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Abstract

We analyze the propagation of waves in unbounded photonic crystals, the
waves are described by a Helmholtz equation with z-dependent coefficients. The
scattering problem must be completed with a radiation condition at infinity, which
was not available for z-dependent coefficients. We develop an outgoing wave
condition with the help of a Bloch wave expansion. Our radiation condition
admits a (weak) uniqueness result, formulated in terms of the Bloch measure
of solutions. We use the new radiation condition to analyze the transmission
problem where, at fixed frequency, a wave hits the interface between free space
and a photonic crystal. We derive that the vertical wave number of the incident
wave is a conserved quantity. Together with the frequency condition for the
transmitted wave, this condition leads (for appropriate photonic crystals) to the
effect of negative refraction at the interface.

Keywords: Helmholtz equation, radiation, Bloch analysis, outgoing wave condi-
tion, photonic crystal, transmission problem, negative refraction
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1 Introduction

Photonic crystals are optical devices that allow to mold the propagation properties of
light. They usually have a periodic structure and are operated with light at a fixed
frequency w. Several interesting effects can be observed, we are interested here in the
effect of negative refraction at the interface between free space and a photonic crystal. A
recent discussion in the physical literature concerns the following question: Is negative
refraction always the result of a negative index of the photonic crystal, or can negative
refraction also occur at the interface between air and a photonic crystal with positive
index? Our mathematical results confirm the latter: The conservation of the transversal
wave number can lead to negative refraction between two materials with positive index,
as suggested in [22].

*Technische Universitdt Dortmund, Fakultdt fiir Mathematik, Vogelpothsweg 87, D-44227 Dort-
mund, Germany. agnes.lamacz@tu-dortmund.de, ben.schweizer@tu-dortmund.de
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In mathematical terms, the light intensity is determined by the Helmholtz equation
~V - (a(z)Vu(r)) = w? u(z), (1.1)

which must be solved for u in a domain Q, x = (21, x2) € . Here, we are interested in
the unbounded rectangle  := R x (0, ) C R? (our methods can be used also in higher
dimension, e.g.for Q := R x (0,hy) x (0,h3) C R3). In (1.1), w > 0 is a prescribed
frequency and a = a(z) is the inverse permittivity of the medium. In an xz-independent
geometry and with polarized light, the time-harmonic Maxwell’s equations reduce to
(1.1) and u = u(z) is the out-of-plane component of the magnetic field.

The z-dependent coefficient a describes the medium. We assume that the right
half space {x = (z1,22) € Q|z; > 0} is occupied by a periodic photonic crystal with
periodicity length e > 0. Using the unit cube Y = (0, 1)? and the scaled cube Y, = Y =
(0,¢)?, we therefore assume that the coefficient @ = a° is Y.-periodic for z; > 0. We
make the assumption that an integer number K of cells fits vertically in the domain,
i.e.that K = h/e € N. On the left half space {x = (x1,22) € Qlx; < 0}, we set
a =a® = 1. With a = a® and w given, problem (1.1) is an equation for u, but it must
be accompanied by boundary conditions.

We impose periodic boundary conditions in the vertical direction, i.e. we identify the
lower boundary {x = (21, x2)|z2 = 0} with the upper boundary {x = (21, x2)|z2 = h}.
In order to analyze scattering properties of the interface, we assume that the interface
is lit by a planar wave. We consider, for a fixed wave-vector k& € R?, the incident wave

Upe(x) = 2™k (1.2)

To guarantee that Uy, is a solution to (1.1) on the left, we assume w? = 472|k[?. Since
the Helmholtz-equation models a time-harmonic situation, we should think here of a
solution of the wave equation in the form U (,t) = Upe(2)e ™! = exp(i[2mk - 2 —wt]).
We always consider k; > 0 such that Uy, represents a right-going wave. In addition, we
assume that the incident wave respects the periodicity condition in vertical direction,
i.e. e2mk2h — 1 or, equivalently, koh € Z.

With the incident wave U;,. at hand we can now describe — at least formally — the
boundary conditions for solutions u of (1.1) as x; — £oo. We seck for u such that (i)
u satisfies an outgoing wave condition as x; — oo and (ii) u — Uy, satisfies an outgoing
wave condition for x1 — —oo. This leads us to our first question:

Question 1: How can we prescribe an outgoing wave condition in a periodic
medium?

The answer to Question 1 is intricate and requires a detailed study. We will use Bloch
expansions and Bloch projections to formulate our new outgoing wave condition in
Definition 3.3. In order to motivate our choice, we sketch some background in the next
subsection.

Once we have a precise formulation of the scattering problem, we can turn to the
application: What can be said about the transmission problem? When an incident wave
Uine lights the interface, it creates waves inside the photonic crystal, described by v on
{z1 > 0}. What can we say about these waves? Performing a Bloch expansion, we write
u as a superposition of Bloch waves. In this superposition, we expect that only those
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Figure 1: The geometry of the transmission problem for K = 10 (number of cells in
vertical direction). An incoming wave hits the boundary of a photonic crystal. We are
interested in the waves that are generated in the photonic crystal.

waves appear, which satisfy two requirements: (a) the Bloch frequency coincides with
the frequency w. (b) the vertical wave number of the Bloch wave is ks (“conservation
of the vertical wave number”).

Question 2: Let u be the solution of the transmission problem for the
incoming wave Uy,.. Does the Bloch expansion of u in the right half plane
respect requirements (a) and (b), i.e.: Is the frequency condition satisfied
and is the vertical wave number conserved?

A positive answer to Questions 2 provides information on the negative refraction
phenomenon. The requirements (a) and (b) are used in [22] to explain negative refrac-
tion without referring to a negative index material: Denoting the m-th Bloch eigenvalue
for the wave-vector j € Z := [0, 1]? as y,,(j), the photonic crystal can have the property
that the three conditions (a) po(j) = w?, (b) jo = ko, and the additional condition (c)
e1-V,po(7) > 0 (the group velocity has a positive x1-component), determine j uniquely.
For an appropriately chosen field a, an appropriate frequency w and an appropriate in-
coming wave vector k, we have the following situation: e; - k = ko is negative, but
the solution j satisfies e; - Vjo(j) > 0. This means that a light beam that hits the
interface from above (ko negative in free space implies that the vertical group velocity
is negative) produces a light beam in the photonic crystal that is directed towards the
top (vertical group velocity is positive, es - V,pug(7) > 0). With this mechanism, the
conditions (a)-(b) can lead to negative refraction. This is outlined in [22], where a
specific photonic crystal is described and the negative refraction effect is supported by
numerical results. We note that a quite different interpretation is given in [12].

We will answer the above Questions 1 and 2. The precise answers are more complex
than one might expect at first sight (we sketch some of the principal difficulties in
the next two subsections). We define the outgoing wave conditions in Definition 3.3.
We assure that these conditions are good conditions by providing a uniqueness result:
Theorem 1.2 yields, in a weak sense, the uniqueness of solutions in terms of the Bloch
measure. Question 2 is answered with Theorem 1.3: If w is a solution that satisfies
the outgoing wave condition, then the corresponding Bloch measure is concentrated
in those frequencies that respect (a)—(b). In Section 1.3 we present the mathematical
description of our results.
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1.1 Outgoing wave conditions

Although we use our results to analyze negative refraction, the core of our mathematical
theory is more general: We develop an outgoing wave condition for the Helmholtz
equation in a periodic medium. In this section, we sketch some background concerning
radiation conditions, mainly in free space. Our aim is to demonstrate the importance
of radiation conditions, to show the intimate link between radiation conditions and
uniqueness results, and to motivate our mathematical approach.

The Helmholtz equation (1.1) has been studied already by Euler and Lagrange,
but Helmholtz was the first who expressed solutions in bounded domains with a rep-
resentation formula [15]. In unbounded domains, one faces the problem of boundary
conditions at infinity. We recall that two fundamental solutions of the Helmholtz equa-
tion for x € R? are given by

uy(z) = —e®lland  u_(z) = —e Wl (1.3)

With the time-dependence e~®*, the solution w, represents an outgoing wave, u_ an
incoming wave. Outgoing waves are expected to be the building stones of solutions of
scattering problems, incoming waves should not be present in the expansion of solutions.
We note that both elementary solutions decay for |x| — oo (even at the same rate), it
is therefore not reasonable to demand only a decay property of solutions.

Sommerfeld introduced in [31] for dimension n = 3 a radiation condition; until
today, it is the standard outgoing wave condition in free space and is named after him:

2|2 (Dayu — i) (@) = 0 as Ja] = oo (14)

The solution u, satisfies (1.4) and is therefore an admissible building block, u_ does
not satisfy (1.4) and is therefore not accepted as a solution. Sommerfeld justified his
radiation condition with a uniqueness proof: Prescribing boundary data on an obstacle
(the scatterer) and the radiation condition (1.4) at infinity, the Helmholtz equation
has at most one solution. Actually, Sommerfeld demanded two further properties to
guarantee uniqueness, but the results of Rellich (today known as “Rellich Lemma”)
showed that the additional assumptions are not necessary [28]. We refer to the overview
article [29] for the historical background.

For two reasons, we cannot use the Sommerfeld radiation condition. The obvious
point is that we consider z-dependent coefficients a. The interest in z-dependent co-
efficients is not new: Sommerfeld himself studied the case that a takes two different
values in two disjoint half-spaces. In [16], Jager studied coefficients a that stabilize to
constant coefficients for || — oco. Our situation is different, since a is periodic in the
right half plane.

The second point is that our situation is neither one- nor two-dimensional. The
elementary solution in a strip R x (0,1) with constant coefficients is e** with k =
(K1, ko) and |k|*> = w, which is right-going for x; > 0 and left-going for x; < 0.
The solution has no decay (similar to the one-dimensional case), but the expression
0z, u — twu does not vanish for right-going waves due to the presence of xs.

It is not at all clear how to formulate a condition for non-constant coefficients in
infinite strips. In our approach, we demand that (at the far right) the projection of
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u onto left-going Bloch-waves vanishes. To make the condition precise, we have to
deal with the fact that u is not periodic; for this reason, we must consider u on large
domains, for large values x1, and study the corresponding Bloch expansion.

We emphasize that, even though the conditions become more technical, we follow
the historical pathway: The expression in (1.4) can be understood as a projection of the
solution u onto incoming waves since outgoing waves are filtered out. It is demanded
that the projection is small for large radii. We my also formulate our outgoing wave
condition (3.6) as follows: At the far right, the solution u can be expanded in a Bloch
series that contains only right-going waves. With this requirement, we follow once
more Sommerfeld who writes in [31]: “at infinity u must be representable as a sum (or
integral) of waves of the divergent traveling type.” For more material concerning the
situation of a homogeneous material we refer to [11].

On radiation in waveguides and photonic crystals

A radiation condition in a waveguide with varying index in transversal direction is
studied in [6]. The “modal radiation condition”, formulated in Definition 2.4 of [6],
demands for solutions u of the Helmholtz equation that

(Fu(z,.))(\) = dfe_\mx' for +2>a

holds for every A. Here, F denotes a generalized Fourier transform and x is the longi-
tudinal independent variable. As in our radiation condition, it is demanded that only
outgoing waves (e*‘mx' instead of 6+ﬁ\x|) are present. The new feature of our approach
is that it covers media with oscillations also in longitudinal direction. We cannot use
methods that rely on separation of variables and the Fourier transform must be replaced
by a Bloch transform.

Also in [4], the radiation of waves inside a photonic crystal is investigated. The
connection to our work is even closer since, more precisely, the interface between a
photonic crystal and free space is investigated. The fundamental difference to our work
is that the underlying frequency w is assumed to lie in a band-gap of the photonic
crystal. For this reason, in [4], waves are found to decay exponentially in the photonic
crystal (and no explicit radiation condition must be formulated).

We mention [25] and the references therein for other approaches to radiation con-
ditions, also based on Poynting vectors and incoming and outgoing waves. The time
dependent wave-guide problem (using a photonic crystal with a defect) is studied in [21].
The authors show that the dynamics can be approximately described by a nonlinear
Schrodinger equation.

We do not relate here our new outgoing wave condition to the approaches that are
more oriented to numerics, such as perfectly matched layers or transparent boundary
conditions [14, 18].

1.2 Uniqueness and negative refraction

Sommerfeld introduced his radiation condition together with a uniqueness result. We
follow his example and provide a uniqueness statement for our outgoing wave condi-
tion in photonic crystals. With this result, we can treat the application on negative
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refraction. Several problems must be tackled in this process and the uniqueness result
is, unfortunately, not as strong and simple as one would like it to be.

It is an essential feature of the Helmholtz equation that, even without source terms
and with homogeneous boundary conditions, the solution may be nontrivial. One exam-
ple on a bounded domain is 2 = (0,1) C R! with the solution u(z) = sin(mz) for w = 7.
A more relevant example in higher dimension (2 or 3) is the Helmholtz resonator: When
w coincides with the resonance frequency, there is a nontrivial solution to homogeneous
boundary conditions, see [30]. For regular exterior domains, the Sommerfeld condition
implies uniqueness (the Helmholtz operator has only a continuous spectrum and no
point spectrum), but this is true only for the original Helmholtz equation with constant
coefficients.

In our case of non-constant and (looking globally) non-periodic coefficients, there
might be nontrivial surface wave solutions to the Helmholtz equation, which satisfy the
radiation condition. An example of such a case are standing wave solutions in photonic
crystals with a point defect, compare e.g. [17], Chapter 5. Also in our situation of an
interface between free space and photonic crystal, one expects nontrivial solutions, see
e.g.[23, 24]. Concerning the mathematical analysis of defects in a photonic crystal and
the possibility that they support modes (and hence act as a waveguide) see [5, 13].
Our uniqueness result in the transmission problem must deal with the fact that there
might be solutions that are concentrated at the interface or solutions that correspond
to waves in the vertical direction. As a consequence, our uniqueness result can provide
only the following: Imposing the new radiation condition in photonic crystals:

1. the radiating solution has certain properties far away from the interface

2. the radiating solution consists of outgoing waves at infinity, but may contain
additionally waves in vertical direction

These two points imply that our uniqueness statement has only a weak form. 1. We
characterize in Theorem 1.2 only the Bloch measure of solutions, which means that
solutions are studied only for large values of |x1]|. 2. Given two solutions u and @ and
their difference v := u — 4, we cannot show that the Bloch measure of v vanishes; we
can only show that the Bloch measure of v is supported on vertically travelling waves.

A second and more technical problem will accompany us on our way to a radiation
condition and to the uniqueness result: The geometry is not globally periodic and the
solution w is not periodic (and w is, in general, not periodic on any rectangle in the right
half plane). For this reason, neither a Bloch transformation of u nor a periodic Bloch
expansion of u are meaningful as such. We will have to truncate u on large squares at
the far right and consider the Bloch expansion of the result. We must use large squares
in order to acchieve that the truncation of u introduces only small errors.

Bloch measures (as used e.g.in [1]) are the appropriate tool for the limit analysis,
which is necessary for the following reason: A periodic Bloch expansion uses a discrete
set of frequences j. In general, not even the elementary frequency condition ug(j) = w?
(the Bloch wave frequency coincides with the frequency of the Helmholtz equation) can
be satisfied in a discrete set of frequencies j. For this reason, we cannot expect that
the Bloch expansion of u (at a finite distance) satisfies certain conditions (such as the
frequency condition), but we must introduce a limiting object (in our case the Bloch
measure). Our aim is to derive properties of this limiting object.
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Regarding other mathematical approaches to related problems, we mention [2, 3],
where the authors investigate diffraction effects in time-dependent equations. In [1],
the spectrum of an elliptic operator in a periodic medium is investigated. We use some
methods of [1], in particular in our pre-Bloch expansion. Moreover, the above mentioned
problem of waves that are concentrated at the interface of the photonic crystal has a
counterpart in [1]: The part of the spectrum that is related to the boundary layer
cannot be characterized explicitly (in the sense of [1], where the sequence ¢; — 0 is
fixed, and in contrast to [9], where the sequence ¢; — 0 is chosen appropriately).

We close this section with more references to negative refraction effects. Negative
refraction can be a consequence of a negative index material, see [26] for the effect and
[7, 8, 10, 19, 20] for rigorous results, obtained with the tools of homogenization theory.
In [12, 27], the negative refraction effect is explained in the spirit of negative index
materials. But negative refraction can also occur without a negative index material,
see [22]. We note that the photonic crystals in [12] and in [22] are identical and that
they do not have a negative effective index in the sense of homogenization. With the
work at hand we support the line of argument of [22].

1.3 Main results

Throughout this article we consider the following parameters as fixed: The frequency
w > 0, the height A > 0, the periodicity length ¢ > 0 with K = h/e € N, and the
wave number k € R? of the incident wave with koh € Z, k; > 0 and 47%|k|*> = w.
The underlying domain is Q2 := R x (0, h) and the coefficient field is a = a® : Q@ — R.
We assume 0 < a, < a(r) < a* <ooVr € Q,a=1on {x; <0}, and a € C' with
e-periodicity with respect to x; and x5 on {x; > 0}.

We use Bloch expansions of the solution. Let us give a description of our results,
focussing on the situation at the far right (the superscript “4” indicates that we study
x1 > 0). The Bloch expansion uses two indices, m € Ny = {0,1,2,...} numbers the
eigenfunctions in the periodicity cell and j € Z := [0, 1]? measures the phase shift along
one periodicity cell. We collect the two indices in one index as A := (j,m) € I := ZxNy.

To every A\ € I we associate a Poynting number P € R, see (3.1). For the Bloch
wave with index A, the number Py is a measure for the flux of energy in positive
x1-direction. Our outgoing wave condition demands (in some quantitative form, see
Definition 3.3), that the solution does not contain left-going waves on the far right
(waves with PJ” < 0). Our results are formulated with the help of subsets of indices.
Waves with vertical energy flux (or no energy flux) correspond to A € I in

IHy:={Nel|Pf=0} CI:=7ZxN,

and the set of corresponding j € Z (for a given m € Ny) is

J

Tdom = {j e Z|P},, :o} —{jez|(j,m) eIt} cZ=[0,1P

Our results are meaningful for general frequencies w > 0. Unfortunately, we are only
able to prove results for moderate frequencies, as expressed in the following assumption.
It demands that the frequency of the wave is below the energy band corresponding to
the index m = 1.
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Assumption 1.1 (Smallness of the frequency). We assume on the coefficient a and
the frequency w that
w?< inf  ut(j), (1.5)

j€Zm>1" ™"
and w? < infjez m>1 p,(j), where ut(j) are the Bloch-eigenvalues.

Our main results concern solutions u of the scattering problem, which we specify
as follows: We say that u € H._() solves the scattering problem if it satisfies the
Helmholtz equation (1.1) in @ = R x (0, ) with periodic boundary conditions in the
xo-variable. We furthermore assume that it is generated by the incoming wave Uy, of
(1.2) in the following sense: u satisfies the outgoing wave condition (3.6) on the right
and the difference u — Uy, satisfies the outgoing wave condition (3.7) on the left.

Our uniqueness result characterizes the Bloch measures Vfoo of a difference of two
solutions (the Bloch measures are introduced in Definition 4.2). The theorem below
yields that, for large values of |z1|, the difference of two solutions does not contain
Bloch waves with an eigenvalue index larger than 0. Furthermore, only those waves can

appear which transport energy in vertical direction.

Theorem 1.2 (Uniqueness up to vertical waves). Let Assumption 1.1 on the frequency
w be satisfied. For the incoming wave Uy, with wave vector k, let uw and u be two
solutions of the scattering problem. With the difference v .= u—1u, let l/foo, with | € Ny,
be Bloch measures that are generated by v. Then there holds

Vﬁoo:O forl>1,

supp(ugfoo) C J:io’o.

Our second main results shows that the transmission of an incoming wave occurs
in such a way that two quantities are conserved: The vertical wave number and the
energy.

Theorem 1.3 (Transmission conditions). Let Assumption 1.1 be satisfied, let k be the
wave vector of the incoming wave Uye. Let u be a solution of the scattering problem
and l/foo, with | € Ny, the Bloch measures that are generated by w. Then l/ljfoo =0 for
[>1 and

swpplii) © (€210 =N (UeZl=h) U ). ()

1.4 Further comments on the main results

On the uniqueness result. The uniqueness result of Theorem 1.2 has two weaknesses:
The first is related to the presence of vertical waves and of surface waves; these have
been discussed above. The second weakness concerns Assumption 1.1: We can derive
our results under the assumption that the underlying frequency w is small; it must lie
below the second band of the Bloch energy landscape. Our conjecture is that our results
remain valid for arbitrary frequencies (in the form supp(l/foo) C Jio,l for every | > 0).
But due to a lack of orthogonality properties in the bilinear form b (see Section 4), we
must exploit the frequency assumption in our uniqueness proof.
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A possible scaling in € > 0. In all our theorems we keep the length scale ¢ > 0 fixed.
In other words: wave-length 1/w and periodicity length ¢ are of order 1 and are thus
related by a factor of order 1.

It is very interesting to analyze the behavior of light in small micro-structures, i.e. to
analyze the limit ¢ — 0 (this limit process actually inspired our research). The limit
can be performed in two settings: In the classical homogenization problem, one keeps
w (and hence the wave-length) fixed and analyzes the behavior of solutions u = u® as
e — 0. This approach was carried out e.g.in [7, 8, 10, 19, 20]. The second setting
regards the limit ¢ — 0 in a situation where the wave-length of the incoming wave is
also of order . In this case, the following scaling should be chosen:

1 * * —_ ES . —_ * .
B (k) = —(K3), o =Tt ) = et 0), (1.9)
and Uf,, = €™ which makes the incoming wave of (1.2) e-dependent. Our methods

are adapted to this scaling. Loosely stated, after a rescaling, our Theorem 1.3 yields:
The solution u® to the scattering problem with incoming wave k° consists, at fixed
distance x; > 0 and in the limit ¢ — 0, only of Bloch waves that correspond to the
frequency w* and to the wave number £} (up to vertical waves).

Outline of this contribution. Bloch expansions are described in Section 2. In
Section 3 we define energy flux numbers and corresponding index sets; these are used
to define the new outgoing wave condition. Theorem 1.2 is shown in Section 4, Theorem
1.3 is shown in Section 5.

2 Bloch expansions

2.1 Pre-Bloch expansions

We use a discrete expansion which is the first stage of a Bloch expansion (and closely
related to the Floquet-Bloch transform). We analyze the h-periodic function u(xy,-).
The subsequent result appears as Lemma 4.9 in [1].

Lemma 2.1 (Vertical pre-Bloch expansion). Let K € N be the number of periodicity
cells and let h = €K be the height of the strip R x (0,h). Let u € L% (R x (0,h);C)

loc
be a function. Then u can be expanded uniquely in periodic functions with phase-shifts:

With the finite index set Qg = {0, %, %, - %} we find

U(l‘l, LUQ) = Z (b.72 (‘rla Ig) eQWij2$2/€ ) (21)
J2€QK

where each function ®;,(x1,-) is e-periodic. The equality (2.1) holds in L (R X
(0,h); C).

Sketch of proof. We sketch a proof (different from the one chosen in [1]), considering
only u = u(x2) and h = 1. Expanding u in a Fourier series, we may write

u(zy) = Z By, eZmikew2/e (2.2)

ko€eZ
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For every jo € eNy with jo < 1 (i.e.for every j, € Qk) we set

]2 $2 Z 5 6271'1 k‘z ]2 :L‘Q/E (23)
ko€jo+7Z
With this choice, each @, is e-periodic and (2.1) is satisfied. O

For the above pre-Bloch expansion we define the projection on a vertical wave num-
ber k, as follows.

Definition 2.2 (Vertical pre-Bloch projection IT}). Let u € Lj (R x (0, h); C) with
h = Ke be a function on a strip and let ko € Qx be a vertical wave number. Then,
expanding u as in (2.1), we set

I u(wy, 22) 1= Bpy (1, 20) €722/ (2.4)

The projection is an orthogonal projection: For e-periodic functions ¢ and ® and
indices ko # ko there holds fo *2”’{25’52/5@( o)e2mk2r2/% s = 0 by Lemma A.1.

We will later use the followmg fact If u is a solution of the scattering problem with
incident vertical wave number ko, then also the projection HZirtu is a solution of the
scattering problem. Together with a uniqueness result for solutions, we can conclude
from this fact that the vertical wave number is conserved in the photonic crystal.

Below, we have to deal with the following situation: For a function u on a strip with
height h, we can perform a pre-Bloch expansion. We may also extend u periodically in
the vertical direction and perform a pre-Bloch expansion of the extended function on a
wider strip. We find that both constructions yield the same result.

Remark 2.3 (Vertical pre-Bloch expansion of a periodically extended function). Let
K = h/e denote the number of oscillations in vertical direction and let u € L} (R x
(0,h)) be a function with vertical pre-Bloch expansion

E 2mijox 5
u(ﬂfl,l’Q ¢j2 l‘l,l’z) 2 2/
J2€QK

Let R € N be a multiple of K and let u be the periodic extension of u to the interval
(0,eR) in xo-direction. Then u € L (R x (0,eR)) has the vertical pre-Bloch expansion

w(xy,20) = Z <f>52(x1,x2)62”i52””2/5, (2.5)

J2€QR

where the coefficients according to the finer grid Qg satisfy

b () = 0 ifj & Qx
” 5, () if j2 € Q-

The statement follows immediately from the uniqueness of the pre-Bloch expansion.
Remark 2.3 explains our choice concerning scalings: Given a sequence of functions ug,
defined on an sequence of increasing domains, at first sight, one might find it natural
to rescale ug to a standard domain and to analyze the sequence of rescaled functions.
Instead, we work with the sequence ugr on increasing domains. In this way, one index
J € Z always refers to the same elementary wave, which allows to investigate the Bloch
measure limit.
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Pre-Bloch expansion in two variables. For a function u that is defined on a rect-
angle and that is periodic in both directions, the pre-Bloch expansion in two variables
can be defined by expanding first in one variable and then in the other.

For functions w on R x (0, h) the situation is more difficult, since w is not periodic
in xq-direction. In order to expand in both directions, we truncate u with a cut-off
function n : R x [0, h] with compact support. For convenience, we assume that the
support of 7 is contained in the square [0, k] x [0, A].

The truncation of u is defined as w(z) := u(z)n(x). We expand w (on the square
[0, k] x [0, h]) in both directions in a pre-Bloch expansion, using the vector j = (j1,ja) €
Qx X Qk and z = (z1, x2):

wx) = Y Ox) eI (2.6)
JEQKXQK
The functions ®; = ®(;, ;,) are now e-periodic in both variables. Due to orthogonality
there holds (h = ¢K)

1 2
W"wm‘ﬂ([ﬂ@): > Y|<Dj\-

JEQKRXQK "™ "¢

2.2 Bloch expansion

We now construct the Bloch expansion with the help of the pre-Bloch expansion. This
is done by developing each function ®; for j = (ji, j2) in terms of eigenfunctions of the
operator

L] :=—(V+2mij/e) - (a*(x) (V + 2mij/e)) . (2.7)
The operator Ej acts on complex-valued functions on the cell Y, with periodic boundary
conditions. It appears in the analysis of (1.1) for the following reason: Let ¥} be an
eigenfunction of £ with eigenvalue y(j); then there holds

v (as(x)v[\ljj-e%rij-a:/e]) _ [E;-\I/;—]627rij-:v/e — ,u+(j) [\I/je%rij-a:/e] '

Hence Wfe?™%/% is a solution of the Helmholtz equation on the right half-plane if
pr(j) = w

We have to distinguish between z; > 0 and x; < 0. On the right, the expansion
is performed with E;“ as above, with the periodic coefficient a® = a®(x). On the left,
expansions are performed according to a® = 1 with the operator £ 1= — (V + 27ij/e)-
(V + 2mij/e). The result is a classical Fourier expansion of the solution.

Definition 2.4 (Bloch eigenfunctions). Let j € [0,1]* be a fized wave vector. We
denote by (\I/;fm)meNo the family of eigenfunctions of the operator E;’ of (2.7). The
labelling is such that the corresponding eigenvalues yf (j) are ordered increasing in m.

Similarly, (\Il;m)meNo is the family of eigenfunctions of the operator L and o (7)

. . . . +
are the corresponding eigenvalues. We normalize with chg |\Ilj,m|2 =1.

A standard symmetry argument yields that all functions W7 (x)e? /¢ are or-
thonormal (at least after an appropriate orthonormalization procedure for multiple
eigenvalues). On the left hand side (i.e.for z; < 0, denoted with the superscript “-”),
the Bloch eigenfunctions are exponentials, and the Bloch expansion coincides with a
Fourier expansion. We collect properties on the left half-domain in Remark 3.8.
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Lemma 2.5 (Bloch expansion). Let K € N be the number of cells in each direction,
let w € L*(KY.;C) be a function on the square (0, Ke) x (0, Ke). Expanding u in a
pre-Bloch expansion and then expanding each ®; in eigenfunctions ‘Ifjm we obtain, with
coefficients oﬁ € R,

u(z) = Z Z%m ]m 2m'j'w/57

JEQK XQK m=0

and similarly, for an expansion corresponding to constant coefficients a® =1,

U(I) _ Z Z ajm jm 27rij-x/8 )

JEQK XQK m=0

To shorten notation, we will use the multi-index A = (j,m) in the index-set [ :=
{(5,m)]j € Qx X Qx, m € Ng} C I := Z x Ny. For a multi-index A\ = (j,m), the phase
shift is extracted with the function 6 : I — R?, defined as 6((j,m)) := j. Abbreviating
additionally

Ui (z) := UE(x) 2m0N2/e (2.8)

we may write the formulas of Lemma 2.5 as

= Z af U () 20N 2/e — Z oy Ui (7). (2.9)

Aelg Aelk

The expansion holds for the basis functions Uy with coefficients of and for the basis
functions Uy with coefficients o . Moreover, due to L*-orthonormality of the functions

Ui, with h = eK and KY. = (0,h) x (0, h),

1
—(5K)2||U||%2(KYE) = Z o | (2.10)

3 Outgoing wave condition

3.1 Poynting numbers and projections

Let A = (j,m) € I be an index and let U; be the corresponding Bloch function.
Denoting by e; = (1,0) € R? the first unit vector, we connect to A € I the real numbers

Pf=Im+ Uf(z)er - [a°(z)VU (2)] dz,
I (3.1)
Py =Im+ Uy (z)e; - VU, (z)dzx.
Ye
The number Py is related to the Poynting vector of the Bloch eigenfunction Uy It
indicates the energy flux of this eigenfunction in horizontal direction. In the case
P > 0, the energy of the wave is travelling to the right, in the case Py < 0, the energy
of the wave is travelling to the left.
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The relation to Maxwell’s equations is as follows: If u denotes the out-of-plane mag-
netic field, i.e. H = (0,0,u), then the electric field is (Ey, Es, 0) with £} = (—iwe) 1 0u
and Fy = (iwe) '0ju where ¢ is the permittivity of the medium. The complex
Poynting vector is P = %E x H, so the real part of its horizontal component is
Re(er - P) = Re(3 H3E») = (2w) 'Re(—ite '01u) = (2w) 'Im (@ adiu), where we used
that the coefficient a = €' is the inverse permittivity. Our expression in (3.1) coincides
up to the factor 2w with an integral of this expression.

The index set for A: In our construction, we fix the height h > 0 of the domain
and the periodicity length ¢ = h/K, the Bloch expansion is performed in this fixed
geometry. As a consequence, we consider only indices A = (j,m) € Ix: The frequency
parameter j must lie in the discrete set Qg X Qx C Z. On the other hand, for arbitrary
j € Z, we can still consider the functions U< and U f They do not depend on K,

Jm
hence also the values PAjE are independent of K.

Definition 3.1 (Index sets and projections). We define the set of indices corresponding
to right-going waves in x1 > 0 as

IHy={xel|Pf>0}. (3.2)

The index sets 1, Ifo, I§07 [%[0, Ifo are defined accordingly.

Projections. For K € N we define the projections Hio as follows. For u €
L*(KY.;C) with discrete Bloch expansion

u(@) =) oy Ux(2)

AEIK

we set

Z,u(z) = Z U (2).

AeIgnIE,

With this definition, Hj>[0 are the projections onto right-going Bloch-waves. The projec-

tions Hj<[0> H;O, Héo; and 11X, are defined accordingly.

For ky € Qi and | € Ny, the “vertical” projection szrt’i and the “eigenvalue”
projection H?V’i are defined by

M7= 3 aili).
Ae{(j,m)ElK]| jo=ka}
Y u(z) = Z ay Uy (@)

Ae{(j,m)Elk|m=I}

Note that the projections H‘,:;rt’i of the discrete Bloch expansion indeed coincide with
the projection H%grt of the corresponding vertical pre-Bloch expansion of Definition 2.2.
The vertical projection is independent of K in the sense that a periodically extended
u with a larger value of K has the same projection, compare Remark 2.3. Indeed, we
will later use the projection with K = R.
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3.2 Bloch expansion at infinity and outgoing wave condition

We can now formulate the outgoing wave condition for a solution u of the Helmholtz
equation (1.1). The loose description of our outgoing wave condition (on the right) is:
The Bloch expansion of u does not contain Bloch waves that transport energy to the
left.

For a rigorous definition we must deal with the fact that w is not periodic in x-
direction: u cannot be written as a finite sum of Bloch waves. At the same time, we
want to formulate a condition that characterizes u for large values of x;. For these two
reasons, we consider u for z; € (Re,2Re) with a large natural number R >> K.

Definition 3.2 (Bloch expansion far away from the interface). Let u € L2 (R x

loc

(0,h);C) be a function on the infinite strip with height h = ¢K. Let R € NK be a
multiple of K. We define @ : R*> — C as the h-periodic extension of u in zo-direction.
We furthermore define functions uﬁ :RY, — C by

uh(z1, 2) := w(Re + x1, 12), (3.3)

ugp(x1, ) 1= U(—2Re + x1, x2) . (34

The functions uf, € L*(RY:; C) have discrete Bloch expansions

u(e) = ) aipUy (2). (3.5)

AelR
The coefficients (aiR)AGI encode the behavior of u for large values of |z1].

We are now in the position to define the outgoing wave condition for a solution u
to the Helmholtz equation.

Definition 3.3 (Outgoing wave condition). For K € N, R € NK and h = Ke, we con-
sider u € L (R x (0, h);C). We say that u satisfies the outgoing wave condition on the

loc

right if the following two conditions are satisfied: foh LLH \u|? is bounded, independently
of L >0, and
1 2
R /RYE 5, (uf)|” = 0 as R — oo (3.6)

Accordingly, we say that u satisfies the outgoing wave condition on the left, if
foh fLL—l \u|? is bounded, independently of L <0, and if

1
—/ (2o (uz)|* = 0 as R — oo (3.7)
RY:

(eR)

Let us repeat the idea of condition (3.6): The function w is considered at the far
right by construcing v}, as in Definition 3.2. This function is projected onto the space
of left-going waves. We demand that the weighted L?-norm of the resulting function
11, (uk) vanishes in the limit R — oo.

With the expansion (3.5) we can write condition (3.6) equivalently as:

Z |oz)tR|2—>OasR—>oo.

+
AeIRN I<O
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Our aim is to show that this definition of an outgoing wave condition implies uniqueness
properties for the scattering problem.

We note that the uniform L?-bounds for large values of |L| imply, for solutions u
of the Helmholtz equation, also uniform bounds for gradients, see Lemma A.3 in the
appendix.

In equation (3.6) we use the projection II,. It is not clear if this is the natural
choice, one might as well use IIf, which means that vertical waves are also suppressed
for R — oco. Unfortunately, even with that stronger requirement, we could not rule out
the appearance of vertical waves in our uniqueness result. We therefore stick with the
weaker requirement of (3.6).

3.3 Truncations and m > 1-projections

In the outgoing wave condition, we study the limit |z,| ~ R — oo and the functions up,
on large squares Wx := RY. = (0, Re)?. As a measure for typical values of a function
v we use weighted integrals on Wg (with |[Wg| = (¢R)?) and the corresponding scalar
product,

1 1
[v]? i= —— lv]?, (v, W)p == —— v-w. (3.8)
]ﬁvR Wkl Jwr, Wkl Jwr,

In the following we denote by Lo = L3 = —V - (a°V) the elliptic operator of (2.7).
As above, we denote cubes by Wy := RY. and, by slight abuse of notation, we write
Wr_1 := (1, R — 1)? for a smaller cube that has the point £(1,1) as its bottom left
corner. We use a family of smooth cut-off functions 7 := ni with the properties

nr € C¥(Wr;R), nr=1on Wa_1, [[Viglle <2, [[V*rlle < Co (3.9)

for some R-independent constant Cj, and with compact support in (0, Re) x (0, Re)y,
where (0, Re)y indicates the interval with identified end points. The latter requirement
admits sequences n with compact support in (0, Re) x (0, Re), but also sequences of
vertically periodic functions 7, in particular functions n = n(z;). In the subsequent
proofs we do not indicate the R-dependence of nr and write only n. We furthermore
omit the superscipts =+, the eigenvalue corresponding to A = (j,m) is denoted by
fa = (7). We recall that € > 0 is fixed.

Lemma 3.4 (The effect of truncations). For R € N let n = ng be a family of cut-off

functions satisfying (3.9). Let vg and wg be sequences of functions in L*(Wg; C) with

vr € H*(Wpg;C). We assume that certain averages over boundary strips are bounded,
1 1

= lvgl® + [Vurl* < Cy, - lwr|* < Co, (3.10)
R Wr\Wg_1 R Wr\Wg_1

with Cy independent of R. Then, with a constant C' that is independent of R:

1. Application of Ly to a truncated function:

£ teatvrrn = £otvmn) = f. R

Lo(vr)n = Y mavrn, Us)r Uy

NelR
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2. If I1 is one of the projections of Definition 3.1, then

C
Fomeen) - Mwnnf < f jon-wnaf <G (a2
Wﬁg Wﬁi

Proof. In the following, the letter C' denotes different constants, possibly varying from
one line to the next, but always independent of R. To prove (3.11), we expand the
L*-function Ly(vg)n in Bloch-waves. The following calculation uses several times inte-
gration by parts; due to the n-factor, no boundary integrals occur.

Lo(vr)n =Y (Lo(wr)n, Un) g Ux = Y (vr, Lo(nUA)) 5 U

AelR AElR
= Z ((vrn, LoUx) g + (vrLo(n), Ux) g — 2 (vr a"Vn, VUy) ) Uy
Aelg
= > (1 (0rn, Un) g = (WrLo(n), Un) g + 2 (Vur a“Vi, Un) 5) Un
AEIR
= (Z pix (vrn, Ux) g UA) —vrLo(n) +2a°Vug - Vn,
AelR

where in the third equality we exploited LoU, = p U, and py € R. The contribution
of the last two terms can be estimated by

][ R Lo(n)|® + [2a° Vg - V?
Wr

< ||£o<n>||im(WR)][ A P—— ||2aEVn||%m<WR)][ T
VVR I/VR

C / 9 / 9 C
< — vR|® + Vv < —.
R? ( Wr\Wg_1 | R’ Wr\Wr_1 ‘ R| R

In the second inequality we exploited supp(Vn) C (Wg \ Wx_1), in the last inequality
we used the uniform bounds (3.10). This proves the inquality in (3.11).

Regarding the equality in (3.11) we have to verify that the formal equality Low =
> ta{w, Uy) g Uy holds for functions w € H?(Wpg) with vanishing boundary data. We
find this from '

(Low, Uy) 2 (w, LoUs) = pua(w, Uy) | (3.13)

where we used in the marked equality that boundary terms vanish.
Inequality (3.12) is a direct consequence of linearity and norm-boundedness of the
projections:

]{VR Hwp, — (wg )| =][ M (wn(1 — )

C , C
gf !wR(l—n)\2§—/ w2 < £
Wr R? Wr\Wg_1 R

This concludes the proof. n
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Remark concerning the need of truncations. One of the fundamental problems
of our approach lies in the periodicity conditions of uﬁ, or, better: the absence of
periodicity in xi-direction. It is for this problem that we have to use large squares and
truncations of up.

We describe the problem with the following observation: Let u be a (vertically
periodic) solution of the Helmholtz equation on R x (0, k) and let u}, be as in Definition
3.2. Then uj% is also a solution on the square Wr = RY,, where it is defined. But ujSL
is not a periodic solution on the square, since it is not periodic in horizontal direction.

To illustrate the point, let us assume that u}; is indeed a periodic solution. In this

case, its Bloch expansion reads uy = Y-, ; axUy, and the equation provides w?uj, =

Lo er, Uy O Doner, WLo(UY) = Yaer, axpy Uy . Comparing coefficients with
the Bloch expansion of u}; we conclude, by uniqueness of the Bloch coefficients, that
ay = 0 for those A\ € I with puf # w? The Bloch expansion of u}, contains only
contributions from the basis functions Uy with p = w? In particular, we find the
following: If the discrete set of (uf)ier, does not contain w?, then uj, necessarily
vanishes.

In the above argument, the equality marked with (?) holds for functions with

compact support or, more generally, for periodic functions. For a non-periodic solution,
in general, there holds £, Z)\GIR aUy # Z/\eIR axLo(U,).

Lemma 3.5 (Contributions from energy levels m > 1). Let w satisfy the smallness
(1.5) of Assumption 1.1. Let u e L (R x (0,h);C) be a vertically periodic solution of
the Helmholtz equation Lou = w?u satisfying the uniform L2?-bounds of Definition 3.5.
Let n = ng be a family of cut-off functions as in (3.9). Then, with a constant C' that is
independent of R:

ev 2 C ev 2 C
fomsenPes od [ omEaief<t. e
WR WR

Proof. We perform the proof for the superscript “+”. Relation (3.12) applied to u},
provides

ev ev 2 C
Fomg ) - Ikl < 3.
Wgr
Indeed, by the uniform L?-bounds of u, the condition & Jwown, [url® < Co with Gy

independent of R is satisfied. The above inequality implies that it is sufficient to show
only one of the two relations in (3.14), we show the second.

We now exploit Assumption 1.1. Due to (1.5), there exists § > 0 such that |w? —
pxl? > 8 for all A = (j,m) with m > 1. We therefore find

%;mxwaw%ﬁ ST [upn U < Y @ = ) (ufn, U g|’
R

A:(j,rg)IEIR A:(j,rg)IEIR
< Z [(wPuf;n, Un) = (paudin, Un) Z [(Lo(uf)n,Ux) , — (paugm, U,\>R|
Aeln Aeln

C
Lo(uf)n = > pa(ufn, Un)pUs| < =

AelR

:ﬁ%
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In the second line we used that £o(u},) = w?u}, holds pointwise almost everywhere in
Wx. In the last inequality we used (3.11), exploiting the uniform H!-bounds provided
by Lemma A.3. This concludes the proof. O

3.4 Other forms of the outgoing wave condition

Let n = ngr be a family of cut-off functions as in (3.9). In view of Relation (3.12) of
Lemma 3.4, the outgoing wave conditions (3.6) and (3.7) are equivalent to outgoing
wave conditions for the truncated functions uﬁn = uﬁ 1. More precisely, they are
equivalent to the conditions

2

][ }H;O(u;m)f%o and ][ (24 (up,)|” =0 as R—co. (3.15)
Wgr Wr

In the proof of our uniqueness result we will use (3.15) instead of the original conditions
(3.6) and (3.7). In fact, even a weaker form of the conditions is sufficient and we discuss
this relaxation in the following.

Corresponding to the energy flux definition in (3.1), we associate to a function
w € H'(Wg; C) on Wx = RY. the Poynting number

Bf(w) :=Im+4 w(x)e; - [a°(z)Vw(x)] dz. (3.16)
Wr
The quadratic expression By, is defined by the same expression, with the only difference
that a®(x) is replaced by 1.

Definition 3.6 (Weaker form of the outgoing wave condition). For K, R € N with
R € KN we consider u € H. (R x (0,eK);C) and ufm as in (3.15). We say that u

loc
satisfies the energetic outgoing wave condition on the right, if

B (MM (uf,) — 0 as R — oo (3.17)
Accordingly, we say that u satisfies the energetic outgoing wave condition on the left, if
By (I 5 (ug,)) = 0 as R — oo (3.18)

In two respects, the condition (3.17) is similar to the condition (3.15): the function
u is considered at the far right since only u}n is used. In view of Lemma 3.5, contri-

butions from energy levels m > 1 can be neglected and we consider only Hf?;”;[)(u;n).
Furthermore, this function is projected to left-going waves, i.e.only ITX 15V (uf,) is

m=0
studied. The main difference between the two conditions is that, instead of looking
at the weighted L%-norm, one demands in (3.17) a decay property for the energy-flux
quantity Bj. At the end of this section, we will see that condition (3.15) (together with
the uniform L?*-bounds and the solution property) implies (3.17).
The definition of B} in (3.16) suggests to introduce additionally the (nonsymmetric)

sesquilinear forms b% : L?(Wg; C) x H(Wg; C) — C,

bi(u,v) :—][ u(x) e - [a°(x)Vu(z)] dz,
Wa (3.19)
bp(u,v) = ]€V u(z) e - Vo(x)dx .
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The definition is tailored to calculate energy fluxes. The energy flux of the left-going
contributions of u;gm (in the right half-plane) is quantified by

BE(HiouEm) =Im bJr (HJ“OUEU, H%u}n)
Im][ Tk (@)e - [a%(2) V(IEgu, ()] do.
The connection to Pf is given by
Py = Bi(Uy) = Imby (U, Uy) . (3.20)
Let us collect some properties of the sesquilinear forms bi.

Lemma 3.7 (Properties of the sesquilinear form bi) For R € N, the following holds:
1. Orthogonality property of by Let A, X € I be such that A = (j,m), A = (j,m)
with j # j. Then Us, U;E of (2.8) satzsfy

bp(UY,UF) = 0. (3.21)

2. Convergence property of b}?. Let sequences ugr,vg € H'(Wg;C) be such that
][ ug|* + |Vog|* < Cy (3.22)
Wr

with Cy independent of R. Let cither fi, |url* — 0 or f, [Vvg[* = 0 as R — oo,
Then there holds '

bﬁ(uR, UR) — 0.

Proof. 1. We prove (3.21) for U}, U/{r, the argument for Uy, U is analogous. We have
to show that

bL(US, U = ]{V ) UT (z) e, - [a%x)VU;(x)} dr = 0.
By definition of Uy and U;" there holds
U () = W (w)e /e,
VU (x) = [vw;@:) + (i27 fe) \y;@)} ¢i2mia/e

with e-periodic functions W}, \If;\r, and V\If;\r. Due to the e-periodicity of a® and since

4,7 € Qg satisfy j # j, we can apply Lemma A.1 of the appendix, which yields the
claim.

2. We show the claim for b}, the argument for b5, is analogous. The Cauchy-Schwarz
inequality allows to calculate

16 (ur, vg)| = ‘ ]{V gl e - ()Von(a)] e

1/2 1/2
< [|a*]oo <][ |UR|2) (][ |VUR]2) —0 as R— oo,
Wgr Wgr

which concludes the proof. O]
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Lemma 3.7 shows that the outgoing wave condition (3.15) together with the L2-
bounds of Definition 3.3 imply (3.17). Indeed, by (3.15), there holds

ev, 2 2
F s, < £ k) 0 R o s
W, Wr

Moreover, HiOHf;”:JB(uEm) satisfies f;, |V (Hioﬂzi{](u;m)) |* < C with C independent
of R due to Lemma A.3 and Lemma A.4 of the appendix. Lemma 3.7 provides

By, (I I, 2o (uf, ) = Tm b (TG IL 20 (ufh ), TR I 2o (u ) — 0 as R — oo,

and hence (3.17).

In free space, Bloch waves are exponentials. We conclude this section with a
remark concerning the situation for z; < 0, indicated with the superscript “-”. Here, the
Bloch waves are exponential functions and some quantities can be expressed explicitly.

Remark 3.8 (Basis functions and index sets on the left). The functions ¥}, are e-
periodic eigenfunctions of the operator L; = — (V + 2ij/e)- (V + 27ij/e), hence they
are of the form exp(2mik - x/¢). For fized j and some numbering k = kV) : Ny — Z2:
- mik(m)-x/e — (4 |k(m)+9|2
U, (x) = mHmle () :47T25—2- (3.23)
For X\ = (j,m) there holds

U; (JJ) _ eQwi(k(m)—i—j)-x/s

Y

Py =Im+ Uy (2)e; - VU; (z)dw =

Ye
IZy={)€eI|ki(m)+j1 <0},

= am) + 1)

and analogous characterizations of other index sets.

4 Uniqueness properties of the system

Our aim is to show uniqueness properties of the scattering problem (1.1) with incoming
wave Uj,. and outgoing wave conditions. Following the standard procedure of unique-
ness proofs, we consider two solutions u and @ of the problem. Due to linearity of the
system, the difference v := u — @ satisfies again (1.1). Furthermore, it satisfies outgoing
wave conditions on the left and on the right according to Definition 3.3, without any
incoming wave Up,.. At this point, we have exploited a Cauchy-Schwarz inequality:
Certain projections of u and @ tend to zero in a weighted L?-norm, hence also the
projections of v tend to zero. We can not show that v vanishes (indeed, as explained
in the introduction, we expect that there exist non-trivial solutions for vanishing Uj,.).
But we can show that the functions vi? consist, in the limit R — oo, only of vertical

waves. It turns out that the right object to study is the Bloch measure associated with
+

UR;
We recall that the frequency assumption (1.5) implies that, in the limit R — oo,
the discrete Bloch expansions of “ﬁ contain only modes corresponding to A = (j, m)

with m = 0, see Lemma 3.5.
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4.1 Bloch measures

Definition 4.1 (Discrete Bloch measure). Let ug € L*(Wg;C) be a sequence of func-
tions with discrete Bloch-expansions

up(z) = ) o3 Ui (2),

AeIR

where af = af(R) depend on R € N. Given these coefficients, for fized | € Ny, we
define the l-th discrete Bloch-measure Vlj,ER e M(Z) by

vigi= Y. lei g5, (4.1)

)‘:(j»l)EIR
where ; denotes the Dirac measure at the frequency j € Z.

For up fixed, yﬁR is a non-negative Radon measure on Z = [0, 1]?. There holds

Z/Z vy = Z lat|? 2][ lug|?. (4.2)
=0

AElR Wr
Our aim is to study the limiting behavior R — oo of the discrete Bloch measures VfR.

Definition 4.2 (Bloch measure). For e > 0, K € N and h = Ke, let u be a function
ue L (Rx(0,h);C). We consider a sequence NK 3 R — co. We extract uﬁm = ugn
according to Definition 3.2 with a sequence of cut-off functions n = ng as in (3.9). For

[ € Ny, let VﬁR be the discrete Bloch measures associated with uﬁm.

We say that the measure Vl:,too € M(Z) is a Bloch measure generated by u if there
holds, along a subsequence R — co, weakly in the sense of measures,

l/lj’ER — vt (4.3)

l,00

Relation (4.3) is equivalent to the following: for every test-function ¢ € C(Z) on
Z = [0,1]? there holds

Z ¢(j)|04f|2:/¢dl/f3—>/¢dufoo as R — o00.
z z

Instead of using the discrete Bloch measures I/l:tR associated with “ﬁ,n’ one can
equivalently consider the discrete Bloch measures ﬁliR associated with u}iij (no cut-off
function). Indeed, in the limit R — oo one obtains

+ ~ 4
ViR —Vigp = 0

weakly in the sense of measures.



22 A. Lamacz, B. Schweizer

4.2 Uniqueness in the sense of Bloch measures

Up to this point (with the exception of Lemma 3.5), our considerations have been
completely abstract in the following sense: Given a function u € L _(R x (0,1); C), we
have constructed restrictions of u to large boxes, projections of these restrictions, and
finally discrete and limiting Bloch measures corresponding to u. Except for regularity
properties, we have not exploited the Helmholtz equation. In this section, we will derive
relations that express a physical law: energy conservation. This will eventually lead us
to the uniqueness properties which are expressed with the Bloch measures.

The subsequent result states that, while left-going waves on the right vanish by the
outgoing wave condition, right-going waves vanish by energy conservation.

Proposition 4.3. Let Assumption 1.1 on w > 0 be satisfied and let v be a solution
to the scattering problem (1.1), periodic in vertical direction, satisfying outgoing wave
conditions on the left and on the right according to Definition 3.3, without incoming
wave, i.e. Uy =0. For a sequence of cut-off functions n = ng as in (3.9) we consider

£ . * + 71t ”
Vpp = VgNR = Z)\E[R ay rUY, c.f. Definition 3.2. Then, as R — oo,

Z |Oz;,R|2 Py —0 and Z |a§:R]2 P —0. (4.4)
A=(5.0) A=(.0)
NeIRNIZ, AeIngO

Proof. Step 1: Energy flur equality. For h = e K and R € NK, we consider the special
cut-off function ¥(z) = Jg(x), defined for = = (x, ) as

1 if |21] <eR,
I(z) =92 Bl if eR < [01] < 2R,
0 if |z1] > 2eR.

We multiply the Helmholtz equation (1.1) with coefficients a = a® and solution v by the
test-function J(x) v(z). An integration over R x (0, k) and integration by parts yields
(no boundary terms appear due to periodicity in zy-direction and compact support):

h h
// {aaﬁ|Vv|2+a58x11966x1v}:w2// 9 |vl?.
R Jo R Jo

Due to the special choice of ¥ and a®(x) = 1 for x; < 0, this equation reads

For [r0a— {1 [owono [ [ @wont ooty

On the left-hand side, we recognize the sesquilinear forms b% of (3.19). Because of
periodicity in xo-direction, we may write

h [bg (vg.vg) — bf (vh,vf)] —// {w219|v\ —a* ¥ | V| b (4.5)
Since the right hand side is real, taking the imaginary part of (4.5) yields

Im by, (vg,vp) — Imbj (vi, vh) =0. (4.6)
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Relation (4.6) is an energy conservation: The energy flux into the domain from the left
must coincide with the energy flux out of the domain at the right.

Step 2: Truncations and (m > 1)-waves. We start this part of the proof with an
observation regarding the cut-off functions; we want to have them in the argument of
the sesquilinear form. Due to Lemma A.3 and the properties of the cut-off functions
1N = nr we have

C
F ook -k P (ver - Vo P < 7 (@7)
Wr
and therefore, by Lemma 3.7,
br (UR’ ) — by (v Rnavﬁn)
= bﬁ (U§ - UﬁmUR) + bﬁ (U}i%yn,vli% - vﬁn) —0 as R— 0.

The energy conservation (4.6) therefore implies that, as R — oo,

Im by, (v}_zm, v}_m) —Imbj, (UEW, UEJ]) —0. (4.8)

We next decompose the sesquilinear forms bﬁ according to the projections of Defini-
tion 3.1, and suppress the superscript “+” in the projection. We exploit sesquilinearity
of b}, in both arguments and write

Im b}, (UEW, Ugm)
= Im b, (I, (vf n) v 77) + Im b, (IT5Y_, (v n) Iy (UEW>) (4.9)
+ b (T (vi,) T (Vi) -
We want to exploit the smallness of m > 1-contributions of Lemma 3.5. The regularity
result of Lemma A.3 together with the properties of the sesquilinear form b}, of Lemma
3.7 yield that the first term on the right hand side of (4.9) vanishes in the limit as

R — oo. For the second term we apply Lemma A.4, which provides that also the
gradient of T[T}, (v I3 n) is small; Lemma 3.7 implies

b (157, ("URn) I, (v;n)) —0 as R— o0,

i.e. also the second term on the right hand side of (4.9) vanishes in the limit. We find
that, as R — oo,

Im b; (vgm,vgm) =Imb} (Hf,‘{: (an) Iy (an)) +o(1). (4.10)

Step 3: FEnergy flux and outgoing wave conditions. In this step we decompose
Tm b, (57— (vF;,,) > oy (vg:,))) as follows:
Tm by (050 (Vi) - TT5i0 (Vi)
= Im by, (LI (vf:,)  TIEG I (vf;,))

+ Im b, (TIE, IS (Ug,n) S I EEN E EA (Ug,n»
+Tm b (IS (vfr,) TG TS g (v7:,)) (4.11)
+Im b (T (vf;,) s 5T, (vR,)

= Im b, (I TIS g (v7,) TG TIEY g (vF:,))
+ Im b}, (H;OHS{:O (UE,n) BN § (vr n)) )
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where the last equality holds, since for A\ = (j,m = 0) € I, and XA = (j,m = 0) € I,
one always has j # j and thus the mixed sesquilinear forms vanish due to orthogonality
in the wave number, cf. Lemma 3.7. Exploiting the outgoing wave condition (3.15) on
the right or, better, the weaker expression (3.17), we find that the first term on the
right hand side of (4.11) vanishes in the limit R — co. Hence

Im bE (H?LIZO (UEW) 7H'737;,:0 (UE,W))

4.12
= Im b, (I (vf,) » eI, (v5,))) +0(1) as R — oo, (4.12)

We emphasize that we only used the energetic outgoing wave condition (3.17) in this
calculation.
Combining (4.10) with (4.12) we finally obtain, as R — oo,

Im b}, (v, vh,) = Imbj, (LI, (vh,) TG I (vF;,,)) +o(1) . (4.13)

Step 4: Consequences for the Bloch measures. We analyze (4.13) further, exploiting
the discrete Bloch expansion of vﬁm = reln aiRU;—L:

Im bJ}% (Hgoni;/:o (Ug,n) 7H$0Hi¥:0 (Ug,n))

—m Y > ateal, ok (U507

A=(j,0)elrNIT, A=(j,0)€lpnId,

= Z ’O‘IRF Imb; (U;ra U;r) = Z |O‘:R|2 P;r‘

A=(j,0)€IpNIT, A=(j,0)eIpNIT,

In the last line we again exploited the orthogonality of the sesquilinear form b3, in the
wave number j, see Lemma 3.7, and the relation (3.20) for Pi. We may therefore write
(4.13) as

Im b}, (vgm, vgm) = Z \a;RF PY+o0(1).
A=(4,0)lrNI<,

On the left, we find similarly
Imby (Vi vp) = D lagal By +o(1).

A=(j,0)elrNI_,

The energy relation (4.6) together with the sign properties Py > 0 for A € I3, and
Py <0 for A € IZ, allows to conclude (4.4). O

4.3 Proof of Theorem 1.2

In what follows we will show that solutions to the Helmholtz equation (1.1) are unique
up to waves with vanishing energy flux to the left and to the right (called vertical
waves). We use, for [ € Ny, the index sets

Jo, =€ Z=[0,1|PF =0 for A= (j,1)}. (4.14)

We are now in the position to prove our uniqueness result. Loosely speaking, we
find that the difference of two solutions can contain only vertical waves at infinity.
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Proposition 4.4 (Solutions in absence of incoming waves). Let Assumption 1.1 on
w > 0 be satisfied and let v be a solution to the scattering problem (1.1), periodic
in vertical direction, satisfying outgoing wave conditions on the left and on the right
according to Definition 3.3, without incoming wave. Let Vfoo, with I € Ny, be Bloch
measures that are generated by v. Then

Vi =0 forl>1, (4.15)
supp(Vg0) C JZ00 - (4.16)

Proof. We will only prove the statement for the limiting Bloch measures v;"_, the
argument for v, is analogous. Let vp, = 3>, ; ay zUy. Then the corresponding
Bloch measures are given by

VzJ,rR = Z ‘&;R‘Zdj :
A=(j,l)ElR
The case I > 1: From (3.14) we know that
C
1eY + ]2 — t 12«2
]{VR ‘ le(UR,n)| Z |aA,R| =R

A=(j,m)ElR
m>1

and therefore
/ dv)'p = Z lafpl? =0 as R— 0.
z A=(j)ElR
This shows I/ZFOO =0 for every [ > 1.

The case | = 0: We have to show supp(u& ) C JIQO. To this end, we consider an
arbitrary test function ¢ € C'(Z) with

supp(¢) C {j € Z| A= (4,0) € [, U I,
The outgoing wave condition (3.6) and Proposition 4.3 yield, in the limit R — oo,
Z \a;RP —0 and Z |041r7R|2P/\Jr —0.
A=(4,0)eIrNI L, A=(j,0)eIrNI<,

Since the function Z > j = Py, o
1 := min P/\+ > 0.
A=(j,0erd,
Jj€supp(¢)

€ R is continuous, we have

Without loss of generality, we assume ¢ > 0 (otherwise we consider absolute values).
For the limit R — oo we calculate

/Z pdin= Y lafale()+ S latalet)

A=(j,0)el Lt NIg A=(j,00eITnIR
j€supp(¢) j€supp(¢)

1
<ol D IOJ,RQJr||¢I|ooC—1 Y. ladgP R —o0.

A=(3.0)elrNI L A=(.0)elrNIZ,

This shows (4.16) for “4+”, since ¢ with support outside JX,, was arbitrary. The
argument for “-” is analogous. O
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Proof of Theorem 1.2. The difference v of two solutions satisfies the outgoing wave
condition without an incident wave. Theorem 1.2 is therefore an immediate consequence
of Proposition 4.4. O

5 Proof of Theorem 1.3

In this section we prove Theorem 1.3. We therefore assume from now on that we
are in the situation of that theorem: Assumption 1.1 on w > 0 is satisfied and u is a
solution of the scattering problem with incoming wave U,,., which has the wave number
k = (k1, k). In particular, u is a vertically periodic solution of (1.1) such that v and
u — Ujpe satisty the outgoing wave conditions on the right and on the left.

Let Vl:,too be Bloch measures that are generated by the solution u. The frequency
condition (1.5) is satisfied and we can therefore use Lemma 3.5. As in Proposition 4.4,
case [ > 1, we conclude from (3.14) (and the analogous result for “-”) that ufoo =0
holds for every [ > 1.

Theorem 1.3 is shown once that we verify the following two properties of the Bloch
measure ugfoo:

supp(y(io) Cc{j€Zljo=k}U Jio,(w

)

supp (V) C {J € Zlpg () = w?}

We note that, on the left, we have g (j) = 472|j]*/&2 by (3.23).

1.) Proof of (5.1). We consider the projection ITj"u of u. This function is
again a solution of the scattering problem. Indeed, by Lemma A.2 one has HZ‘;“U €
HL (R x (0,h); C) with periodicity in the zy-variable, and for arbitrary test functions

loc

w € C°(R x (0,h)) there holds

// V- -a*V H"ert // V- a H"ert (Vu) // H"e”t -a®Vu
// Hvert CI, VU — // Hvert U=w // Hvert ,

where we exploited the orthogonality properties of II}*"* from Lemma A.1 and the
solution property of u.

As a consequence, the difference v := u — H‘,;grtu is a solution of the scattering
problem with vanishing incoming wave (just as the difference of two solutions in the
proof of Theorem 1.2). The uniqueness statement of Proposition 4.4 implies: Bloch
measures (for [ = 0) that are generated by v have their support in vertical waves, i.e.in
JE

On the other hand, the Bloch measure of H"ertu is concentrated on waves with
vertical wave number ko, i.e.in {j € Z|jo = ka}. This follows immediately from the
fact that all coefficients ov(jny with jo # ko in the expansion of IIj"u vanish.

Since the Bloch measure of v can have its support only in the union of the supports
corresponding to I} u and u — I} u, the claim (5.1) follows.

2.) Proof of (5.2). We perform a calculation that is similar to that of the uniqueness
proof. Let ¢ : Z — R be continuous and bounded with supp(¢) N {j|uo(j) = w?} =0
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Arguing with decompositions of the domain of integration, we can consider separately
a test-function ¢ > 0 with the property ¢(j) > 0 = uo(j) > w? and a test-function
¢ > 0 with the property ¢(j) > 0 = (j) < w?. The arguments are analogous and we
consider here only ¢ as above.

By continuity of ¢ we find some § > 0 such that pg(j) —w? > § for every j € supp(¢).
Our aim is to show that fZ qbdyafoo = 0. By definition of the Bloch measure vy we

,00
have, as R — oo,

o<5/¢du0mm/¢dum—6 S JafaPol)
A=(5,0)elr (5_3)

< Y (moly) - Dot aPol)

)‘:(j)O)EIR

The result |, Zgbdl/af « = 0 is shown once we prove that the right hand side of (5.3)
vanishes in the limit R — oo. In order to show this fact, we recall that the coefficients
aj’ r are obtained from a Bloch-expansion of the solution at the far right, i.e. aj{v R=
(uf > Uy ) r- We calculate

> (o) — w?)laf 46 ()

A=(j,0)€lr
1)
= > 60) als [uf, mG)UN R — W ul,. U g]
A=(j,0)EIR
= Z O p [k LoUY ) m — (WP, UY ) 6]
(3)
3,0)€
1/2 1/2
(4) 2
< [|8]loo > Jefal’ > [(Louf, — P ufy, Uy )|
A=(j,0)€lr A=(j,0)€lr

In this calculation we used the following: (1) formula for o , (2) the eigenvalue prop-
erty of U, with eigenvalue py = p,,(7), (3) integration by parts without boundary terms
due to the cut-off function 7, (4) Cauchy-Schwarz inequality. Using orthonormality of
the basis functions U} we obtain

Y (woli) — )l gl o)

)‘:(j70)€IR

, 1/2 , ) 1/2
<lolle (£ Mtout, ) (0 (Ca, - 20, )F )
Wgr Wr
+ 12 V2 + 2, + |2 V2
< ]l |uf, | |Louf, —wuf,| )
WR WR
_l’_

Since uy,, satisfies uniform L?-bounds and since Loup,, = w?ug, holds up to a small
L?-error, the right hand side of (5.3) is small for large R > 0. This proves [, ¢ duafoo =0
and hence (5.2) for “+”. The proof for “-” is analogous, Theorem 1.3 is shown.
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6 Outlook and conclusions

On the existence of solutions

We conclude with some remarks concerning the existence of solutions to the scatter-
ing problem. In the end, our radiation condition is “the right one” only if, besides
uniqueness, an existence result can be shown.

We formulate the following conjecture: Given w > 0, given coefficients a = a° that
are equal to 1 in the left half plane and e-periodic in the right half plane, strictly positive
and bounded, given finally an incoming wave Uy, as in (1.2), there exists a solution u
of the scattering problem (described before Theorem 1.2).

The idea for an existence proof is the limiting absorption principle: For a positive
artificial damping parameter § > 0, we consider the equation

—V - (1 +id)a(z) Vil (z)) = w’ () (6.1)

for x € Q@ = R x (0,h). Due to the strictly positive imaginary part of the coefficient
(14 id)a(z), this equation admits a unique solution u’ in the Beppo-Levi space H'()
as can be shown with the Lax-Milgram Lemma.

To proceed, two properties must be shown. The first is: The sequence u’ satisfies
estimates in some function space, uniformly in 6 > 0. Once this is shown, we can
consider the distributional limit u of the sequence u’ as § — 0. As a consequence of
distributional convergence, the limit u is a solution of the Helmholtz equation with
coefficients a.

The intricate part of this approach is to show the second property: The limit «
satisfies the outgoing wave condition. We do not see a straightforward argument that
yields this condition.

Conclusions

We have investigated the transmission properties at the boundary of a photonic crystal.
Our theorems justify the following: An incoming wave generates, inside the photonic
crystal, only those Bloch waves, for which the eigenvalue coincides with the (squared)
frequency of the incoming wave. Furthermore, only those Bloch waves can be generated
that have the same vertical wave number as the incoming wave; this latter statement
is true up to vertical waves.

Our results rely on a new outgoing wave condition in photonic crystals. The new
radiation condition is based on Bloch expansions. It is accompanied by a (weak) unique-
ness result, which is expressed with Bloch-measures. The uniqueness result is the basis
for the analysis of the transmission problem.
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A Orthogonality and regularity properties

Lemma A.1 (Orthogonality with periodic weight). Let f : R — C be e-periodic and
integrable, let R € N be an integer.

1. Orthogonality of exponentials. Let j,j € Qg with j # j. Then
‘ER .. P
/ f(y>e2m]y/ae—2mgy/a dy —0. (Al)
0

2. Orthogonality of the vertical pre-Bloch projection. Let u,v € L2 (R x (0,eR);C)
and let ko € Qr. Then there holds

/ F(y) (s, y) To(ar ) dy = / )T (s, ) T (e, ) dy
(A2)

Proof. 1. By dividing the interval (0,eR) into subintervals of length e, we obtain

eR . ~ R (k+1)8 Lol
/ f(y)e27rmy/€e—27rzyy/€ dy = Z/ f(y)€2m(j—])y/€ dy
0 k

k=0 v "€
R-1 ~ € ~
_Z/ Fy + ke)e2mili-Dwtke)/e gy — Z 2m‘<j—j)k/ F(y)e2mia=v/z gy |
k=0 0

where in the last equality we exploited the periodicity of the weight f. By setting
=[5 f(y)e*™=2v/e dy we conclude

=y

—1 _ 1 _ e2mi(G-iR

(ezm‘(ji))k =C(j,j)————— =0,

- 1 _ e2rili—)

eR . B
/ f<y)€27r1]y/s€727r1]y/s dy _ C(],j)
0

e
i

In the last step we used 4,7 € Qg, which implies R(j — j) € Z and j,j < 1, and
exploited j # j.
2. Let u, v have vertical pre-Bloch expansions

27ri joxo /e _ F 27ri~'2$2 €
u(zy, o) D, (21, Ja2/ ;o v(xg, ) = O (21, 29) ™ /e
J2

J2€QR J2€QR

Then the left hand side of (A.2) reads
/ fu(zy,y H%grt v(x1,y) dy

SN UL I e e

j2€Qr 0

Since the function f(-)®;, (21, )Pk, (21, -) is e-periodic, we can apply the orthogonality
(A.1) of Item 1. The sum on the right hand side collapses to jo = ko and we find
(A.2). O
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Lemma A.2 (Vertical pre-Bloch projection and gradients). Let K € N, h = ¢K, and
ky € Q. Let u € HL (R x (0,h);C) be periodic in the zy-variable. Then the function

loc
I € Hp (R x (0, h); C) is periodic in x5 and there holds

V (I ) = I (V) (A.3)

Proof. Let u have the pre-Bloch expansion (w1, x3) = Y, o, (1, 29) €277272/%,
Due to the periodicity of u in the z,-variable, each ®;, in the above (finite) sum has
H'-regularity, and thus

Vu(zy, xs) Z V o (X1, X2) 2”ij2’”2/5)
e ) (A4)
= Z VD, (21, 22) + 2mija/e Oy (1, 29)eq] 39272/
J2€QK
where e; = (0,1) € R? denotes the second unit vector. Since the expression in the

squared brackets is e-periodic, (A.4) is an expansion of Vu; uniqueness of the pre-
Bloch expansion implies

Hzgzrt (Vu) (1, 22) = (VPp, (21, 22) + 2miky /e P, (21, 22)e2) o2mikaza/e
=V (CDIW (71,72) e%ikﬂz/g) =V (szrtu) (21, 22),
which proves (A.3). -

Lemma A.3 (Caccioppoli estimate). Let u € L2 (R x (0,h)) be a vertically periodic
solution of the Helmholtz equation Lou = w?u. Let u satisfy the uniform L?-bounds of
Definition 3.3. Then there holds

1
— lug)? + |Vup? < C  and ][ luz)? + |[Vug|> < © (A.5)
R WR\WRfl Wr

with C' independent of R.

Proof. The proof is, up to translations and a summation, analogous to the proof of the
standard Caccioppoli estimate: On a rectangle (L — 1, L + 2) x (0, h) we use a cut-off
function 6 with compact support that depends only on x; and which is identical 1 on
(L,L+ 1) x (0,h). Testing the equation with 6?u provides

L+2 L+2 L+2  rh
/L / w?ul?0? = /L / Lou(0*u) /L / {a®|Vul?60® + 2a°(Vub) - (VOu)} .
0

The Cauchy-Schwarz inquality is used to treat the last term, the first factor is absorbed
with Young’s inquality in the gradient term, the other consists (up to bounded factors)
only of the L?-norm of u. We conclude that a bound for the L?-norm on (L — 1, L +
2) x (0,h) implies a bound for the L?-norm of the gradient on (L, L + 1) x (0,h). A
summation over many squares yields the result. O

Lemma A.4 (Regularity of eigenvalue projections I1®V). Let (vg)ren be a sequence of
functions with H?-regularity and vanishing boundary data, i.e. vg € H3(Wg;C). We
assume that

][ lvrl® + [Vorl* + | Lo(vr)]* < Co (A.6)
Wr

holds for Lo = —V - (a° V) with some R-independent constant Cy.
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1. Let 11 be any of the projections of Definition 3.1. Then there exists an R-
independent constant C' such that

FIv @)+ |9 (e + 9 (S <00 (A7

2. If, additionally, JCWR {HZI;WR — 0 as R — oo, then there holds

][ IV (M2 0g)| =0 as R— oo (A.8)
Wr

Proof. 1. We omit the superscripts £. Concerning (A.7) we note that, because of
7S vr = vr — I} _gvr, the estimate for II;). vr follows directly from the estimate for
I1°_,vg and Assumptlon (A.6).

Since II&V_jvop = > A=(.0)ETR a)\U, is a finite sum of periodic functions, we find that
IIeY_,vg is periodic in Wg. This allows to calculate, with 0 < a, < infa®,

f IV (o) < ][ AV (T_yor) - ¥ (TEgor)
Wgr Wgr

(:1)][ ,C[) (Hev O’UR) H O’UR (i)][ H?ZZO (,C()UR) H?X:OUR
WR WR

1/2 1/2
s(][ |Hi:0<covR>|2) (][ ey ovR|)
WR WR
1/2 1/2
g(][ \.covRF) (][ vaF) <0,
WR WR

In (1) we exploited the periodicity of II¢Y_,vg to perform integration by parts without
boundary terms. In (2), we used the periodicity of vg, which yields Lo (II&V_qvg) =
18V (Lovr), as shown in (3.13). In the last line we exploited the norm-boundedness
of projections. The claim for IT (II$Y_,vg) is shown analogously, exploiting again peri-
odicity. This concludes the proof of Relation (A.7).

2. The proof of Relation (A.8) is similar and can be interpreted as an interpola-
tion between function spaces. Once more, we exploit that vr has vanishing (and thus
periodic) boundary data and that II$V_jvg is periodic as a finite sum (see Item 1.).
Therefore also the difference I}, vr = vg — II}]_yvg is periodic. Arguing as above we
obtain, as R — oo,

) 1/2 ) 1/2
a*][ IV (I, 0R) |~ < (][ Iﬁolez) (][ }HfgzlvR}) —0. (A.9)
Wgr Wr Wr

This shows (A.8) and concludes the proof. O
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