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Abstract. We consider the solution of the Helmholtz equation —Awu(x)—n(x)%w?u(x) =
f(x), x = (z,y), in a domain Q which is infinite in  and bounded in y. We assume
that f(x) is supported in Q0 := {x € Q |a~ <z < a™} and that n(x) is z-periodic in
O\Q°. We show how to obtain exact boundary conditions on the vertical segments,
' ={xeQlr=a}and I'" := {x€Q |z =a"}, that will enable us to find the
solution on Q° UT+H UT'~. Then the solution can be extended in € in a straightforward
manner from the values on I'™ and I'". The exact boundary conditions as well as the
extension operators are computed by solving local problems on a single periodicity cell.
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1 Introduction

Periodic media play a major role in applications, in particular in optics for micro and nano-
technology. From the point of view of applications, one of the main interesting features is
the possibility offered by such media of selecting ranges of frequencies for which waves can
or cannot propagate. Mathematically, this property is linked to the gap structure of the
spectrum of the underlying differential operator appearing in the model. For a complete,
mathematically oriented presentation, we refer the reader to [14,15].

There is a need for efficient numerical methods for computing the propagation of waves
inside such structures. In real applications, the media are not perfectly periodic but differ
from periodic media only in bounded regions (which are small with respect to the total size
of the propagation domain). In this case, a natural idea is to reduce the pure numerical
computations to these regions and to try to take advantage of the periodic structure of
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the problem outside: this is particularly of interest when the periodic regions contain a
large number of periodicity cells.

This paper is a contribution to the construction of such methods in a particular sit-
uation. We are interested in propagation media which are a local perturbation of an
infinite (or very large) periodic waveguide, namely an infinite structure which is periodic
in one privileged direction (the propagation direction) and bounded in the other transverse
variables (one says that one has a closed waveguide, as opposed to open waveguides as
considered in [23], for instance). Physically the perturbation may be a defect or simply a
junction. We investigate the question of finding artificial (but exact) boundary conditions
to reduce the numerical computation to a neighborhood of this perturbation.

In the case of “classical” waveguides, which are invariant in the propagation direction,
(in some sense, periodic with any period), the usual approach consists in applying Dirichlet
to Neumann conditions [10, 16] : using the separation of variables, the solution in the
semi-infinite waveguide can be written as the superposition of guided modes, that are
exponentially varying along the waveguide direction. As a consequence, one can write
explicitly a diagonal form of the DtN map in an appropriate (orthonormal) basis. An
alternative approach has been proposed recently which uses the method of Perfectly Match
Layer (see [2] for the application to waveguides), which does not easily extend to periodic
waveguides.

We investigate in this paper the generalization of the DtN approach to periodic wave-
guides, which is complicated by the fact that separation of variables can no longer be used.
However, the notion of guided modes has a natural extension: the notion of Floquet modes.
By revisiting the Floquet-Bloch theory [13], we propose a method for constructing DtN
operators by solving local problems on a single periodicity cell. This is closely connected
to operator-valued Riccati equations (here, of stationary nature), a topic which is already
present in many problems concerning artificial boundary conditions (see, for instance, [5,
11]). It appears also that our method is similar to the matrix transfer approach developed
for ordinary equations with periodic coefficients [17]. However, except in the 1D case
( [8,19]), this theory cannot be applied directly to our problem due to the fact that the
Cauchy problem for the Helmholtz equation is ill-posed in higher dimensions.

In this first paper, our goal is to present the essential ideas and the main theoretical
foundations of our method, explain how we can implement it numerically, and present the
first numerical results. We expect to give a more complete theory in a subsequent article.

It seems that there are very few works in this direction in the mathematical literature.
Most of the existing work is devoted to the determination of the band gap structure of
periodic media. The notion of DtN maps did appear, for instance, in the works by T.
Abboud [1] for diffraction problems by periodic gratings and by J. Tausch [23] for periodic
open waveguides, but it was used to deal with the unboundedness of the propagation
medium in the direction(s) transverse to the periodicity direction(s), a much more standard
situation than the one we consider in this paper.
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Figure 1: Outside the bounded region Q°, the geometry as well as the material properties of the waveguide are
periodic to the left and to the right. The cells over one period are denoted C~ and C™, respectively.

2 Model problem

The model problem that we consider in this paper is that of a 2D periodic waveguide,
which allows us to consider a scalar model, but the treatment of the 3D case (where
the periodicity is in one direction and the domain bounded in the other two directions)
would be similar in principle. We shall assume that the geometry as well as the material
properties of the waveguide are z-periodic except in a bounded region (see Fig. 1).

The propagation model is a simple 2D (x = (z,y)) scalar model:

5 0*U(x,t)

o2
This model holds in electromagnetism when the 2D model is seen as the cross section of a
3D one, invariant in the z direction. In the case of the transverse electric polarization, U
represents the z-component of the electric field and n(x) € L* is the index of refraction
of the medium. Moreover, we suppose that:

n(x) — AU(x,t) = F(x,1).

0 < n_ = inf n(x) < ny =supn(x) < +oo.
x€e) xeQ

We assume that the source term F(x,t) = f(x) e ! is time-harmonic with frequency

w > 0, and look for the time-harmonic solution U(x,t) = u(x) e~*" where u satisfies the
Helmholtz equation:

—Au(x) — n(x)? w? u(x) = f(x). (2.1)
The domain of propagation €2 is bounded in the y direction, infinite in the x direction,
and periodic outside a bounded region QY = QN { a~ < x < a*} that also contains the
support of f. The two infinite periodic sub-domains QF = QN {+ = > + a*} are of the
form:

Ot = G {C* £ (jr*,0)},
j=0

where the unit periodicity cells are

Ct=an{+a* <+x<+at+ 1)
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The function n(x) is “z-periodic” as well:
n(z,y) = n(z £ h*,y), (,y) € O*

The boundary condition on 9§ (which we suppose to be piecewise C! and Lipschitz
continuous) can be Dirichlet (this would be consistent with the perfectly conducting
boundary condition in electromagnetism), Neumann, or any combination, but they need
to be compatible with the periodicity of equation (2.1) in Q= and Q7. In the following, for
the simplicity of the exposition (in particular from the functional analytic point of view)
we will consider homogeneous Neumann boundary conditions on 9Q (99~ and 9Q () 9N*
without mentioning it again. However, all that we shall say can easily be extended to the
other boundary conditions mentioned above.

Our objective is to characterize the restriction of u to Q¥ as the solution of (2.1) in °
that satisfies the boundary conditions on the “Q%-part” of 92, and in addition, satisfies
boundary conditions of the form

ou n
£+ A =0 (2.2)
on the two “vertical” boundaries I't = Q N {z = a*}.

The proper definition of A¥ is linked, of course, to the question of defining (uniquely)
the good physical solution of (2.1). This question is not so obvious and may even be
controversial for physicist (see for instance [3,19]). We use the limiting absorption principle
( [21]) and look for the solution u as the limit (in a sense to be determined), as ¢ goes to
0, of the unique H' solution of

—Aug(x) — n(x)? (W? +16) ue(x) = f(x), €>0. (2.3)

The operators AT should be the limit of the corresponding operators in the transparent,
or “exact” (in the sense that they are satisfied by the exact solution), boundary conditions
associated with u,., which are of the form

Oou,

+
ox

+ Afu. =0. (2.4)

Finally, due to the periodicity of (2.3) in Q\Q°, we know from the Floquet-Bloch theory
that there exists two extension operators which will extend the solution u. from the data
on ' and I'" to all of @~ and Q*. The limits of the extension operators for u.will define
the extension operators for w. The limiting process for u. and the associated operators
requires further theoretical justification. In this paper we shall explain how to find u, for
a fixed €, and give preliminary numerical results on finding the limit, as € goes to 0, of the
various operators involved. In a later paper we hope to give a more complete theory.
This paper is organized as follows. In Section 3 we give analytical results on the
structure of u.. In Sections 4-6 we describe the computation of AZ via the solution of
local problems, as well as the procedure used to compute the limit operators A*. In the
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process, we also obtain the extension operators for u. In Section 7 we show numerical
examples. Section 8 contains the conclusions. In the Appendix we connect, for the case
of an infinitely periodic waveguide without defect, the construction of the transparent
boundary condition to the familiar notion of outgoing waves.

3 Structure of the solution u.

For simplicity, we shall restrict ourselves to the construction of the boundary condition
on I't. Note that, by periodicity, all the “vertical” interfaces F;r =T" + (jh*,0) can be

identified to T'"(=I'j’) and all the cells C}" = C* + (jh™,0) to C*(= Cy).

It is well-known that the Helmholtz equation with absorption in (2.3), posed on the
infinite domain €2, has a unique H' solution, u.. In Theorem 3.1 we give a basic result
about the structure of u. in a part of the domain, namely, in the “half-guide” Q7.

Theorem 3.1. There exist two linear operators,
RE € L(H2(TY)  and S+ ec(Hz(TH),HY(CH)),
such that R is compact, injective, and
p(RY) <1,

where p(RY) denotes the spectral radius of RY, and such that, if we define ¢ := uc|p+,
then for any j > 0,

teler = 850 (RE) . (3.1)

As a consequence of this theorem, once we have the operator S, AT, the Dirichlet-
to-Neumann operator on I'"", can be obtained via

0

A (p) = =5 (S59) L (3.2)

Then the boundary conditions in (2.4) will enable us to solve for the restriction of u. on
Q0. In addition, once we have the operators R and S, we only need the trace of u. on
' to be able to extend the solution to all of Q7.

We summarize in Algorithm 1.
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Algorithm 1 Construction of u. from SF, R}, AT, and S, RZ, AZ.
1. Solve (2.3) in Q0 subject to

Ou,

%—FA:@L&:O, XEFJr,
5 (3.3)
- 5;5 +Au. =0, xel .
2. Extend the solution: j =0,1,2,---
us’cf =8 o (REY (uelp-),
(3.4)

u€|Cj* =5, o (R;)j(ue:h“*)-

We will describe later how we propose to efficiently compute these operators; for now
we proceed with the proof of Theorem 3.1.

Proof. We define the “half-guide problem”:

—Auf () —n(x)? (W +12) uf () =0, inQF, 55)
ut(p) = ¢, on I'+. '

For any p € H 2 (T'"), the solution uf (@) € H'(QT) exists and is unique. By construction

ut (¢) coincides with u. on QF. We will define the operators S} and R} to be its

restriction to the first cell and its further boundary, respectively:

S = ul ()] os s
R = ul(9)|py -

Clearly, the extension equation (3.1) is satisfied for j = 0. Looking at the translation of
ul = uZ (¢) by one period,

al (z,y) == ul (z +h',y), (3.8)
we see that 47 is also in H'(Q") and that it satisfies the PDE,

- Aﬂ:(:c, y) —n(z, y)2 (w2 + 1) &;‘(x, Y)
= —Auj(m +hty) —n(x+ th,y)2 (w2 + 1€) uj(m +ht,y) =0,

for all (z,y) € QF, as well as the boundary condition:

St Pt
Uge |F7L _Rz-: ©-
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By the uniqueness of the solution to (3.5), we have
|, =SF o REe. (3.9)

Finally,
u::r|cl+ = aj‘cur =S oRlp.

Hence, we have shown that (3.1) holds for j = 1. For j > 1, we proceed by induction.
From interior elliptic regularity for u., we deduce that the operator R is regularizing.
More precisely, taking into account the regularity assumptions about n and 9f2, we know
that there exists a neighborhood V¥ of I'{ and some & > 0 such that
1446
ue € HH(QNVY) and  ucll givsory+y < COVT) H‘PHH%(H)-
As a consequence:
1 1
R e L(H>(TH), H21(TT)).

The compactness of R} follows immediately.
For the injectivity of R, we use an argument of unique continuation. Indeed, let us

take a function ¢ such that RT¢ = 0. We restrict the problem to the domain Qf =
Qt N{x >a* + A"} with the boundary condition :

ul [py =RI0=0.

By uniqueness of the solution, we deduce that v} = 0 in Qf Hence, by an argument of
unique continuation, the restriction of ul to C* is zero, in particular, its value on ' :

=0

To show that the spectral radius of R} is < 1, we proceed by contradiction. Suppose
its spectral radius is > 1, then there exists an eigenvalue Ay such that [\g| > 1. Let o be
the associated eigenfunction, then R¥ ¢y = \g ¢o. From (3.1) we obtain

uZ (po)lor = 85 0 RV o = XSt

thus the L? norm of u} (o) is
[e.9] o0 )
> [P =3 [ DoliisteP = +oc.
7=05+ 7=05+

This contradicts the fact that u () is in L?(Q7). O

Remark 3.1. The definitions of the operators in (3.6), (3.7), and (3.2) and their coun-
terparts in {2~ are not yet of any practical use since (3.5) and its counterpart in 2~ are
still posed in an unbounded domain.
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4 Characterization of operators via local problems

In practice, we need to compute the operators, SI, RY, AT, and their counterparts in Q~
by solving “local” problems. In this section we show how to do so for the operators in Q.
We introduce u:Z(ap), £ =0, 1, the solutions of two problems posed on a single periodicity
cell CT:

—Auzg(gp) —n(x)? (W? + 1) u:’g(gp) =0, inCT, (4.1)

subject to non-homogeneous Dirichlet conditions on I'"™ and Ff:

u;fo(ap) =¢ onlT, u;O(QO) =0 onT7,
(4.2)
u;fl(go) =0 onIT, uzl(gp) =¢ onl7.
We define four DtN-like operators,
,T+ 9 + ,T+ 9 +
w(E) p=— %us,o(w) » Toi(e) p= %%,0(@) )
r+ rF
9 9 (4.3)
T+ = _ — 7t T+ — 7t
10(E) ¢ 636“5,1(@) . 1) ¢ (%%,1(@) rj’

which, after identification between I'" and I‘f, we consider as bounded operators in
L(H2(TF), H™2(T')).

It is easy to see that the restrictions to H'(I'") of these operators define unbounded
operators in L*(I'"), which we will still denote by 7.} (e) for simplicity, and they have
the following properties. (In what follows, if A denotes a closed operator in L?(T'"), A*
denotes its adjoint and A its complex conjugate).

Lemma 4.1. The following relationships hold:

[T56(e)]” = Toh (e), [T (e)] = Tii(e),
(4.4)

[T @] =Ti(e),  [Tih()] = Toi ()
Moreover, the operators ’];5(5) are all injective, and so is the operator
Too (e) + Thi () -

Proof. The equalities in (4.4) follow directly from Green’s formula. The injectivity of

Tyt (€) and 777 (€) is proved directly using Lax-Milgram’s lemma. The injectivity of 75! (¢)

and Tl'g(e) relies on a unique continuation argument. The details are left to the reader.
Finally, let ¢ be in the kernel of the operator T () + 7,1 (¢), we set:

ve = uly(p) +uly ().
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Since —Av. — n(x)? (w? +1¢) v. = 0, in CF, we get (multiply the equation by v,
integrate over CT and use 7 (e) ¢ + 771 (¢) ¢ = 0):

/O+ ( [Voe|? = n(x)? (W +1¢) |ve]? ) dx = (To1 (€), 0) r2r+) + (T35 (€)@, ©) L2+ -
We use (4.4) (second line) and take the imaginary part of the above identity to obtain:
5/ lPdx=0 = v.=0 = p=0.
Cc+

This concludes the proof. O

Remark 4.1. One easily sees that the operators 7 (), 7,1 (), and 7o (¢) + 7,1 (¢) are of
Fredholm type. Thus, from Lemma 4.1, they are isomorphisms from H!(T'") onto L?(I'").

We now characterize the operator R as the solution of a quadratic characteristic equation
(a stationary Riccati equation) subject to a constraint. The operators 7;;;(6) appear as
coefficients of the characteristic equation.

1

Theorem 4.1. The operator RY € L(H=Z(T'")) i

solves the characteristic equation (in L(H %(FJF), H™
R)

is the unique compact operator which
%(FJF), the unknown being the operator

T(e,R) =T (e) R* + (Toh () + T () R+ Tyf(e) = 0 (4.5)
and satisfies the condition

p(R) < 1. (4.6)

Proof. We have shown that p(R}) < 1 in Theorem 3.1. Now we show that R satisfies
(4.5). Again, let u () be the unique H'(QT) solution to (3.5). Since any solution of (4.1)
with specified Dirichlet data on I't and Ff is a linear combination of the basic solutions
uly, £= 0,1, the restriction of uf () on C* is the sum

P)| o = udo(0) +ul (RE@). (4.7)

Combining with the extension equation (3.1), we obtain
SFo =uly(p) +uly(RE). (4.8)
Equation (3.5) implies the continuity of e at the I'/"’s, namely
x
+ +
lim Qus () _ lim Ou (o) j=0,1,2,-
z—(at+(j+1)ht)~ Oz z—(at+(j+1)rtH)+ Oz

which, due to (3.1), is equivalent to

0SS o (RE)p| _ 9SFoRI(RE)y
aﬂf Fik N aﬂf T+
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for all ¢ € L?(I'"). Inserting the quantities in (4.8) into (4.9), we obtain
Tyt (e) ¢+ T ()RS ¢ = — T ()R ¢ — Ty (e)(RE) .

Reciprocally, if R is a compact operator with spectral radius p(R) < 1 which satisfies
(4.5), then the function defined by

a:(@”cj = u;o (R]SO) + u;l (R]+1SO) 9 ] = Oa 1) 25 e

satisfies (3.5) in each C;r, is continuous and has continuous normal derivatives across the
I'[’s. Moreover, the fact that p(R) < 1 implies that a7 () belongs to H'(2%). Indeed,
the property (see [24]):

lim [|[R™Y™ — (R 4.10
im | HE(H%(H)) p(R) (4.10)

implies that, for some p, € ( p(R),1) and j large enough:
; ,

so that, setting C, = HSEJFHL(H%(N) ()

I @ o < Ce L 1 g g
Thus, @t (o) is none other than ut(¢), which shows that R = R7. O

Finally, in terms of quantities available from the solution of local problems in C'", we
have the following formulae for Al and S:

Al =T55(e) + Thj(e) RY,

(4.11)
S5 =uly+ul RE.

Remark 4.2. If one removes the condition about the spectral radius, it is clear that the
equation (4.5) has an infinity of solutions.

5 Solution of the characteristic equation for R/.

Both A and 8 depend on the operator R} (see (4.11)) and in this section we talk about
how to compute it.

Section 5.1 describes computing the eigenvalues and the associated eigenfunctions of
RZF. The eigenvalues and eigenfunctions completely define the operator RI only if the
eigenfunctions form a complete set of H 2 (T'"). We do not have a proof of this (see Remark
5.1). Nevertheless, we believe that it is instructive from both an analytical and a numerical
point of view to proceed with a spectral analysis of R .

In Section 5.2 we describe a Newton’s method to solve (4.5) subject to the constraint
in (4.6).
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5.1 Via a spectral decomposition

A priori, to take into account the constraint about the spectral radius, a natural way to
characterize the operator R7 is to determine the eigenvalues and associated eigenfunctions.
From Theorem 4.1, and defining 7 (¢, \) by replacing R by A in (4.5), we deduce that a
number A € C' is an eigenvalue of RT with the corresponding eigenfunction ¢ if and only
if it solves

T(e,N)p =0, »#0, (5.1)
subject to the constraint
Al < L. (5.2)
Of course, the solutions A and ¢ of (5.1)-(5.2) are functions of e: A = A(g), ¢ = p(e).

Remark 5.1. The eigenvalues and eigenfunctions completely define the operator R} only
if the eigenfunctions form a complete set of H 3 (I'M). In the quasi-1D case, namely when:

Ot = (at, +00) x (0, L), n(z,y) =n(z) in QF, (5.3)

one can show that the operator R is normal and thus diagonalizable in an orthonormal
basis (here the basis {w,(y) = \/2/Lsin(nmy/L)}). Our numerical results show that this
property is lost in general. Our conjecture is that the generalized eigenfunctions of RT
form a complete set of L?(I'") (an equivalent of Jordan’s theorem in infinite dimension)
but this remains an open question.

Using the properties of the operators T;;)q it is easy to prove the following structural
property:

Theorem 5.1. For any A # 0, one has the property:
KerT(e,\)#0 <= KerT(e,1/)\)#0.
Proof. From the definition of 7 (e, \), we get that
N T(e,1/\) =T(e,N).

From classical results about adjoint operators, one deduces that 0 is in the spectrum of
7 (g, A) if and only if it belongs to the spectrum of 7 (g,1/A). Finally it remains to remark
that 0 belongs to the spectrum of 7 (e, A) if and only if 0 is an eigenvalue of 7 (¢,\). To
see that, it suffices to write:

T(e,0) = A (Toh(e) + Ti(2) [(T+C(eN) ],

where C(g,\) = (o6 (e)+ 741 (¢)) - (A1 751 (e)+X Ty (€)) is compact, and use Fredholm’s
alternative. O

In other words, this result means that the solutions of the quadratic eigenvalue problem
(5.1) come in pairs, (A, 1/)). From each pair we choose A (and the associated ¢), with
|A| <1, and discard 1/A.
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5.2 Via a modified Newton’s method

One can also solve directly the quadratic equation (4.5), using a Newton’s algorithm, for
instance. The difficulty is to take into account the constraint about the spectral radius.
That is why we propose a heuristic modified Newton’s algorithm where a projection step
is applied at each step of the algorithm.

To formulate properly this algorithm, we denote by K(H %(FJF)) the space of com-

pact operators in H %(F+) and introduce the function (which is well defined due to the
invertibility of 7y} () + 7,1 (€)):

1

Fe(R) =R+ (Toh(e) + Tii(e) [ Tif(e) R® + Tgi(e)]

which is a differentiable map from K (H2(T+)) in K(Hz (")) with:
DF.(R)- H = H + (Tjj(e) + T;1(e)) " Ti(e) [HR+RH .

Note that (4.5) is nothing but F.(RT) = 0.
The algorithm we suggest consists in constructing, from an initial guess R:’O € K(H 3 (T'1)),
(0, for example), the sequence RZ,, defined by:

e Compute (5R:7n 41 solution of:

-1
ORY 1+ (T55(0) + T1(0)) 7 T (0) | RE, ORE, 1 +0RE, 1 RE,
= FE(R;—,H); (5'4)

5+ _ + .
e Compute Rt = Rjn - 57357”“,

+ _ P+
Rz—:,nJrl - Rs,nJrl

if p(RT

z—:,n+1) < 17

e Choose

R:,nJrl = ﬁ;nJrl/p(ﬁ::r,nJrl) if P(R:,nﬂ) > 1
e Stop the algorithm when:

10RZ 44

is small enough.
IRl

Indeed, the solution R is expected to be the limit of the sequence Rjn

6 About the limiting absorption process

In the previous sections we have shown how to construct the boundary conditions in (2.4)
associated with the Helmholtz equation with absorption (2.3). In particular, we have
shown that the restriction of the unique H' solution u. of (2.3), posed on , is indeed the
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same as what we obtain by solving (2.3) on QU subject to the boundary condition (2.4). In
fact, we can recover u. on as large a region of {2 as we like by using the extension formula
(3.1).

Now we return to the solution of the original Helmholtz equation (2.1) and the bound-
ary conditions (2.2). Equation (2.1), posed on the infinite domain 2, is not in itself
sufficient to allow us to define a “reasonable” solution. An additional criterion needs to
be found which can be thought of as equivalent to an outgoing condition for a standard
waveguide or the radiation condition for the scattering problem. In those two cases, the
Helmholtz equation posed on an infinite domain plus the additional criterion give rise
to a unique solution (under reasonable assumptions) which also makes “physical” sense,
meaning that such a solution can be observed in the real world.

The notion of a “physical” solution in a periodic waveguide is much less intuitive and
we do not have a simple physical interpretation of it, in contrast to the case of a standard
waveguide where the “physical” solution contains “outgoing”, as opposed to “incoming”,
waves (this is the well-known outgoing condition [10]). Instead, we chose to rely on the
limit absorption principle, namely, we would like to impose an additional criterion so that
the solution to (2.1) exists, is unique, and is the limit, in some sense to be determined, as
e (> 0) goes to 0, of u,.

We have seen that the procedure involving the operators R, AF, and S (and their
counterparts in {27) can reproduce u. on 2. We want to do something similar for the
problem without absorption. In other words, we want to compute, by solving local prob-
lems as well as a constrained quadratic equation, the analogous operators R, AT, and ST
(and their counterparts in £27) and use the analogous procedure, solution of the boundary
value problem on Q° and extension, to produce a solution of (2.1), which is also the limit
of .

One is led to ask the following questions: If we formally take the limits of the local
problems (4.1)-(4.2) and the constrained quadratic equation (4.5)-(4.6), as well as the
definitions (4.3), (4.11) does that give rise to well-defined operators R*, A*, and ST?7 Are
they the limits of RY, A}, and S7? Do R*, AT, and St (and their counterparts in Q7)
lead to a solution of (2.1)7 Is this solution the limit of u.? And most basically, do the
limits of R}, AT, & (and their counterparts in Q7), and u., exist?

Unfortunately, at this point, we are not able to answer these questions except in a few
greatly simplified cases, for example, when the problem can be reduced to a 1D problem
(that means that the index of refraction n depends only on z or on y). Our conjecture is
that, for almost every frequency w, u. has a limit. We say almost every frequency because
there are frequencies which, a priori, we need to exclude from consideration. For example,
for standard waveguides, there may be frequencies w for which it is not possible to define a
outgoing solution [25]. We believe a similar thing is true for periodic waveguides. However,
we also believe that the set of such frequencies is discrete.

Supposing that u., as well as RY, AT, S, have a limit, we propose several possible
ways of defining the operators R™, A", and ST based on heuristic arguments that they
should be the limits of R}, AF, and ST, respectively.
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First we speak about AT and S*. We denote by uj and u] the solutions of local
problems (4.1)-(4.2) where we have substituted ¢ = 0. We denote by 7,/ the DtN-like
operators acting on uar and u; following the formulae in (4.3). We propose to define A*,
and S using these quantities in a similar manner to (4.11). In Lemma 6.1 we show that
that there is no ambiguity in these definitions, under the assumption that the operator
RT can be defined. The question of the definition of R is left to Sections 6.1-6.3.

For Lemma 6.1 to hold, we exclude, a priori, some critical values of w?, namely:

(a) w? is not an eigenvalue of the operator —n~2A in C* with Dirichlet conditions on
Iy and I'],

(b) w? is not an eigenvalue of the operator —n~2A in C* with Neumann conditions on
I'f and I'f
0 1

The restrictions (a) and (b) are not essential. Typically, they correspond to the exclusion
of interior eigenvalues for classical integral equations for obstacle scattering [6,18]. They
resulted from our having chosen, for the simplicity of presentation, Dirichlet conditions
in the definitions of the local problems, (see Equation (4.2)), and can be avoided by
considering other operators constructed with boundary conditions of mixed type.
The proof of Lemma 6.1 is straightforward and the details are omitted.

Lemma 6.1. Assume that (a) holds then the following is true:

uar = lim u;"o

e—0
+ _ Tim ot
ul = limu
1 0 e,1

and  T,j = lim T0(c),  (in L(HY?(TH)).
Moreover, one has the following properties:
° ’Z&g and T are self-adjoint operators,

o 1,1 is the adjoint of T, (and reciprocally).
e If (b) holds, the operators ’ZBJ(S, T, and 7&5 + 7.1 are isomorphisms.

6.1 An equation for R"

In this section we speak about the construction of the operator R*.

We conjecture that RY approaches, at least in some weak sense, some limit compact
operator RT. Then, passing to the limit in (4.5), R should be solution of the character-
istic equation:

T(R) == T R+ (T + T) R+ Tyl = 0. (6.1
Moreover, the constraint in (4.6) becomes, in the limit,
p(RT) < 1. (6.2)

However, (6.1)-(6.2) are not sufficient for determining R uniquely; an additional criterion
needs to be found. In the following two sections, we develop heuristically, for the periodic
half-guide problem, several possible ways of defining an operator R*, which satisfies (6.1)-
(6.2) and which we hope to be the limit of R .
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6.2 Towards the characterization of R"

In this section we characterize the eigenvalues and eigenvectors of R*. (We are not yet
able to prove that R™ is diagonalizable).

We can show easily that RF depends continuously on e and using [22], we can show
that the eigenvalues A(g) of R depend continuously on € too. So if R* is the limit of
R, the eigenvalues R should be the limits of the eigenvalues of RY. Suppose A € C is
an eigenvalue of R with the corresponding eigenfunction ¢, then they satisfy

T(Ne=0, ¢#0, (6.3)

subject to the constraint
Al <1 (6.4)

We have defined 7 (\) by replacing R by A in (6.1).

Now we would like to determine which solutions of (6.3)-(6.4) are eigenvalues of R™.
Clearly, a solution of (6.3) with [A| < 1 is an eigenvalue of R". What is not clear is when
a solution of (6.3) satisfies exactly |A\| = 1.

First we show that the solutions of (6.3) comes in pairs of (A, 1/X), just as in Theorem
5.1 where we showed this for ¢ > 0.

Theorem 6.1. For any A # 0, one has the property :
KerT(\)#0 <= KerT(1/))#0.

If there are solutions on the unit circle, then according to Theorem 6.1, there are
necessarily an even number of them and these solutions come in pairs of (A, A). This
suggests that when there are N pairs of this type, the characteristic equation (6.1) admits
2V solutions with spectral radius < 1. (This can be proven rigorously in the quasi-1D
case; see Remark 5.1). Only one of these solutions is R™. In terms of eigenvalues, in each
pair, since

(M) = liir%]{)\(s),)\(e)_l} with|A\(e)| < 1,

only one element of the pair is an eigenvalue of R*. The problem is to determine which
one.

A first heuristic approach consists in computing the eigenvalues {\;(¢)} of the operator
R for a small € and choosing among the pair ();, \;) the one closer to \;(¢). However, it
can happen, in terms of numerical implementation, when there are multiple pairs on the
unit circle and when ¢ is not small enough, one can have trouble determining which A(g)
goes with which pair (A, A). In this case one can try to make a determination based on
the eigenvectors.

A more rigorous approach consists in looking at the solutions A(g) of (5.1) as functions
of €, and looking at the derivative values %(O). Let A with |[A| =1 be a solution of (6.3).
It is an eigenvalue of R if and only if there exists a solution A(g) of (5.1)-(5.2) such that:

A= lim Ae). (6.5)
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Let us make the first assumption (that we conjecture to be generically satisfied):

(H1) A is a solution of (6.3) with multiplicity one, namely,
dim Ker 7(\) = 1.

From [12], we know that the function A(e) is differentiable and we make the second as-
sumption:

(H2) Re <%(o) X) # 0.

(This second assumption asserts the movement of A(g) is not tangential to the unit circle
at \.)

We now give a condition for ensuring that A is an eigenvalue of R™, which is the
content of the following lemma.

Lemma 6.2. Assume that \ , with |\| = 1, is a complex number that satisfies (6.5) as
well as assumptions (H1) and (H2). Then X is an eigenvalue of the operator R if and

only if

[CRN—
Re <§(0) A) <o0. (6.6)
Proof. Simply remark that
0 9 B OX, | ——
5 (M7 0 =2 e (520)30)) .
This will lead to (6.6). O

Remark 6.1. In the limit case Re(%(O) A) = 0, one would need to look at, at least,

2 . . . . . .
%(0) in order to obtain a conclusion. We have not considered this case because it occurs
very rarely in practice.

Remark 6.2. Considering that

% (@) (0) = —2 Re (%(0) W) :

it is easy to see that if the term on the right is not equal to 0, exact one element of the
pair, (A, 1/X), |A| = 1, satisfies the condition in (6.6).

The condition (6.6) will provide an effective criterion if we are able to give a computable

+
expression for %(0). To get such an expression, we first determine the operators aaqu (0).
It is straightforward to see that these operators are defined by:

T+ 0 _ T+ 0 _
e (0) ¢ = — =i (¢) R e (0) ¢ = o5 () K
r Iy
T 0 T e
9% (0)@__8_33%(@) oy e (0)80—8—33%(%0) FT’
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where ﬂj(gp), j =0,1, are solutions of

—O0f () = n(x)? &? 5 () = 1 0(x)* uf (), In O,

@ () =0 onTTandI}.
Theorem 6.2. Let A\ be given by (6.5) and ¢ € Ker T(\). Then
1)) A(A
0 = _M,
de B(A, )
with

o) = (P8R0 (B + Z2o) + Zolo)] . o).

Bhe) = (2o + T + T ) ¢ ).
where (-,-) is the scalar product of L?>(I'T).
Proof. By definition of A(¢), there exists ¢(e) differentiable [12] satisfying

(@(6)@(6)) =1, and ¢ =lime(e),
such that
T (e,M(€)) ¢(e) =0.

We differentiate this equality with respect to e, evaluate the result for ¢ = 0 and take the
scalar product with . We get:

Using Lemma 6.1, one sees that

[T(0,\)]* = X2 T(1/X) = A2 T()), since |A| = 1.

Consequently, 5 5
¥ 32(0%¥
(0.3 3E0).¢) =X (520,700 ¢) = 0.
, oT oT
One concludes since (E(O’ A) @, <p> = A()\, ) and (a(O,)\) ©, <p) = B(\, ). O

Remark 6.3. We show in the Appendix how the condition in (6.6) can be related to the
sign of the group velocity of the so-called propagating Floquet modes. These are particular
solutions of the Helmholtz equation in an infinite periodic waveguide of the form :

10

U(IE,y) =e€ xup(xay))

where A\ = ¢ and uy, is periodic in . One recovers in this way the more traditional notion
of outgoing modes (see [19]).
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6.3 About the resolution of the characteristic equation

As in the case with absorption, we propose two different methods to determine R™:

(i) via a spectral decomposition. We determine the eigenfunctions and eigenvalues of
RT by solving the quadratic eigenvalue problem (6.3), and for selecting the good
eigenvalues of modulus one :

(a) either we apply the heuristic idea exploiting the proximity of the eigenvalues of
R for € small enough. This requires an additional resolution of the character-
istic equation;

(b) or the criterion in (6.6) of Lemma 6.2. This requires the determination of the

operators %’Z;Jg, p,q = 0,1, through the resolution of the boundary problems
(6.7).

(ii) combine the modified Newton’s algorithm as explained in Section 5.2 with a contin-
uation method with respect to €. In practice, this will consist in:

(a) computing the solution R of (4.5)-(4.6) for € small enough;

(b) applying the modified Newton algorithm to the limit equation starting from
R as an initial guess.

The second method has the advantage of avoiding any diagonalization process which is
costly from the computation point of view and is harder to justify.

7 Numerical results

Since we do not have actual “physical solutions” to the problem of wave propagation in
an infinite periodic waveguide containing a local perturbation, we cannot say for certain
that the solution we obtain by following the procedure described in the previous sections
is indeed the “good” solution. Hence, we make comparisons to check self-consistency in
all the numerical examples.

In particular, we compare the spectral decomposition approach and the modified New-
ton’s method to see that they produce the same R*. However, from a practical point of
view, we think that using the modified Newton’s algorithm and continuation with respect
to € is preferable to the spectral approach because it avoids any diagonalization procedure.
The spectral approach also suffers from some uncertainty in terms of

e when one checks the closeness of (A, ) to A(¢), how to choose the size of «;
e when one checks the sign of Re (%(0) X), what to do when it is very close to 0.
The “Newton plus continuation” approach is more automatic. Of course, one must also

choose € to be small enough so that the Newton’s method converges to the “good” solution
of (5.1).
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7.1 Discretization and implementation issues

We introduce a regular (for simplicity) 1D mesh of I't made of N equal segments of length
k > 0 and approximate L?(I'") by the subspace L% of piecewise constant functions on this
mesh. The approximate operators 7’5}’5 ,RE ’k, and AS * will be constructed as operators
in £(L?) and thus are represented by N x N matrices.

For solving the cell problems (4.1)-(4.2) (we have 2N problems of this type), we first
rewrite (4.1) as a (V,div) first order system, use H(div) x L? mixed formulation [4] and
discretize the resulting variational problem with the lowest order Raviart-Thomas mixed
finite elements [20] on a “periodic” mesh of Ct (i.e. the “traces” of this mesh on I'" and
I'[ coincide with the 1D mesh introduced above). The advantage of such a choice is that
both the traces of the scalar unknown and of its normal derivative are degrees of freedom
of the method and both belong to L2, so that the operators 72;55 are naturally in £(L3).

To determine R. ’k, we use the discrete version of one of the two methods presented in
Section 5. For the finite dimensional version of the Newton method presented in 5.2, we
have implemented Bartels-Stewart method as explained in [9].

In practice, the limit absorption operators ’Z},Jg’k are found by the procedure described
above, i.e., by solving 2N variational problems (4.1)-(4.2) on C*, but with ¢ = 0. To
obtain RT*, we use one of the two methods proposed in the section 6.3. Once R is
available, ST* and A** can be computed via (4.11).

7.2 A one-dimensional example

We begin with a one-dimensional example, shown in Figs. 2, 3, 4, and 5. In this case, the
method used to solve the cell problems is a finite difference method.

The profiles of n(x)? and f(z) are shown in Fig. 2(a). To begin, we make the choice
Q0 = (-0.5,0.5), - =1, ht =1, and w = 5.

The operators RF in this case are just complex numbers. In Fig. 3(a) we plot the two
roots of the quadratic equation associated with R~* (marked by a square and a cross).
They both lie exactly on the unit circle. Then we solve the quadratic equation associated
with R-*, with e = 0.1. The root which is < 1, i.e., R-**, is plotted inside the unit
circle (marked by a diamond). As a result, R~* is chosen to be the root in the lower half
complex plane (marked by the square), since this root is closer to Rz * In Fig. 3(b), we
show that RT* is also chosen to be the complex number on the unit circle that is in the
lower half complex plane.

We can also calculate, as described in the Section 6.2, the derivative with respect to
e of the two roots and choose the one for which the condition in (6.6) holds, that is, the
one whose derivative is directed towards the interior of the unit circle. This is illustrated
in Figs. 4(a) and 4(b).

In Fig. 2(b) we show that the solution (dashed) for w = 5, h~ = 1, and AT = 1,
obtained by using QY = (—1.5,1.5), is identical to that (solid) obtained by using the
smaller interval Q° = (—0.5,0.5).
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~duldx*-n(x)°w?u=f(x) —d2uldx-n(x)2ePu=f(x), w=5
5 ’. —nx? ~ 0%(-15,1.5)(dashed)
i - -f(¥) 0.1} Q%=(-0.5,0.5)(solid)
4 0
I 0.05/
3r 1‘_:"
: ol
2 I
JUUUUUUAAAAA - oo
L -0.1
077777777777777 S [ [t
-55-45-35-25-1.5-05 0.5 1.5 25 3.5 45 55 -55-45-35-25-15 15 25 35 45 55
(a) n(x)? and f(x) (b) Q° = (~1.5,1.5) and Q° = (—0.5,0.5)

Figure 2: One dimensional example. In Fig. 2(b) we show the solution (dashed) using Q° = (—1.5,1.5)
superimposed on the solution (solid) using Q° = (—0.5,0.5). They are identical.

Choosing the good solution, left boundary Choosing the good solution, right boundary

1 1
0 0
-05 -05
. -1
-1 -o0s 0 05 1 -1 -o0s 0 05 1
(a) R™: choosing root in lower half plane. (b) R*: choosing root in lower half plane.

O good r for e=0.0
x bad 1 for £=0.0
¢ good r for e=0.1

Figure 3: One dimensional example: R™ are chosen to be the roots (squares, on unit circle) in the lower half
plane because they are closer to R (diamonds, inside the unit circle).

Then we tested the validity of our frequency domain solution using the limiting am-
plitude principle [7], whereby if u(z,t) is the solution to the time domain problem,

5 0%z, ) B 0?u(z,t)

P = o) = ) e, (71)

n(z)
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Chot:;s;ng the good solution using dr/dg, left bout Choo?isng the good solution using dr/dg, right boundary
1 1
05 05
0 0
~05 -0.5
-1 -1
R — 0 05 1 15 R — 0 05 1 15
(a) R™: choosing root using OR™ /0e. (b) R™: choosing root using OR™ /0.

0 goodr for e=0.0
x badr for €=0.0
—  0r/0e for £=0.0

Figure 4: One dimensional example: the same result is obtained using criterion (6.6).

Solutionatt=7.01, w=5 Solutionatt=2201, =5

\
1o ‘\ non
. \,v':\u"x
ly\"\u'r

I
| 1! [

T T
!

ot Pt
y o [RTENL
F I LA

PR

(a) At t =7.01, w = 5. (b) At t =22.01, w=5.

--- real( u(x)exp(wt) )
—  real( u(zx,t) ); finite diff

Figure 5: We illustrate the limiting amplitude principle by comparing u(z,t)(solid) and wu(z)e™*"*(dashed),
—100 > z > 100. It is clear that u(x,t) approaches u(z)e™ *’* as t increases.

then we expect that (non uniformly in x)

lim @(z,t) et = u(zx), (7.2)

t——+00

where u(x) is the good physical solution of the frequency domain problem:

2u(z
_dulz) win(z)?u(z) = f(z).

dx?
We solved (7.1) using a simple finite difference scheme, with f(z) = 3exp(—100.(z +
0.2)2).)([,0,5;0.5], taking care to choose a computational domain large enough so that there
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(a) n(z,y)* (b) Source

Figure 6: A two dimensional example.

are no spurious reflections at the ends of the domain for the times we were considering.
In Figs. 5(a) and 5(b) we show u(z,t) and u(z)e ™? at t = 7.01 and t = 22.01. It is clear
that the time domain solution u(z, ) is approaching the time-harmonic limit u(z)e~*? as
t increases.

7.3 The 2D case

In two dimensions, we have written a code using the lowest order rectangular Raviart-
Thomas mixed finite elements.

7.3.1 A first 2D example

We present two-dimensional results for the example shown in Fig. 6, where n(x,y)? and
f(x,y) are displayed. The boundary conditions on 0f2 are Neumann and we let w = 15.
First, we choose the computational parameters to be h™ = h~ = 1, a= = —0.5, and
a®™ = 0.5. The discretization step in the two directions (z and y) is k& = 0.0125 (N=80).
Note that this is a reasonable choice since the minimal wavelength of the solution is about
0.1. Moreover, we have checked that the solution we present here remains the same under
mesh refinement.

In Figs. 7, 8, and 9, we illustrate how to choose the eigenvalues of the operators R,
In Fig. 7(b), we show all the candidates for being the eigenvalues of R™* (circles in the
complex plane) obtained by solving (6.3) with constraint (6.4). Note that there are a lot of
eigenvalues which cluster around 0. In Fig. 7(a) we show the analogous picture for R ™.

In Fig. 8(b), we solve (5.1)-(5.2) with & = 0.1; the corresponding cigenvalues of RZ™*
are represented with diamonds. Most solutions of (5.1) whose norm is greater than 1 are
also represented, by squares. We select the eigenvalues of RT*, those marked by circles;
the candidates marked by an x are eliminated. Fig. 8(a) shows the analogous picture for
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Eigenvalue candidates for R Eigenvalue candidates for R

0.5

-0.5r

(a) Eigenvalue candidates for R™* (b) Eigenvalue candidates for R+

O A candidates for e = 0.0

Figure 7: All the solutions of the quadratic eigenvalue problem associated with R are plotted as circles.

Re k and R—*. There two pairs whose real part is close to —0.3: we have distinguished
between them by comparing the associated eigenvectors.

In the Figs. 9(a) and 9(b), we show how to choose the eigenvalues using criterion (6.6).
We keep only the eigenvalue candidates whose derivative is directed towards the interior
of the unit circle. First note that in Fig. 9(a) the difficulty present in the previous method
for choosing within the pairs whose real part is close to —0.3 is removed by calculating
the derivatives. However, also note that in Fig. 9(b) the derivatives of a pair (A, 1/X)
(the one whose real part is close to —0.8) are tangential to the unit circle: it is a case for
which it is not possible to determine which eigenvalue we have to choose. However, this
difficulty is not present in the previous method. Thus, the two methods of choosing the
good eigenvalue candidates can be complementary.

We note here that the modified Newton’s method plus continuation is automatic and
produced the same result without the ambiguity concerning particular eigenvalues associ-
ated with the previous two methods.

In Fig. 10(a) we show the real part of the solution for this problem. We checked the
validity of this result in two ways. First, we checked the convergence of the method by
mesh refinement. Choosing as the reference solution the solution obtained on the finest
mesh, we have been able to verify first order of convergence in the L? norm. Secondly,
we changed the computational parameters associated with the location of the artificial
boundary, this time, to a~ = —2 and a* = 1, and verified that the obtained solution is
insensitive to this change (see Fig. 10(b)). The relative difference between the solutions
arising from the two parameters choices is within 5 x 107°.
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Adding ¢ : finding good A for R~ Adding ¢ : finding good A for R*
1t
05
ol
-05
b
-1 -05 0 05 1 1 -0s 0 05 1
(a) Choosing the eigenvalues of R ~"* (b) Choosing the eigenvalues of R**
O good A for e=0.0
x bad A for €=0.0
¢ good A for e=0.1
O bad X for €e=0.1

Figure 8: Choosing the eigenvalues of R*"*. We see that of all the eigenvalue candidates which lie exactly on

the unit circle, half are approached by an eigenvalue of RE**. These are chosen to be the eigenvalues of Rt
and are marked by a circle. The rest, marked by an X, are discarded.

Using dA/de : good A whose norm is 1 for R~ Using o\/de : good A whose norm is 1 for R*
1 1
05} 05}
0 0
_0s -05
= -1
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
(a) Choosing the eigenvalues of R ™* (b) Choosing the eigenvalues of R**

O good A for € =0.0
x bad A for £ =0.0
—  0A0e for € =0.0

Figure 9: Choosing the eigenvalues of RT* using the condition (6.6), we keep the eigenvalues whose derivative
is directed towards the interior of the unit circle.
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real(u), ®=15, Neumann, a=-0.5, a*=05 _ N
: real(u), ®=15, Neumapn, a=-2,a =1

0.01 .-

. ‘4
2 3

(a) Solution for ht =h™ =1,a” = —0.5,a” = 0.5 (b) Solution for AT =h™ =1,a” = —2,a" =1

Figure 10: Real part of the solution for the example shown in Fig. 6, when solving (2.1) subject to homogeneous
Neumann boundary conditions on 992 and letting w = 15. Two choices of computational parameters yield

identical solutions.

"=-15,a'=1.0

1

08

|06

[ 04

[02
% 5 43210123435 6° %6 5432101 2 3 435 ¢°
(a) hf =h™=1,a~ = —05,a" =05 by ht=h~ =1,a" = —-15,a" =1

real(u),w=3, Neumann, a =-0.5,a"=0.5. real(u),w=3, Neumann, a =-1.5,a*=1.

(d) real part of solution

(c) real part of solution

Figure 11: For the waveguide, using two sets of computational parameters, shown in Figs. 11(a) and 11(b),
results in identical solutions.
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7.4 A second 2D example

Now we consider a homogeneous waveguide (n(z,y) = 1), whose geometry is periodic and
more complex. The reference cell C~ has a rectangular hole, ) is the transition domain,
and the reference cell C* has an irregular upper boundary. We set w = 5 and solved with
homogeneous Neumann conditions on 0f). The two sets of computational parameters we
chose are ht = h™ =1,a = —0.5,a™ =05, and h" =h™ =1,a = —1.5, a" =1,
respectively. The exact geometries of these two choices are shown in Figs. 11(a) and 11(b).
In Figs. 11(c) and 11(d) we show that changing the computational parameters does not
change the solution we obtain.

8 Conclusions

In this paper we have described a method of constructing transparent boundary conditions
for the problem of modeling wave propagation in a periodic closed waveguide which may
contain a local perturbation. When the problem includes absorption, we have shown
rigorously that the boundary conditions we construct are exact. We have made heuristic
arguments for the case of the limit problem, when the absorption parameter goes to zero.

We have shown that the numerical procedure we propose works well in practice and
checked our numerical results for self-consistency. We hope to be able to provide rigorous
theoretical justification of our approach for the limit absorption case in a subsequent paper.

A On the interpretation of the criterion of Lemma 6.2 as
an outgoing condition

We consider the infinite periodic waveguide generated from the periodicity cell CJ :

+oo
+ _ +
o= ¢
j=—00
We consider the Helmholtz equation
—Au(x) —n(x)? W u(x) = f(x) in QL. (A.1)

Propagating Floquet modes are particular solutions of (A.1) of the form
u(w,y) = up(w,y) (= uley) e = wylay) AO0), (A2)

where u, is ht-periodic function with respect to z and where 6 € [0, 27] is by definition
the wave number. The study of such solutions is closely related to the spectral theory of
the unbounded (in L?) self-adjoint operator A4, defined by:
1
D(A,) = H*(Q A, =——=A.
( p) ( oo)’ P n(x,y)2
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The spectral theory of this operator is well known [13]. Introduce the reduced operators
Ap(0), 6 € [0,27] defined by:
ou
T
rC 6w‘r} ’

D(A,(9)) = {u € HX(C™Y), ulp, = ¢ulr and Ou

Ox
Ap(0) = Aplp(a,(0)) -
Then the spectrum of A, is given by:

o(Ap) = | o(4,(0) where o(A,(0)) = {un(6), n>1} (A.3)
0€[0,27]

and 0 < p1(8) < p2(f) < ... < pp(d) — +oo are the eigenvalues of A,(#). Clearly, the
operator A, () is well defined for § € C and depends analytically on theta. Therefore,
using well-known results from perturbation theory (see [12]), each eigenvalue uy(0) can
be extended as an analytic function of # in the neighborhood of the real axis in such way
that the equality (A.3) holds for complex 6.

It is immediate that (A.2) is solution of (A.1) if and only if w and € are related by the
following dispersion relation:

w? = pi(#)  for some k. (A.4)

If we impose w > 0, this gives:
w=m(0)"?

from which we define the good velocity of the mode (A.2), vg(0):

w(®) = 5@ 200 (= 500)) . (A.5)

Next, we reinterpret the result of Lemma 6.2 in terms of the propagation of Floquet modes.
Let A = e, 0 € [0,27] satisfy assumptions (6.5), (H1) and (H2). Obviously, there exists
a function (e) € C such that:

Ae) = ¢ and lim 0(e) = 0. (A.6)

e—0

On the other hand, there exists an integer k such that:
w? +ie = i (0()), for e small enough. (A.7)
Indeed, by definition of A(e), there exists ¢(e) € Ker 7 (g, A(¢)). Letu, such that:
ue = uly(p(e)) +uly (e@p(e)) € HY(CT).

By construction
2 . 0
Ap ue = (W° +ig) ue and  uep, =€’ ©) Ue|Ty »
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and moreover

we then obtain

Ou,
ox

_ o) Oue
r, ox

o

Therefore, u. is an eigenfunction of (A,(#) with eigenvalue w? + ie.

Let us differentiate (A.6) and (A.7) and take the results for € = 0, we get

%(O) =260"(0) A and () 6'(0) =2.

Consequently,
oN, 1 ,
(520 %) = —ui(0). (A8)

Looking at (A.8) and (A.5), we have shown that A = ¢ satisfies the criterion (6.6) of
Lemma 6.2 if and only if
Uk(e) > 07

i.e., the group velocity of the Floquet mode of wave number 6 is strictly positive.
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