0) x R and a(z) = a4 (x) for
x € [0,00) X R, where a_,a,: R? — R are periodic functions with the same
period.

In order to treat (7.1.6) numerically, Dohnal and Schweizer choose a number
R > 0 and truncate the waveguide R x (0, H)y to obtain a bounded domain
(=R, R)x (0, H);. They further introduce a small absorption term ¢ > 0 leading
to the equation

Lus +idus =f in (—R,R) x (0,H);. (7.1.7)

Similar to our approach, discussed above, the radiation condition at infinity is
replaced by a “radiation condition at a finite distance”. To this end, they define,
for L > 0, the radiation boxes (—R—L,—R) x (0, H)y and (R, R+ L) x (0, H);.

In [DS18], it is shown that for every § > 0 there exists a unique distributional
solution us € H*(Qp41;C) to (7.1.7) that satisfies the following “radiation
condition at a finite distance”: us restricted to (—R — L, —R) x (0, H)y can be
expanded in finitely many left-going Bloch waves and us restricted to the box
(R,R+ L) x (0, H)} can be expanded in finitely many right-going Bloch waves.
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We stress that this existence result only holds for 6 > 0. The limit § — 0
was discussed in [SU19]. More precisely, the following is shown in [SU19]: There
exists a sequence (ug)s in H' (g, 1; C) of distributional solutions to (7.1.7) and
each member ug of this sequence satisfies the “radiation condition at a finite
distance”. Up to a countable set of singular frequencies k2 > 0, this sequence
converges weakly in H'(Qrr;C) to a function u that is a distributional solution
to

Lu=f in(—R,R)x(0,H) (7.1.8)

and that satisfies the “radiation condition at a finite distance”.

Let us stress that, although the approach in Chapters 8 and 9 is inspired
by [SU19], there are two main differences: (i) the equations we consider are
different. Indeed, in this thesis we focus on the Dirichlet problem (7.0.7) in a
perforated, bounded, and closed waveguide whereas in [SU19]|, the Helmholtz-
like equation (7.1.6) is studied in a bounded and closed waveguide. (ii) In
contrast to [DS18, SU19], we do not use Bloch waves to formulate the “radiation
condition at a finite distance” but solutions to (7.0.8) that belong to the space
Vr,i, which is defined in (7.0.12).

7.2 Function spaces and a special boundary condition

In order to replace the radiation conditions at infinity, we introduced the vector
space X in (7.0.9). This section is devoted to a more detailed study of elements of
X. Let us recall that the sesquilinear form Qg ;: H'(Wg,;C) x HY(Wg,;C) —
C defined in (7.0.10) is used to indicate in which direction along the z;-axis
energy is transported by elements of X. The following flux identities turn out
to be useful.

LEMMA 7.1. (Flux identities) — Let Ry, Re € R and ly,la > 0 such that Ry +
l1 < Ry. Then for any u € X there holds

Im{Qg, 1, (u,u)} =Im{Qry., (u,u)}. (7.2.1)
Moreover, if u € X is quasiperiodic, then
Im{Qo,, (u,v) } =Im{Qo,, (u,u)} (7.2.2)

for all ly,15 > 0.

Proof. Define the cut-off function 6: Q — [0, 1],

0 1 < Ry and 21 > Ry + 1
1 x1 € (R + 11, Ry)
9(x1a$2) = %(1‘1 — Rl) xr € [R17R1 + ll] . (723)
1
1
E(Rg-l—lg—a}l) T € [R2,R2+ZQ]

We refer to Figure 7.3 for a sketch of 6. As w is a distributional solution
to (7.0.8), for every v € H*(£2; C) with compact support that satisfies v = 0 in

O, there holds
0:/<Vu,VU>—k2/u17.
Q Q
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1 +—

| |
! w w — 1

R, Ri+1 Ro Ry + 15

Figure 7.3: Sketch of the cut-off function 6 defined in (7.2.3).

Substituting v = Au, we find that

0:/0|Vu|2—k2/9\u|2+i/ <Vu7ue1>—l/ (Vu,uer).
o 0 b Jwy l2 Jwp

1,01 2,02

Taking the imaginary part of the above equation yields the claim.
Let us assume that u € X is £-quasiperiodic. For Ry = 0 and Ry = [, we
deduce from (7.2.1) that

<Vu7ue1>}

ei£l1 <vu’ u€1> e—ifll }

Im{Qo,, (u,v)} =Im{Qy, 1, (u,u)} = lllm{/w

2
= llm{/
ly Wo,iy

= Im{QgJ2 (u, u)} .

1.2

This proves the claim. O

We say that a basis (¢7,...,¢5,1,...,0%) of X is admissible if the
conditions (i) and (i) of Assumption 7.1 are satisfied.

REMARK 9. — In Assumption 7.1(ii) on page 95 we demand that there exists
lo € N such that (7.0.11) holds. As the basis functions (¢7 ..., ¢3¢ .-, &%)
are assumed to be quasiperiodic, we infer from the flux identity (7.2.2) that (7.0.11)
is satisfied for all 1 > 0 if it is satisfied for some ly € N.

Instead of X, we consider the following subspace of H'(Wj ; C),

Xl = {U|WO,L

ue X}, (7.2.4)

for | € N. We note that if k2 > 0 is non-singular in the sense of Assump-
tion 7.1, then X; is finite dimensional. More precisely, X; admits a basis
(Y1 a T, o ¥ of quasiperiodic functions with pairwise distinct quasi-
moments such that

Im{ Qo (Y, ¥5)} <0 and  Im{Qo:(¢],¥;)} >0
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forall ke {1,...,M} and j € {1,..., N}. Such a basis is admissible if there
exists an admissible basis (¢7,..., 05,07, ..,¢%) of X such that

wk_ = ¢;|Wo,l and 1/);'_ = ¢j_|WO,L (7'2'5)

for all £k € {1,...,M} and j € {1,...,N}. We also say that the basis

(w;? A 'aqp&’wii_a R 71p]4\}) IS lnduCEd by (Qsl_, A .,QSJTJ,(;ST, b '7¢)E)'

Some properties of functions in X;. Throughout this section, [ € N
is arbitrary and fixed unless otherwise stated. The fact that X; is a finite
dimensional subspace of H (W ; C) yields the following regularity result.

LEMMA 7.2. (Regularity estimate) — Assume k? > 0 is non-singular. Choose
l € N and let X; be the function space defined in (7.2.4). Then there exists a
constant C' > 0 such that

161l (wo.ii0) < Cllll L2 (w150
for all ¢ € X;.

Proof. Let (¢1,...,9¥k) be a basis of X; that is orthogonal with respect to the
LQ(WOJ; C)-scalar product. As the basis consists of only a finite number of
functions, we find a constant Cy > 0 such that

2 )
HWjHLz(WO,”CQ) < Coll¥ilFzqwy 0y forallje{l,....K}. (7.2.6)
Fix a function ¢ € X;. Then ¢ = ZjK:l a;v; in X; for some constants

at,...,ax € C. Using (7.2.6) and the orthogonality of (¢1,...,1¥x) with
respect to the L?(W; ; C)-scalar product, we find that

K 2 K
1900 sy e = [ [arvu| <Yl [ vusf
W, j=1 Wo 1

0,1 j=1

K
2
SCzZ/ |ajtb5] " = Calldl1F 2w i)
j=17Wo,

From this inequality it is straightforward to deduce the claim. O

An admissible basis (7, ..., %y, ¥7, ... ,1/)?(,) of X is not necessarily or-
thogonal with respect to the sesquilinear form @ ;. However, we have the
following “approximate orthogonality” result.

LEMMA 7.3. (Approximate orthogonality) — Let k* > 0 be non-singular, and

let (@7, ..oy dup &1 5o, dk) be an admissible basis of X. For every e > 0 there

exists a number ly € N such that for alll € N with | > Iy the following statement

holds: If u,v € {7 |wois-- - Oarlwo.s @ IWoss - - O |wo. } with u # v, then
|Qo,i(u,v)| <e. (7.2.7)

Proof. Let (¢7,.. .,QSA_/I,qﬁf‘, ..., ¢F) be an admissible basis of X. Fix two
distinct elements @ and ¥ of {¢7,..., ¢y, @1, .., ¢} and denote their quasi-
moments by &z,& € [0,27). We recall that &5 # & by Assumption 7.1(7)(c).
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Using the quasiperiodicity of & and ¥, we calculate that, for each [ € N,
1 =
Q07l<ﬂ|Wo,lvf}|Wo,l) = 7/ <VI~L,Z~)€1> = 7 Z/ <Vﬁ’®el>
Wo.1 k=0 Wk,
1 lii elkéa <VT) ve >e*ik5’3
- l ) 1
k=0 Woa
=
=7 Z olk(€a—¢a) <Vﬂ7 {)el> )
k=0

As & # &, the sum [7! 22;10 elF(&a—%) converges to 0 as | — co. As the
admissible basis (47 ,..., ¢, &, ..., qbf\,) contains only finitely many elements,
we can choose Iy € N large enough such that (7.2.7) holds for every two distinct
elements u and v of the admissible basis. Thus the claim is proved. O

Assume (@7, ..., ¢y, 7, ..., L) is an admissible basis of X. For each
[ > 0, we define the two subspaces of X,

X = Spanc{gbﬂwoyl kell,... ,M}} (7.2.82)

and
X = spanc{¢j\woyl jell,... ,N}} . (7.2.8b)
The approximate orthogonality of the basis (¢7,. .., ®y, oF,. .., ¢7) allows

us to estimate the L?(Wp ; C)-norm of elements in X;* by the bilinear form
Im{Qw,, (-, -)}; this observations plays a key role in establishing the existence
of a solution to the radiation problem with absorption (7.0.7).

LEMMA 7.4. — Let k* > 0 be non-singular, and let (¢7,..., ¢ 015 s O%)
be an admissible basis of X. Then there exists lg € N such that for alll € N
with | > 1y and for some ¢ = c(l) > 0 there holds

7Im{Q07l(v,v)} > CHU”%Q(WOJ,C) and Im{Qoyl(u, u)} > CHUH%Z(WO,z,C) ,
forallve X andu € Xl+.

Proof. We perform the proof of the statement for v € X, since the argument
for u € X;" is analogous.
For each [ € N we define two positive constants

= min (=10 {Qui(or,7)}) and m= max [Qoa(65, 7).
k#n

The constant 7; is independent of [ because of the flux identity (7.2.2); in other
words, y; = 7y for all [ > 0. By Lemma 7.3, we find [y € N such that for all
I € N with [ > Iy there holds 1, < 1 (2M)~ 1.

Fix such an [ € N and let (¢7,...,%5, %], ...,¥};) be an admissible
basis for X; that is induced by (¢7,..., ¢y, 87,...,6%) . For every v € X,
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there exist constants aq,...,ap € C such that v = Zﬁil aptp in X7 A
straightforward calculation yields that

M
—Im{Qo,(v,v)} = — Z\Oék|2 Im{Qo, (v , ¥y, )}

k=1
M
= > Im{ax@nQou(v;  ¥y)}
k,n=1
k#n
M M
>y k> —m Y Joul o
k=1 k,n=1
k#n
As m < 41(2M)~1, we infer the estimate
" M
1
- Im{Qo,l(va)} > 5 I;|Oék|2 . (7.2.9)

The following estimate

M 2 M M
2 _ ~| <M 2 -2\ < o 2
||U||L2(WO,Z;C) = Zak¢k > Z‘Ofﬂ e I7) < Z|ak|
Wo,lp—1 k=1 Wo.i k=1

together with (7.2.9) yields the claim. O

Variational formulation. Throughout this section R € N and [ > 0 are
fixed. The existence of a solution u € Vg, to (7.0.7) is established using a
limiting absorption principle. Consequently, in a first step, we seek a distribu-
tional solution us € Vg, to (7.1.4). For a weak formulation of this problem
with absorption, we introduce the function ¥: Qgr4; — [0, 1],

0 for |x1| > R+1,
91, w2) = 1 for |z1| < R,

1
l
With the help of ¥ we define the sesquilinear form bs: Vg x Vg; — C,

bs(u,v ::/ W Vu, Vo) — k2(1 + 16 / Yuv
6( ) QRr41 < > ( ) QR4 (7.2.10)

— Qoy (RE71(U)7 RE,Z(U)) + Qo,i (Rz_m(u)’ RE,Z(U)) :

Let us recall that we look for a distributional solution w to (7.0.7) that is
an element of Vg; and as such satisfies conditions in the boxes W_r_;; and
Wg,. The solution concept we introduce in the next definition contains these
boundary conditions.

(R+1—|z1|) otherwise

DEFINITION 7.5. (Solution concept) — We say that u: Qr4; — C is a solution
to the radiation problem with damping if u is an element of Vg and satisfies

[J(;(u,v):/Q hv (7.2.11)
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for allv € Vg,. If u satisfies (7.2.11) for § = 0, then u is a solution to the
radiation problem.

For later purposes, we introduce the sesquilinear form Qp ;: Vg x Vg, — C,

QRJ(’LL, 'U) = QO,I (RE,l(u), RE,I(U)) — QO,I (REJ(U), RE,Z(U)) . (7212)
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CHAPTER

Abstract limiting
absorption principle for
sesquilinear forms

This chapter is devoted to the proof of an abstract limiting absorption principle.
One key result in the proof of this principle is a Fredholm alternative for
sesquilinear forms, which we discuss in the next section.

8.1 Fredholm alternative for sesquilinear forms

We recall from Section 1.1 that a bounded linear operator 7': X — ) between
Banach spaces is a Fredholm operator if its kernel kerT and its cokernel
cokerT" are finite dimensional vector spaces. The index of T is the integer
ind T := dim ker T'—dim coker T'. One classical version of Fredholm’s alternative
is the following: if T: X — ) is a Fredholm operator with index 0, then either
for every f € 9) there exists a unique solution v € X to the equation Tu = f or
there is a non-trivial solution u # 0 to Tu = 0.

As we mainly focus on sesquilinear forms b on normed spaces, we formulate
a Fredholm alternative for such maps. Let £ and V' be normed spaces over the
same field F, and let b: £ xV — F be a sesquilinear form. Fredholm alternatives
for bilinear forms are well-known in the literature; indeed, Stummel [Stu69,
§1 and §2] developed a Fredholm theory for bilinear forms in the case E =V
with V" a Hilbert space. This theory was later generalised by Kress [Kre77] to
the case of bilinear forms b: X x ) — R on reflexive Banach spaces X and 9).
We also mention the more recent article by Arendt and coauthors [AtEKS14,
Lemma 4.1] in which a Fredholm-Lax-Milgram lemma is employed to establish
the self-adjointness of a Dirichlet-to-Neumann graph.

Let us recall that a sesquilinear form b: E x V — F is linear in its first
argument and anti-linear in its second. Note that b is bilinear if F = R. We
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define the kernel of b as the set

ker(b) == {u el ‘ b(u,v) =0 for all v € V} .

The adjoint sesquilinear form b*: V x E — F is given by b*(v,u) == b(u,v). If
F = R this reduces to b*(v,u) = b(u, v).

We also remind the reader that V* denotes the set of anti-linear and bounded
maps V — F.

DEFINITION 8.1. (Garding inequality) — Let E and V' be normed spaces over
the field F. A sesquilinear form b: E x V — T satisfies a Garding inequality if
there exist a constant ¢ > 0 and a compact linear operator K: E — V* such
that

sup |b(u,v)+<Ku,v>V*7V’ >clullg  forallueE.

veV
lollv=1

At risk of redundancy, we remind the reader that every reflexive normed
space is a Banach space; see Remark 2 on page 14. However, throughout this
section we write “reflexive normed space” instead of “reflexive Banach space”
to emphasise that completeness is not used in the proofs.

PROPOSITION 8.2. (Fredholm alternative for sesquilinear forms) — Let X be a
Banach space over the field F, and let V' be a reflexive normed space over the
same field. Let b: X x V' — T be a bounded sesquilinear form that satisfies a
Garding inequality with the compact operator K: X — V*. Assume further that
for every v € V \ {0} there is an element u € X such that
b(u,v) + (Ku,v)y«y #0.
Then the following statements hold:
(i) Let £ € V*. There exists u € X with
b(u, ) =£(-) (8.1.1)

if and only if
Lv)=0 for allv € ker(b¥).

(ii) The spaces ker(b) and ker(b*) are finite dimensional and

dim ker(b) = dim ker(b*) .

(iii) If ker(b) = {0}, then for every £ € V* there is a unique u € X such
that (8.1.1) holds.

The following result will be useful in the proof of Proposition 8.2. We
remind the reader that the notion of an X-elliptic sesquilinear form was defined
in (1.2.2).
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LEMMA 8.3. — Let X be a Banach space over the field F, and let V' be a reflexive
normed space over the same field. Let b: X x V — F be a bounded sesquilinear
form that satisfies a Garding inequality with compact operator K: X — V*.
Assume further that for every v € V' \ {0} there exists an element u € X such
that

b(u,’U)+<KU,’U>V*7V #0. (8.1.2)

Then B: X — V*, u— b(u,-) is a Fredholm operator with ind B = 0.

Proof. The sesquilinear form b is linear in its first argument and bounded,
which implies linearity and boundedness of B. The operator (B+ K): X — V*
induces a sesquilinear form a: X x V — F,

a(u,v) = ((B+ K)u,v)v- v = b(u,v) + (Ku,v)y« v .

Thanks to the boundedness of b and K, the sesquilinear form a is bounded as well.
Moreover, a is X-elliptic, since b satisfies a Garding inequality with the compact
operator K. Due to (8.1.2), the sesquilinear form a is non-degenerate. We can
therefore apply Proposition 1.13 and find that (B + K): X — V* is a Banach
space isomorphism and as such a Fredholm operator with ind(B + K) = 0.
By Lemma 1.12, the Fredholm index is stable under compact perturbations,
and hence, B = (B + K) — K is a Fredholm operator with ind B = 0. This
proves the claim. (I

Let T: E — V be a linear operator between two normed vector spaces. We
recall from Section 1.1 that the dual operator T": V' — E’ is determined by the
identity (1.1.1). Similarly, the anti-dual operator T*: V* — E* is defined by

W, Tu)yy-y = {T"v",u)g» g forallue Eandv* € V*.

The annihilator ~(U’) of a linear subspace U’ of V' is defined in (1.1.3); we
recall that L(U’) C V. If U* is a linear subspace of V*, we set

Huy={vev ’ () =0 for all u* € U"}.

If F = C, the two natural dual spaces V' and V* of a normed space V are
isometrically isomorphic via the map V' — V*, £+~ £. Using this isomorphism
it is straightforward to show that

T (ker T') = *(ker T*) (8.1.3)
for every linear and bounded operator T': E — V between normed spaces over
C. In the case F = R, the two spaces V'’ and V* coincide and (8.1.3) holds
trivially.

Having Lemma 8.3 at hand, we can perform the proof of Proposition 8.2.

Proof (of Proposition 8.2). Due to Lemma 8.3, the operator B: X — V*, u +—
b(u,-) is a Fredholm operator with ind B = 0.

(i) Problem (8.1.1) is equivalent to Bu = ¢ in V*. As B is a Fredholm
operator, its image is closed by Lemma 1.9. By Banach’s closed range theo-
rem, Proposition 1.1, there holds im B = ~(ker B'). This together with (8.1.3)

implies that ¢ € im B if and only if £ € *(ker(B*)). As V is reflexive, we shall
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identify V** with V; in particular, ker(B*) is viewed as a subset of V. The
claim is thus proved if we show that ker(B*) = ker(b*), since £ € *(ker(b*)) if
and only if

L(v) =0 for all v € ker(b").

Using the definition of the adjoint sesquilinear form b*, it is straightforward
to show the identity b*(v,u) = (B*v,u)x~ x for all w € ¥ and v € V. This
implies in particular that ker(b*) = ker(B*), and claim (i) is proved.

(ii) As B is a Fredholm operator, its kernel is finite dimensional and hence
dimker(b) < oo. Moreover, B*: V' — X* is also a Fredholm operator with
ind B* = —ind B = 0. As discussed in Section 1.1, the vector spaces (im B)*
and (V/im B)’ are isomorphic, and (im B)* = ker B’. Consequently, (V/im B)*
and ker B* are isomorphic, finite dimensional vector spaces. As ind B = 0, we
therefore find

dim ker B = dim coker B = dim(V/im B) = dim(V/im B)* = dim ker(B").

The claim follows since ker B = ker(b) and ker(B*) = ker(b*).
(iii) Existence of an element u € X such that (8.1.1) holds follows from (%).
As ker(b) = {0}, the element w is the only solution to equation (8.1.1). O

If we consider a sesquilinear form b: $) x $ — F on a Hilbert space §, we
have the following special case of the Fredholm alternative.

COROLLARY 8.4. (Fredholm alternative for Hilbert spaces) — Let b: $ x ) —
F be a bounded sesquilinear form on a Hilbert space §) over the field F. Assume
that there exists a compact operator K: $ — H* and a constant ¢ > 0 such that

|b6(u,u) + (Ku, u)s 5| > cllullf  forallue$. (8.1.4)
Then the following statements hold:
(i) Let £ € $H*. There exists u € § with
b(u,-) =£(-) (8.1.5)

if and only if
Lv)=0 for allv € ker(b™).

(ii) The spaces ker(b) and ker(b*) are finite dimensional and

dim ker(b) = dim ker(b™).

(ii7) If ker(b) = {0}, then for every £ € $H* there is a unique u € § such
that (8.1.5) holds.

Proof. The claim follows from Proposition 8.2 if we show that b satisfies a
Garding inequality and that b is non-degenerate. Inequality (8.1.4) implies that
b is non-degenerate. Moreover, for every u € §), u # 0, there holds

sup [bus,v) + () 5] > \b<u “) " <Ku7 “> > clulls
veH [[ulls lulls / g+ 5
flv]l=1

and hence b satisfies a Garding inequality. O
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8.2 Limiting absorption principle

This section is devoted to a limiting absorption principle for sesquilinear forms.

AssuMPTION 8.1. — Let X be a Banach space over the field F, and let V be
a normed space over the same field. We assume that the sesquilinear form
b: X x V = F satisfies the following two requirements:

(i) (Uniqueness) The kernel of b is trivial.

(ii) (Gdrding) There exist ¢ > 0 and a compact linear operator K: X — V*
such that

sup |b(u,v) + (Ku,v)y+v| >clullx forallueX.

veV
llvllv=1
(iii) (Nontriviality) For every v € V' \ {0} there is an element u € X such that
b(u,v) + (Ku,v)y~v #0,
where K: X — V* is the compact operator from (ii).

We observe that every coercive sesquilinear form $ x $ — F on a Hilbert
space §) satisfies Assumption 8.1.

LEMMA 8.5. — Let X be a Banach space over the field F, and let V' be a reflexive
normed space over the same field. Let b: X x V — F be a bounded sesquilinear
form that satisfies Assumption 8.1. Then, for every £ € V*, there is a unique
u € X such that

Proof. The claim follows from applying Proposition 8.2 (%ii). |

Having this existence result at hand, we can state and proof the main result
of this section.

THEOREM 8.6. (Abstract limiting absorption principle) — Let X be a reflexive
Banach space over the field F, and let V' be a reflexive normed space over the
same field. Let b: X x V — F be a sesquilinear form, and assume that (bs)s is
a sequence of bounded sesquilinear forms, bs: X X V. — F for all § > 0, that
satisfies the following requirements:

(a) For each § > 0, the sesquilinear form bs satisfies Assumption 8.1. More-
over, the compact operator in Assumption 8.1(ii) can be chosen indepen-
dently of 6 > 0.

(b) For fireduw € X and v € V, lims_,q bs(u, v) = b(u,v).
(c) For every sequence (us)s in X with us — u weakly in X there holds:

li - = )
lim b(;(u(; u,v) 0 forallveV
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Assume further that
ker(b) = {0}.

Then the following holds: For every £ € V* there exists a sequence (ug)s in X
such that bs(us,-) = £(-), for each 6 > 0. The sequence (us)s weakly converges
in X to an element u € X, which satisfies

b(u, ) =L(-). (8.2.1)
Moreover, the limit u is the unique solution to (8.2.1).

Proof. Fix £ € V*. Assumption (a) together with Lemma 8.5 imply that, for
each § > 0, there is a unique us € X such that bs(us,-) = £(-).

Case 1. Assume (us)s is a bounded sequence in X. We then find a subse-
quence (us)s and an element u € X such that us — u weakly in X, since X is
reflexive. For all v € V' there holds

b5 (us,v) — b(u,v)| < [bs(us — u,v)|+ |bs(u,v) — b(u,v)]|. (8.2.2)
Using assumptions (b) and (¢), we deduce from (8.2.2) that
lim bs(us,v) =b(u,v) forallveV. (8.2.3)
=0

On the other hand, we have that bs(us, ) = £() for each § > 0. Combining
this with (8.2.3) yields b(u,-) = £(-) and a solution u € X to (8.2.1) is found.
Uniqueness of u follows from ker(b) = {0}. As the limit « is unique, we infer
that every subsequence of the bounded sequence (us)s has a subsequence that
weakly converges to u and thus, the whole sequence (us)s weakly converges to
u.

Case 2. Suppose the sequence (ug)s is unbounded in X. We shall show that
this is impossible. As (us)s is unbounded, we find a subsequence (us)s such
that lims_,o||lus||x = +o0. Consider the re-scaled sequence (ws)s given by

Us

- lluslx

ws -

Clearly, (ws)s is a bounded sequence in X; we therefore find a subsequence
(ws)s and an element w € X such that ws — w weakly in X. For each § > 0,
the element w; satisfies the equation

{(v)

bg(wg,v) = |7

2.4
fuslx (8.24)

for all v € V. As (us)s is unbounded, we deduce from (b), (¢), and equa-
tion (8.2.4) that

. . L
b(w,v) = (%1_13%) bs(ws,v) = }1_{% ||u(5||)3e =0 forallveV. (8.2.5)

Equation (8.2.5) has only the trivial solution w = 0, since ker(b) = {0}.
On the other hand, there exists a compact operator K: X — V* and a
constant ¢ > 0 such that

Sap |05 (u, ) + (Ku,v)v= v | > cllullx (8.2.6)

ve
llvllv=1
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for all 6 > 0 and all v € X. Substituting u = ws into (8.2.6) yields

0<c=cllws|lzx < sug |bg(w5,v) + (Kw(;,v>v*7v|
ve
[lollv=1
< su‘[; b5 (ws,v)| + [ Kws|ve (8.2.7)
ve

llvllv<1

From (8.2.4) we deduce that, for every v € V with |jv||y < 1 and each § > 0
there holds
Il

b < .
ot )| < Yo

Combining this estimate with (8.2.7) yields the inequality

]

0<e<
[Juslx

+ || Kwsy. (8.2.8)

for all 6 > 0. The operator K is compact and the sequence (ws)s weakly
converges to w = 0; we find therefore a subsequence (Kws)s that converges
strongly in V* to Kw = 0. Sending 6 — 0 in (8.2.8) thus yields

el . _
0<c< }gr(l) Tusllx +}1§%)||Kw5|‘v* =0.

This is a contradiction and hence the sequence (us)s has to be bounded in X.0J

REMARK 10. — In Theorem 8.6, the sesquilinear form b: X x V. — F is not
assumed to be bounded. In view of (8.2.1) we do, however, implicitly assume
that b is continuous in its second argument. In fact, b is bounded if (bs)s is a
sequence of bounded sesquilinear forms for which assumption (b) is satisfied.
Indeed, for fited v € V, the map T: X — F, u > b(u,v) is the pointwise limit
of the family of bounded linear operators Ts: X — F, u +— bs(u,v). Thus, by
Banach-Steinhaus, T is a bounded linear operator and hence b is continuous in
its first argument. As every reflexive normed space is a Banach space, we can
repeat the above argument for S: V. — F, v — b(u,v) and every fired u € X,
and infer that b is continuous in its second argument. The uniform boundedness
principle then implies the boundedness of b.

Let us state a special case of the abstract limiting absorption principle for a
sesquilinear form b on a Hilbert space ).

COROLLARY 8.7. (Limiting absorption principle for Hilbert spaces) — Let §) be
a Hilbert space over F, and let b: $ x $ — F be a sesquilinear form. Assume
that (bs)s is a sequence of bounded sesquilinear forms, bs:  x 5 — F for all
& > 0, that satisfies the following requirements:

(a) There exists a compact operator K: $ — $H* and a constant ¢ > 0 such
that
|b5(u,u) + (Ku, u>5*7ﬁ| > c||u||% (8.2.9)

for alluw € $ and § > 0. Moreover, ker(bs) = {0} for each § > 0.
(b) For fized u,v € $, lims_0 bs(u,v) = b(u,v).
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(c) For every sequence (us)s in $) with us — u weakly in $) there holds:
li - = .
lim bs (U5 U, 11) 0 forallve$H
Assume further that ker(b) = {0}. Then the following holds: For every £ € $*

there exists a sequence (us)s in $ such that bs(us,-) = £(-) for each 6 > 0. The
sequence (ug)s weakly converges in $ to an element u € $), which satisfies

b(u, ) =£(). (8.2.10)
Furthermore, the limit u is the unique solution to (8.2.10).

Proof. Inequality (8.2.9) implies a Garding inequality as was shown in the proof
of Corollary 8.4. The claim thus follows from Theorem 8.6. g
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Existence and Uniqueness
result for a Helmholtz
equation in a bounded

waveguide with a special
boundary condition

In this section we apply the abstract limiting absorption principle as well as
the Fredholm alternative for sesquilinear forms from the previous chapter to
deduce the existence of a distributional solution v € Vg to (7.0.7).

9.1 Existence result for the radiation problem with ¢§ > 0

This section is devoted to an existence and uniqueness result for the radiation
problem with damping; that is, for given R € N, [ > 0 and h € L?(Qp; C), we
seek a function u € Vg ; such that

bs(u,v) = / hv  forallve Vg,.
Qr

We shall use the Fredholm alternative for sesquilinear forms to establish
the existence of a solution. In order to apply Proposition 8.2, we need to
show that bs satisfies a Garding inequality. To this end we define the operator
K: Vg — Vi, ur— Ku with

(Ku,v)ve v, = 2k> / uv + Qp.i(u,v), (9.1.1)

JQRr41

where the sesquilinear form Qg is defined in (7.2.12). We first show that this
operator is compact.
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LEMMA 9.1. — Assume k? > 0 is non-singular. Let R € N, 1 >0, and let Vg,
be the function space defined in (7.0.12). Then the operator K defined in (9.1.1)
is compact.

Proof. For brevity we write L? instead of L?(Qry;). By Lemma 1.5, the
compactness of K is equivalent to the following condition: Every bounded
sequence (U, )m in Vg, admits a subsequence (u,,)n, that weakly converges to
some u € Vg; and that satisfies

Jim (K, vm)vy ey = (KU, 0)vs vay
for all sequences (vp,)m in Vg, with v, — v weakly in Vg .

Let (Um)m and (vm)m be sequences in Vg such that (uy, ), is bounded in
Ve, and (v, )m weakly converges in Vi to some v € Vg ;. As Vg is a Hilbert
space, (Um)m admits a subsequence (), that weakly converges in Vg, to
some function u € V. The space Vg, is a subspace of H'(Qr4;C), and thus,
by the Rellich-Kondrachov theorem, there exists a subsequence (), such that
U — w in L2, Similarly, as (v,,), weakly converges in VR, to v, we deduce
the existence of a subsequence (v, ), such that v,, — v in L2. Consequently,

lim U O, = / uv . (9.1.2)
QRr+1

m—r00
QRr+1

Furthermore, the weak convergence of (V,,)m in L? and the strong con-
vergence of (v,,)m in L? imply that

lim QRJ(um,vm) = Qr,(u,v). (9.1.3)

m—r o0

Combining (9.1.2) and (9.1.3) yields

lim (2k2/ Uy Vyny, + QRJ(um, vm)> = 2k:2/ ud + Qpr(u,v).
QR+Z QR+Z

m—ro0
and the claim is proved. O

With the compact operator K, we obtain a Garding inequality.

LEMMA 9.2. (Garding inequality) — Assume k? > 0 is non-singular. Let R €
N, 1 >0, and let Vi, be the function space defined in (7.0.12). Then, for each
d > 0, the sesquilinear form bs: Vg x Vg — C defined in (7.2.10) satisfies a
Garding inequality. More precisely, there exists a constant ¢ > 0 such that for
all uw € Vg, there holds

bs(u,u) + (Ku, u>V§7,7VR‘z 2 C”“H?P(QRH;C) )

where K: Vg — V5, is the compact operator defined in (9.1.1).

Proof. Fix u € Vg,;. Using the definition of K, we find that

Re{bg(u,u)+<Ku,u>V§,L,VRJ} :/ 19|Vu|2—|—k2/ (2= |ul?. (9.1.4)

Qr41 QR4
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Equation (9.1.4) and Lemma 7.2 imply

bs (u,u) + (Ku, u)vyy Vi,

2 HquiP(QRH;C) + k2”“”%2(ﬂa+z;<€)

> cllullfr ey + KUl vnic) + E L2 v i)

= cllullf o) + kQHRI_Q,l(u)Hi?(WOJ;C) + k2||R-IS,l(u)||i2(Wo)l;C)

> cllullf@pic) - (9.1.5)
This implies the claim. O

Our next aim is to show that the homogeneous problem bs(u, ) = 0 has
only the trivial solution v = 0. Before we do so, let us remind the reader that,
due to Lemma 7.4, there exists an [y € N such that for all [ € N with [ > [
there holds

— Im{Qoyl(v,v)} > C”U”%Z(WOJ,C) for all v € X~ (9.1.6a)
and
Im{Qo,(u,u)} > c||u||2L2(W0’l’C) for all u € X;'. (9.1.6b)

The function spaces X; and X, are defined in (7.2.8).

LeEMMA 9.3. (Uniqueness of the homogeneous problem) — Let k% > 0 be non-
singular and let | € N be large enough such that (9.1.6) holds. Fiz R € N and
let Vi, be function space defined in (7.0.12). For 6 > 0 we denote by bs the
sesquilinear form given in (7.2.10). If u € Vg, satisfies bs(u,-) = 0, then u = 0.

Proof. Let u € ker(bs). Taking the imaginary part of bs(u,u), we obtain
6k2/ Iul® +Im{ Qr(u,u)} = 0. (9.1.7)
QRr41

As u € Vg, the functions Rﬁl(u) and Ry, (u) are elements of X;F and X,
respectively. The definition of Qpr; in (7.2.12) as well as (9.1.6) imply then

m{ Qp(u,u)} = Im{QOJ (R (u), R;g)l(u))} - Im{Qo,l(R;z)l(u), R;U(u))}
> cllullFew, i) +ellulie v p i - (9.1.8)

Combining (9.1.7) with (9.1.8), we find that

0= 51“32/Q Oluf® + CHUH%Q(WRJ;C) + CHUH%Q(W_R_H;(C) = CH“H%%QRH;C) :
R+1
Consequently © = 0 in Vi ; and the claim is proved. (Il

THEOREM 9.4. (Existence result for § > 0) — Let k* > 0 be non-singular and
choose | € N large enough such that (9.1.6) holds. Fiz R € N and let Vg, be
the function space defined in (7.0.12). If § > 0, then for every h € L*(Qg;C)
there exists a unique solution u € Vg to the radiation problem with damping.
More precisely, for every v € Vg, there holds

bg(u,v):/ hv ,
Qr

where by is the sesquilinear form given in (7.2.10).
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Proof. Due to Assumption 7.1(7), the space X; is finite dimensional and hence
VR, is a Hilbert space. The sesquilinear form b; is bounded and satisfies a
Garding inequality by Lemma 9.2. Due to Lemma 9.3, ker(bs) = {0}. Thus,
the claim follows from Corollary 8.4. O

9.2 Existence result for the radiation problem with § =0

In this section we apply the abstract limiting absorption principle to establish
the existence of a solution to the radiation problem with 6 = 0. We recall that,
by Definition 7.5, a function u € Vg is a solution provided

b(u,v) = hv  forallve Vg,
Qr

where the sesquilinear form b: Vi ; x Vi ; — C is defined as

b(u,v) = /Q I Vu, Vv) — k2/ Yuv — Qr(u,v). (9.2.1)

QRryi

THEOREM 9.5. (Existence result for § = 0) — Let k* > 0 be non-singular and
let I € N large enough such that (9.1.6) holds. Let (§)s be a sequence in (0, 00)
with 6 - 0. Fix R € N, let Vr; be the function space defined in (7.0.12), and
let bs,b: Vg X Vg — C be the sesquilinear forms from (7.2.10) and (9.2.1),
respectively. Assume that ker(b) = {0}. Then, for every h € L?(Qgr;C), there
exists a sequence (ug)s of solutions to the radiation problem with damping. That
sequence converges weakly in Vg to a function u € Vg which satisfies

b(u,v) = / hv  forallveVg,. (9.2.2)
QR

Moreover, the solution u to (9.2.2) is unique.

Proof. We use the limiting absorption principle for Hilbert spaces, Corollary 8.7,
to deduce the claim. Due to Assumption 7.1(7), the space X is finite dimensional
and hence Vi is a Hilbert space. Moreover, bs is bounded for each 6 > 0. One
readily checks that lims_o bs(u,v) = b(u,v) for all u,v € Vg,;. Lemmas 9.2
and 9.3 imply that premise (a) from Corollary 8.7 is satisfied. We are thus left
to show premise (¢) of Corollary 8.7.

Let (us)s be a sequence in Vg ; with us — u weakly in Vg ;. Thanks to
the Rellich-Kondrachov theorem, we find a subsequence (us)s that strongly
converges to u in L*(Qr4; C). Consequently, for every v € Vi,

hm(ﬁu+mﬂ/
6—0

QR+t

WW—WOZO- (9.2.3)
On the other hand, as Vus — Vu weakly in L?(Qr;C), we deduce that
li — = li — = 2.4
lim QRH<Vu5 Vu,v> 0 and lim ORr. (ug u, v) 0, (9.2.4)
for all v € V. Combining (9.2.3) and (9.2.4), we get

li — =
61—%[}6(% u,v) =0
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for every v € Vg, which shows premise (¢) of Corollary 8.7
We can therefore apply the abstract limiting absorption principle and the
claim is proved. O

On the number of non-singular values of k>

In Theorem 9.5 we assume the kernel of b to be trivial. Whether or not this
is the case depends on the value of k2. We shall see that there are at most
countable many non-singular values of k2 for which ker(b) # {0}. To be more
precise, we define

D = {k2 € (0,00) ‘ k? is non-singular in the sense of Assumption 7.1 } :

We have the following result.

PROPOSITION 9.6. — For every R € N there exists an at most countable set
Yr C D and a number ly € N such that for alll € N with | > ly there holds
ker(b) = {0} for all k* € D\ ¥x.

We need two auxiliary lemmas for the proof of this result, in which we use the
following subspace of H'(Qg \ Og;C):

Z = {u € H' (Qr\Og;C)|u =0 on 90 and u = 0 on {iR}xSl}, (9.2.5)

for R € N.

LEMMA 9.7. — Let k* > 0 be non-singular. Choose the number | € N so large
that (9.1.6) is satisfied. Then, for every R € N the following holds: if u € Vg,
is an element of ker(b), then U|QR\5R € Z and u satisfies

/ (Vu, Vo) = kz/ uv  forallveZ. (9.2.6)
Qr\Or Qr\Or
Proof. Let u € ker(b). Then, for any v € Vg there holds
0= / (Vu, V) — kz/ uv — Qr(u,v) . (9.2.7)
Qri1 Qrqi

Substituting v = u into the above equation and taking the imaginary part yields

0 =Im{Qp (R, (w) Rip () } = m{Qri(Rp,(w), Ry (w)) }

As Ry, (u) € X, and Rgl(u) € X;", we deduce from Lemma 7.4 that

0> C||u||2L2(W,R,l,l;<C) + C||U||i2(WR,Z;C) > 0.

Consequently, u =0 in W_g_;; UWg,;. As Vg, is a subspace of H'(Qpg;; C)
and v vanishes in the boxes W_g_;;, Wgr,; as well as in the obstacles Og, we
infer that w =0 on {+R} x S! and u = 0 on JOg. This shows that for every
u € ker(b) there holds u\QR\aR € Z. Moreover, since u vanishes in the boxes

W_g_;; and Wg,, equation (9.2.7) reads

O:/ <Vu,Vv>—k2/ U
Qr Qr
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for all v € Vp;. The trivial extension ¥ of any function v € Z to Q0r4; is an
element of Vi ;. Thus, for any v € Z there holds

0:/ (Vu, Vv) —kQ/ uv .
QR\OR QR\OR

This proves the claim. O

LEMMA 9.8. — For every R € N there exists a countable set ¥ C (0,00) such
that (9.2.6) admits only the trivial solution u = 0 if k? € (0,00) \ ¥g.

Proof. For fixed R € N, equation (9.2.6) is the weak formulation of the Dirichlet
eigenvalue problem

—Au=Fku inQg\Og, (9.2.8a)
u=0 on 9(Qr \ Og) . (9.2.8b)

The Dirichlet Laplacian admits countably many eigenvalues, since Qg \ Og is a
bounded Lipschitz domain; that is, there exists a countable set Xz C (0, 00)
such that (9.2.8) has only the trivial solution u = 0 if k? € (0,00) \ £g. This
proves the claim. O

Proof (of Proposition 9.6). Fix R € N, and assume D # (). Due to Lemma 9.8,
there exists a countable set Xr C (0,00) such that (9.2.6) admits only the
trivial solution if k2 € (0,00) \ Bx. Let k% € D\ X and choose [ € N so large
that (9.1.6) holds. Then, by Lemma 9.7, every u € ker(b) is a distributional
solution to (9.2.6). As k? € D\ i C (0,00) \ Zg, we infer that u = 0. This
proves the claim. O
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Proof of Lemma 4.3

(i) Assume v € X(X*). Clearly, Re{v} and Im{v} are elements of L3(%*;R?).
As every test vector field ¢ € C°(X*;R3?) lies in C°(3*; C?), we find that

0= /*<v,cur1 @) = '/E*<Re{v},curl ©) + i/z*<hn{v},cur1 ©).

This equation implies that, in the sense of distributions, curl Re{v} =0 in ¥*
and curl Im{v} =0 in ¥*. Consequently, Re{v}, Im{v} € A(Z*).

Conversely, assume that Re{v} and Im{v} are elements of Ax(X*). By
definition of the complex Lebesgue spaces, we deduce that v € L3(X*; C?). We
claim that

/*<Re{v},g0> =0 and /E*<Im{v},g0> =0 (A.0.1)

for all p € C°(X*;C?). Fix an arbitrary ¢ € C°(X*;C?). As Re{e}, Im{p} €
C(X*;R?), we deduce from the fact that Re{v} € Xg(¥X*) that

[ et = [ (Refo) Refh) +1 [ (Refo)imut) =o0.

The statement for Im{v} can be shown analogously. Having (A.0.1) at hand,
we observe that

/*<v,<p> = /2*<Re{v}7s0>+/2*<hn{v},<p> -0

for all p € C°(X*; C3).

(ii) Replacing ¥* by Y, we can follow the above argument and find that
curl ¢ = 0 in Y if and only if curl Re{¢} =0 in Y and curl Im{¢} =0in Y.
We are thus left to prove that ¢ = 0 in ¥* if and only if Re{¢} =0 in ¥ and
Im{¢} = 0 in X. But this holds trivially.
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Proof of Proposition 5.6

We proceed in two steps.
Step 1. We claim that the vector space X is isomorphic to the vector space

H = {v S Lg(E*;Cg) curl v =01in ¥*, div o =0 in ¥*, (v,v) =0 on 82*} .

Choose v € H and extend it trivially to a vector field o € LF(Y;C?). Clearly,
curl ? = 0 in ¥* and ©® = 0 in ¥. Thus, the map T: H — X, v — 0 is well
defined provided v is divergence free in Y. The normal trace of v on 9X*
vanishes; thus, the identity

/*<v,V1/J>:—/*(div v)$

holds for all ¢ € Hﬂl(Z*; R). As every p € C°(Y;R) is an element of Hul(Z*; R)
and div v = 0 in ¥*, we infer that

L<57V@>Z/*<U7V<p>=—/*(divv)¢:().

This shows div ©® = 0 in Y. We note that T is a linear map. Its inverse S
is given by S: X — H, v — v|g«. This map is well defined, since the two
equations

{divszinY,
v=0in X,

imply that (v,v) = 0 on 9X*; in particular, v
X and H are thus isomorphic.
Step 2. We claim that H is finite dimensional. Clearly, H is a closed subspace

s+« € H. The two vector spaces

of

M = {v € Lj(z%C%)

curl v € LF(E%;,C%) , div v € L7 (X*;C?)
and (v,v) =0 on 9X* '
Equipped with the norm || - ||ar: M — R,

vllar = ||UHL§(E*;C3) + [|curl UHLg(Z*;CS) + [|div UHLg(z*;C) ;

121




the space M is a Hilbert space. H is finite dimensional if every bounded
sequence in H admits a strongly convergent subsequence. Let (vg)r be a
bounded sequence in H. Then there exists a subsequence (vy)) that weakly
converges to some field w € M. As H is a closed subspace of M, we deduce that
w € H. The space M embeds compactly into L (Y;C?); see Weber [Web80].
Thus, we find another subsequence (vg)y and a field @ € L3(3*; C?) such that
v — W in Lg(E*; C?). By uniqueness of the limit, @ = w € H. Thus,

kh—>n;o||w — vllm = kli_?;oﬂw = VkllLz(sic) = 0.

We have thus proved that each bounded sequence (vg)x in H admits a strongly
convergent subsequence and hence the claim is proved.
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