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Wave propagation in one-dimensional quasiperiodic media

Pierre Amenoagbadji, Sonia Fliss, Patrick Joly

Abstract

This work is devoted to the resolution of the Helmholtz equation —(uu') — pw?u = f
in a one-dimensional unbounded medium. We assume the coefficients of this equation
to be local perturbations of quasiperiodic functions, namely the traces along a particular
line of higher-dimensional periodic functions. Using the definition of quasiperiodicity,
the problem is lifted onto a higher-dimensional problem with periodic coefficients. The
periodicity of the augmented problem allows us to extend the ideas of the DtN-based
method developed in [10, 19] for the elliptic case. However, the associated mathematical
and numerical analysis of the method are more delicate because the augmented PDE is
degenerate, in the sense that the principal part of its operator is no longer elliptic. We
also study the numerical resolution of this PDE, which relies on the resolution of Dirichlet
cell problems as well as a constrained Riccati equation.

1 Introduction and motivation

We consider the Helmholtz equation

d du .
—@@ %>—pw2u:f in R, (1.1)

where the coefficients p and p have positive upper and lower bounds:
Jpe,pe, Ve R, 0<p- <p(@) <pgp and 0<p- <p(z) < py. (1.2)
The source term f belongs to L?(R) and is assumed to have a compact support:
Ja >0, suppf C(—a,a). (1.3)

Equation (1.1) is encountered when one is looking for time-harmonic solutions u(z) e of
the linear wave equation in heterogeneous media. For real frequencies w, the well-posedness
of this problem is unclear. In fact, on one hand, one expects that the physical solution w, if
it exists, may not belong to H!(R) due to possible wave propagation phenomena and a lack
of decay at infinity. On the other hand, uniqueness of a solution in H} (R) does not hold in
general. In this case, one needs a so-called a radiation condition that imposes the behaviour
of the solution at infinity. Such a condition can be obtained in practice using the limiting
absorption principle, which consists in (7) adding some absorption — that is some imaginary
part to w: Jmw, and (#7) studying the limit of the solution u = u(w) as the absorption tends
to 0. The limiting absorption principle is a classical approach to study time-harmonic wave
propagation problems in unbounded domains; see for instance [1, 9, 31]. More recently, it
has been successfully applied for locally perturbed periodic media [10, 17, 20, 25].



In this paper, we will only address the case with absorption, that is
the frequency w satisfies Jmw > 0. (1.4)

Under these assumptions, (1.1) admits a unique solution in H!(R) by Lax-Milgram’s theorem.
Moreover, it can be shown (using for instance an argument similar to the one in [7]) that this
solution satisfies a sharp exponential decay property

Je,a>0, VzeR, |u(z)<ce@Imwll (1.5)

Exploiting (1.5), a naive numerical method for treating the unboundedness would consist in
truncating the computational domain (with homogeneous Dirichlet boundary conditions for
instance) at a certain distance related to Jmw. However the cost and the accuracy of the
method would deteriorate when Jmw tends to 0. Our objective in this paper is to develop
a numerical method which is robust when Jmw tends to 0, in the particular case of locally
perturbed quasiperiodic media. More precisely, we solve the problem in the bounded domain
(—a,a) (which is independent of Jmw) by constructing transparent boundary conditions of
Dirichlet-to-Neumann type:

d
:l:,ud—u+)\iu:0 on x = +a, (1.6)
x

where At are called Dirichlet-to-Neumann (DtN) coefficients. These coefficients are defined
by

du™
+ _
X = [ (), (1.7)
where uF is the unique solution in H'(+a, £00) of
d du™ 9 4
—%(ME)—pw ut =0, for =+x>a, (1.8)
ut(+a) =1
Knowing A*, one is then reduced to compute U|(—q,q) by solving the problem
d du’ ,
——(,u Y ) —pw?ut=f, for zé€(—a,a),
dx dx (1.9)
{:I:,LLd—Ui—i—)\i uz}(:l:a) =0
dx '
The well-posedness of this problem is a direct consequence of the sign property

Jm AT <0,

which, through a Green’s formula, results itself from the presence of dissipation (1.4) in (1.8).
Then the solution w of (1.1) is given by

u'(—a)u” (z), x< —a,
VeeR, wu(x)= u' (), z € (—a,a), (1.10)
u'(a) ut(x), x> a.

In general, the problem is that computing A*, that is to say solving (1.8), is as difficult as
the original problem. However, this is no longer true when the exterior medium (7.e. outside
(—a,a)) has a certain structure:



o if the exterior medium is homogeneous (p and p are constant), these coefficients can be
computed explicitly;

o if the exterior medium is periodic (p and p are periodic), several methods for the
computation of these DtN coefficients are developed in [10, 19, 20];

o if the exterior medium is a weakly random perturbation of a periodic medium, the
coefficients can be approximated via an asymptotic analysis; see [11].

Our main objective in this paper is to compute the DtN coefficients for a quasiperiodic
exterior medium, in order to develop a numerical method according to (1.8), (1.9), (1.10).

The outline of the rest of the paper is as follows. In Section 2, we introduce the fundamental
notion of quasiperiodic functions (in 1D) and define what is a locally perturbed quasiperiodic
medium in the context of the problem (1.1). Sections 3 and 4 are the most important sections
of the paper. In Section 3, we link the solution of the 1D half-line problem with quasiperiodic
coefficients to the solution of a degenerate directional Helmholtz equation posed in dimension
n, with n > 1 defined as in Section 2. This is the so-called lifting approach whose principle
is presented in Section 3.1. More precisely, in Section 3.3, we characterize the solution of
the 1D quasiperiodic problem as the trace along a (broken) line of a nD problem posed in
a domain with the geometry of a half-waveguide: (0,1)"~! x Ry. In between, we need to
dedicate the (rather long) Section 3.2 to fix the notations used in the rest of the paper and
present some useful preliminary material about an adapted functional framework for the
rigorous setting of our method. This concerns anisotropic Sobolev spaces with an emphasis
on trace theorems and related Green’s formula. In Section 4, we provide a method for solving
the half-waveguide problem of Section 3.3. In Section 4.1, we describe the structure of the
solution with the help of a propagation operator P and local cell problems. In Section 4.2, we
show that the operator P is characterized as a particular solution of a Riccati equation. In
Section 4.3, we first build a directional DtN operator A for the half-waveguide problem, from
which we deduce the DtN coefficients A* we are looking for (cf. (1.7)). Finally, in Section
4.4, we analyze the Riccati equation from a spectral point of view and in Section 4.5 we
describe the spectrum of P. In Section 5 devoted to numerical results, we restrict ourselves
to n = 2 for the sake of simplicity. The first two subsections are devoted to the discretization
of the cell problems evoked above. We have considered two approaches: one, natural but
naive, consists in using 2D Lagrange finite elements (Section 5.1) while the other, called the
quasi-1D method, is better fitted to the anisotropy of the problem (Section 5.2). In Section
5.3, we explain how we can construct a discrete propagation operator from a discrete Riccati
equation that we choose to solve via a spectral approach, while Section 5.4 simply mimics
Section 4.3 at the discrete level. Section 5.5 is devoted to numerical results. In the first three
subsections, we provide various validations of our method for the half-line problem (Sections
5.5.1 and 5.5.3) and the whole line problem (Section 5.5.2). At last, in Section 5.5.4, we
address the question of the approximation of the spectrum of the propagation operator P by
the one of its discrete approximation.

Particular notation used throughout the paper. In what follows,
1. the equality modulo 1 is denoted by
VyeR, z=y[l] < 2€][0,1) and y—z€Z.



and for all p,g € N, p < ¢q, weset [p,q] :={j €N, p<j<gq}

2. We introduce €per(R™) as the space of continuous functions F' : R™ — R that are 1-
periodic with respect to each variable, and 5°(O) as the space of smooth functions
that are compactly supported in O C R™.

3. For i € [1,n], we denote by é; the i-th unit vector from the canonical basis of R”. For
any element y = (y1,...,9,) in R", we define ¥ as the vector (y1,...,9yn—1) € R* 1, so
that y = (¥, yn). For y= (y1,...,yn) and 2= (z1,..., z,), the Euclidean inner product
of y and zis denoted y- z:= y1 21 + - - - Yn 2, and the associated norm is |y| := VY Y.

2 Quasiperiodicity

2.1 Quasiperiodic functions of one real variable

In this section, we present a brief overview of the main properties of quasiperiodic functions.
We refer to [3, 5, 22| for more complete presentations. Quasiperiodicity is defined as follows.

Definition 2.1. A continuous function f : R — R is said to be quasiperiodic of order n > 1
if there exist a constant real vector @ = (61,...,6,), with 6; > 0 for all i € [1,n], and a
continuous function F' : R™ — R, 1—periodic with respect to each variable, such that

VzeR, f(x)=F(z0). (2.1)
The vector 8 is called a cut direction, and F' is a periodic extension of f.

A geometrical interpretation of this definition is to see the one-dimensional function f as the
trace of a n-dimensional function F' along the line passing through (0,0) and parallel to the
vector §. This is illustrated in Figure 1 for n = 2 and 8 = (1,/2).

2
0.8 a
0 0
0.4
0 0 ! -2 ! L1 Size of periodicity cell |
0 0.4 0.8 —4 -2 0 2 4

Figure 1: Function F : (y1,y2) — cos2my; + cos 2mys in its periodicity cell (left), and whose
trace along @ = (1,v/2) leads to a quasiperiodic function (right).

Periodic functions are obviously quasiperiodic. Other examples of quasiperiodic functions
are finite sums or products of periodic functions: if f; and fo are periodic, then f; + fo and
f1f2 can be expressed under the form (2.1). Note that f; + fo and f fo are not periodic if f;
and fo are continuous functions with non-commensurable least periods. For instance, with



fi(x) = cos 2mx and fo(x) = cos2my/2x, one easily checks that the sum f; + fo, represented
in Figure 1, is not periodic since it equals 2 only when x = 0.

In Definition 2.1, it is easy to see that neither the periodic extension nor the cut direction
are uniquely defined. Given (F, @), it is always possible to lower the value of n, and change
the function F' accordingly, so that the coefficients 61, ...,60, are linearly independent over
the integers (see [22, Chapter 2]), that is

VkeZ", k-0=0 <= k=0 (2.2)

For n = 2 and 0 = (0,03), the above condition amounts to saying that the ratio /605 is
irrational. Due to this observation, vectors that satisfy (2.2) will be abusively referred to as
irrational vectors. A consequence of (2.2) is given by Kronecker’s approximation theorem.

Theorem 2.2 ([16, Theorem 444)). If 8 is an irrational vector, then the set @R + N" is
dense in R"™.

If 6 is an irrational vector, and if F' € %p.(R") satisfies F(OR) = 0, then Theorem 2.2
ensures that F' = 0. In other words, under the linear independence assumption, F' is uniquely
determined by its restriction on the line 8 R.

For n = 2, Theorem 2.2 implies that the broken line {(x 61[1],x 02[1]), € R} is dense in the
unit cell (0,1)%. To illustrate this, Figure 2 represents the set {(x 61[1], 2 62[1]), = € (0, M)}
in the unit cell for different values of M, when (1) 6,/62 € Q (see the first row), and when
(2) 601/62 € R\ Q (see the second row for @ = (1/2,1) and the third one for 8 = (7, 1)). For
M large enough, in the first case, this set is reduced to a finite union of segments, whereas in
the second case, it seems to fill the unit cell without ever passing through the same positions.
It is also interesting to see that for & = (1/2,1), the unit cell is somehow filled uniformly,
contrary to the case where 8 = (7, 1).

Finally, it is worth mentioning that Definition 2.1 extends to higher-dimensional continuous
functions as well. Moreover, the notion of quasiperiodicty can be defined at a discrete level, to
describe the properties of tilings that are cuts and projections of higher-dimensional periodic
tilings. These quasiperiodic tilings have been extensively studied [13, 23, 24, 27], and are
used for modelling quasicrystals [28].

2.2 Locally perturbed quasiperiodic media

A locally perturbed quasiperiodic medium is a medium corresponding to functions p and
p that satisfy (1.2) and that are quasiperiodic outside a bounded interval, which can be
supposed to be (—a,a) (see (1.3)) without any loss of generality. More precisely,

pi(z)  x€(=a,a) pi(z) € (-a,a)

(@) = and - p(x) = pp(28) xR\ (—a,a),

T | p(@6) 2 €R\ (~a,a)

where the functions i, pp belong to €per(R™) with n > 1, and € € R™ is an irrational vector
(see Condition (2.2)).
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Figure 2: Representation of the set {(z61[1],z62[1]), = € (0,M)} in (0,1)? for different
values of M, when 6y /05 € Q (first row), and when 6y /6> € R\ Q (second row for 8 = (v/2,1)
and third row for 6 = (m,1)).

~—

Remark 2.3. (a). Since 0 is an irrational vector, Kronecker’s approximation theorem 2.2
ensures that the functions p, and p, are entirely determined by their restrictions on the line
RO. Therefore, 1, and p, satisfy (1.2) with respectively the same bounds as p and p.

(b). The present study can be extended without difficulty to the case where u (resp. p)
coincides with two different quasiperiodic functions in (—oo, —a) and in (a,+00):

~—

for £x > +a, px)= u;,t(x 0%) and p(z) = p;t(x 6%),

where ,ug, pzf belong to Cper R”i) with n™ > 1, and where F € R"™ are irrational vectors.

—

(=}



3 The half-line quasiperiodic problem

We now focus on the half-line quasiperiodic problems (1.8). As these problems are very
similar to each other, it is sufficient to study the half-line problem set on (a, +00) and suppose
without loss of generality that a = 0. Let pug := p,(0-) and pg := pp(0-). Therefore, the
problem we consider in this section is the following:

d (Madug

- dx)—pgw2u§:O, in Ry,

ug (0) = 1. .

Remark 3.1. The function u; corresponds ezactly to the solution u* of (1.8) that was
introduced in Section 1 for very general media. The reason why this solution is relabeled ug
s due to the fact that, because we consider here quasiperiodic media, the coefficients u and p
that appear in (1.8) have been replaced by ug and pg.

3.1 Lifting in a higher-dimensional periodic problem

We wish to exhibit some structure of the solution ug. As the coefficients ug and pg in (3.1)
are by definition traces of n—dimensional functions along the half-line # R, it is natural to
seek u; as the trace along the same line of a function y € R UJ (y), that is to say:

a.e. z €R, wup(z)= [7;_(1) 0), (3.2)

where UJ shall be characterized as the solution of a n—dimensional PDE (in some sense, an
“augmented” problem in which y is the augmented space variable) with periodic coefficients,
as illustrated in Figure 3. This so-called lifting approach has been used in the homogenization
setting for the analysis of some correctors in presence of periodic halfspaces [14, 15] or periodic
structures separated by an interface [4], as well as for the homogenization of quasicrystals
and Penrose tilings [6, 30]. However, to our knowledge, very little seems to have been done
in other contexts (such as wave propagation), and in particular for numerical analysis and
simulation purposes.

To build a higher-dimensional PDE, one has to exploit the correspondence between the deriva-
tive of ug and the partial derivatives of UJ : according to the chain rule, for any smooth
enough function F' : R™ — C, one has

d . - 0
Yz €R, —[F(0z)] = (DyF)(02), with Dy =0V = ;0 o (3.3)
This leads us to introduce the n—dimensional PDE set on a half-space (see Remark 3.2)
—Dy (1tp DUy ) — pp > U =0, for y, >0, (3.4a)

where we recall that the coefficients p,, p, : R — R are continuous and 1-periodic with
respect to each variable. In addition, the boundary condition in (3.1) can be lifted onto the
inhomogeneous Dirichlet boundary condition

(7; =@, on y,=0, (3.4Db)



Y2 OR,

d duyg

—Dy (1p Dy Ug') - Pp w? U;' =0 \ 7ﬁ</19 I ) — po w? “()‘ 0

ug (0) =1 (7;:{5

\ 0
L / > Y1

0 4

Figure 3: Illustration of the lifting approach for n = 2

where the data @ : R®! — C could be chosen continuous and must satisfy $(0) = 1, for the
sake of consistency with the fact that ug (0) = 1. Furthermore, to exploit the periodicity of
the coefficients j1;, and p, with respect to the transverse variables y;, j < n, we can impose
the following:

¢ is 1-periodic, (3.5)

so that it is natural to impose that
ﬁ;(gp) is 1-periodic with respect to the transverse variables y;, j < n. (3.6)

In Section 3.3, we show how to reduce the above to a half-guide problem with periodic
coefficients. In order to do so, we shall need some preliminary materials, which is the object
of the next section.

Remark 3.2. (a). One could have defined the augmented problem (3.4) on other half-spaces
{y € R", y; > 0}. The choice of the half-space is purely arbitrary.

(b). At first glance, one could imagine restricting the whole study to a constant boundary
data @ = 1. Though, in practice, this can be the case, the method used to solve the half-guide
problem requires to investigate the structure of (7;(@) for any © in an appropriate function
space (see Section / for more details).

3.2 Preliminary material

The main objective of this section is to establish rigorously some Green’s formulas that are
formally obvious, such as the one of Proposition 3.10. This requires first to introduce the
adapted functional framework and, since Green’s formulas involve boundary integrals, to
establish relevant trace theorems. Section 3.2.1 is devoted to these trace theorems, while we
present the corresponding Green’s formulas in Section 3.2.2. Finally, Section 3.2.3 highlights
a simple but useful link between the derivative Dy and a single partial derivative with respect
to one real variable, through a so-called oblique change of variables.



3.2.1 Anisotropic Sobolev spaces and trace theorems

For any open set O C R, let us first define the directional Sobolev space
Hg(0) :=={U € L*(0) / D,U € L*(0)}, (3.7)

which is a Hilbert space, provided with the scalar product
(U, V)0 = /O (DyUD,V+UV).

Let us denote || - || (O y the induced norm. We begin with the following density property,
whose proof can be found in [29, Appendix 1].

Lemma 3.3. The space 6§5°(0) is dense in Hy(O).

We denote the half-space R? := {y € R", 4, > 0} and the half-cylinder QF := (0,1)"! x RT
in the following. Let us introduce also the sets, for a € {0, 1} and for any integer i € [1,n],

Ei,a = {ye Riv Yi = CL} and Zg,a = {ye Zi,(u Yj € (07 ]-)7 ] € [[1,71— 1]]7 j 7é Z}

This definition is illustrated in Figure 4. Note that Z%,a is bounded whereas Ega for ¢ # n is
unbounded in the direction ¥,,. Moreover,

a0 = 3% U {U (Sioush) }

A trace operator can be defined from Hj(R") on X;,. The main idea for doing so consists
in using a one-dimensional trace theorem on the @-oriented line that starts from a point
(2153 2i1,0y Zit1s- -, 2n) € Xigq, to obtain an inequality which will be integrated with
respect to zj, j # i. The 1D trace theorem which will be used is the following.

Proposition 3.4. Let L € R} U{+oo}. Then the mapping v, : u — u(0) is continuous from
H'(0,L) to C. Moreover, the operator norm of yr, is given by

e +e_L

Ivel® = =:[tanh L]7! for L >0, and |yeol®=1. (3.8)

Proof. The continuity property is a classical result which can be proved by density.

By definition, v || := sup{|u(0)|, ||ull1(0,z) = 1} This corresponds to a constrained op-
timization problem. Using the standard theory, this leads to introduce a Lagrange multiplier
A and to find a pair (X, uz) € C\ {0} x H'(0, L) such that [Jug||z1(,z) = 1 and

Vue HY0,L) )\uL(O)v():/OL (%;Zj—i—uLv) dz, (3.9)

in which case, we have ||y ||?> = A. The explicit solution of this problem leads to the result. M

Note that, in particular, ||vz|? il L
—

We are now able to define traces on ¥; , in the following sense.
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Figure 4: Domains QF, %; , and Eg,a for n =2 (a) and n =3 (b).

Proposition 3.5. Fiz a € {0,1} and i € [1,n]. The mapping i : 65°(RE) = €5°(Zia)
defined by v; U = Uls, , extends by continuity to a linear mapping still denoted v;a, from
H}(R?) to L*(%;,4), and which satisfies the estimate
1
1 2 2
YU e HIRY), Iiall3em,. < 5 101 (3.10)

Proof. One can simply prove the continuity estimate (3.10) for any function U € 65° (@)
and conclude using the density result of Proposition 3.3.

(i) Case i € [1,n — 1]: Without loss of generality, we set ¢ = 1. Define

Tioi={z=(22,...,20), (a,2) €S1,}=R"", where (a,2)=(a,22,...,2,). (3.11)
For U € ¢§°(R}) and given any z = (22,...,2,) € I'1 4, consider the function
Va>0, uze(r)=U(x0+ (a,z). (3.12)

As u,g belongs to H'(R%), Lemma 3.4 for L = +oo combined with an integration with
respect to z € I'; 4 leads to

/ lu20(0)[2 dz < /F otz 03 ey (3.13)

l,a 1,a

On the other hand, let us introduce the transformation

T:ye ((y1—a)/01,y2— (y1 —a)b2/01,- - ,yn — (11 — a) 0n/61), (3.14)

which defines a ¢!-diffeomorphism with a Jacobian determinant detJ = 1/6; # 0. Since
the inverse image {T"!(z,2), z€ I'1,4, * > 0} is nothing but the polyhedron

Qo ={yeRY, y1 >a, yo > (y1 —a)b,/61} CRY,

10



it follows from the chain rule and from the change of variables y — T y that

duz79 2 1 2
@) =Dy U0+ (02) and [ gl dr= 5 Wiy, (319
Finally, since u,9(0) = Ul(a, 22, - , 2n), Equations (3.13) and (3.15) imply
1 1
0250 < 5 1001, < 5 10 gy (3.16)

which is exactly the desired estimate.

(71) Case i = n: starting from the function u,g(z) := U(x 6+ (2, a)) defined for z > 0 and for
any z= (21,...,2np—1) With (z,a) € ¥, 4, the proof uses the exact same arguments as above,
except the inverse image under T becomes the whole half-space Q,, o := {y € R}, y, >a}. R

The previous result does not hold in general for functions which are only Hj in sub-domains
of the half-space R’}. In particular when it comes to the half-cylinder QF one is led to apply
the one-dimensional trace theorem on segments that become smaller in the neighbourhood of
the “corners”, i.e. the intersections of two faces. To overcome this difficulty, let us consider
the sets (see Figure 5)

Vo<b<1/2, SE={yexi, dist(y 0%,) = Emf ly— 2| > b}. (3.17)
? ’ z

Using these domains, the traces on Zga can be defined as locally integrable functions in the
sense of the following proposition.

#
TN | ;
b |
=10 |
ba l a Qg_
o, Y2 L Y2
><X\

,b K
zg.n

loc

V0<b<1/2,

3C, >0,

Figure 5: From left to right: Zf’z (3.17), T,
for n = 3.

YU € Hy(QF),

T

Y1

n (3.38), QF

Proposition 3.6. Let a € {0,1} and i € [1,n]. The mapping
defined by %ﬁaU U|zti

HY(Q) to L? (Eg’a) and which satisfies the estimate

11

a,—

||’Yz aUH Zﬁ b) = 0 HUVHH1 Qﬁ

Y1

(3.37), and Qf (3.41) represented

L6 (Qﬁ)%%( 2)

2,a

extends by continuity to a linear mapping still denoted %a, fmm

(3.18)



Proof. Using the density result stated in Proposition 3.3, one only has to show (3.18) for
U e é5° (ﬁﬁ) Let us assume that ¢ = 1 and a = 0, the arguments in the following extending
without any difficulty to ¢ € [1,n] and a € {0,1}. Define

F%,o = {Z: (ZQa T Zn): (07 Z) € z:T%,O} = (07 1)n—1 X R+' (319)
We introduce the length function defined by
Vze I‘%yo, Mo(2) := [{OR+(0,2)}NQ¥| = sup{z > 0, 20, < 1, x6;+2 <1 Vi [2,n-1]}.

We deduce easily that

A1,0(2) = min {1- min (1 — ZJ)} (3.20)

6, 2<j<n—-1\ 6;
For U € %5° (ﬁﬁ) and z € I'f 5, we define
VO<z<po(2), uze(zr)=U(x0+(0,2). (3.21)

Since uzg € H'(0,1,0(2)), Lemma 3.4 and an integration with respect to z give

b

On the other hand, consider the %'-diffeomorphism T given by (3.14). The set Q% =
{T Y2, 2), 0<2< Ao(2), z€ F%} is clearly included in Q* Thus, by analogy with
(3.16) in the proof of Proposition 3.5, we have from (3.21), the chain rule, and the change of
variables y — T y that

w1,0(2) |uze(0)]* dz < /FQ HUZ,QHZHI(O,%’&(Z)) dz, with w;o(2) = tanh[\1o(2)]. (3.22)

0 ,0

1
[, w102 U2 dz < 5 1013 0 (3.23)

1,0

More generally, we can show that %ﬁﬂ can be defined from H;(Qﬂ) to the weighted space
LQ(Eg’a,wi,a dz), where the weight w; , is given in (3.22) for ¢ = 1 and a = 0. Now, the
expression (3.20) of A\j o implies that w; o degenerates at the neighbourhood of the corners

zj = 1. However, the weight w1 ¢ is bounded from below on E% with

1 1
inf | wio(2) =tanh |min{—; b min —:| > 0. 3.24
(0,zesh? 1l [ {91 25jsn-16; H (324

If we set Cy := [inf(0 Jext w1 0(2)] 71 > 0, then (3.18) follows directly from (3.23) by inte-
) 1,
grating with respect to {z,o (0,2) € Z%}, instead of F%. -

Remark 3.7. The best constant in the previous proposition necessarily blows up when b tends
to 0. The above proof shows that traces could be defined on the whole faces in appropriate
weighted L?-spaces. More details about traces in anisotropic spaces can be found in [18].
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3.2.2 Green’s formulas

Let us now introduce the set H, é 1oc(R™) of functions which are Hj in any half-cylinder S x Ry,
where S is a bounded open set in R*~!. More rigorously, we define for any ¢ € €°(R* 1)
the n—dimensional function ¢ € ¥°°(R™) such that

P15 Yn—1:Yn) = @Y1, Yn—1). (3.25)
Note that for any U € L? (R"), the support of ¢ U is bounded in the directions y;, j # n.

loc
Starting from this remark, we define

Hoo(RY) = {U € L3,(RL), ¢U € HyRY) Yo 6PR™)}  (3.26)

loc

Let us introduce a 1D cut-off function x € €5°(R) such that x =1 on (0,1), from which we
define x4 € €5°(R™) as

Xs (1, - Yn—1,9n) = x(W1) - - X(yn—1)- (3.27)
We deduce in particular that

VU e Hel,loc(Ri)7 U’Qﬁ = ()v(ﬁ U)‘Qﬁ € HBl (Qﬁ) (328)

Moreover, by Proposition 3.5, it is obvious that we can define without any ambiguity the
trace map %ﬁ’a to H(}JOC(RQL) as follows

VU e Hé,loc(Ri)v ’Vg,aU ::/Yi,a(XﬂU”Eg@ € L2(E§,a)' (329)

For simplicity, when considering traces on Eg}a, we shall write U instead of vfyaU . We can
now state the following Green’s formula.

Proposition 3.8. For any U,V € Hg,loc(Ri)z we have the Green’s formula

_ _ 1 _ n-ly _ _
D D,V) dy= d = ds— ds). (3.
/Qﬂ( WUV +UD,V) dy en/ngUV S+2219i</291UV s /EEOUV 5). (3.30)

Proof. Let U,V € H(}JOC(R?F). By definition, for any x € 65°(R) such that x =1 on (0, 1),
the functions Y4 U and x; V belong to Hj(R™ ), where Xy is defined in (3.27). Since Proposition
3.3 ensures that ﬁo(@) is dense in H(R"), there exist two sequences (Uy)ren, (Vi)ken of
functions in €;°(R’ ), such that

U, —xxU and Vy— x4V in HgR}), k— +oc.

It follows from Green’s formula for smooth functions that Uy and Vj satisfy (3.30) for any
k € N. Passing to the limit and using the trace continuity result stated in Propsition 3.5
imply that (3.30) is satisfied by x4 U and x4V, 4.e. by U and V, since x; = 1 in OF, |

We next focus on functions which are periodic with respect to their (n — 1) first variables.
More precisely, for any U € L*(QF) and any ¢ € L2(Z§L70), we introduce the respective

periodic extensions U € L2 (R%) and ¢ € L} (5,,) as defined for any i € [1,n — 1] by

loc loc

a.c. yeRY, Uly+ &)= ﬁ(y) and (,7|Qﬁ =U.
(3.31)
a.e. s€EX,0, P(s+¢€)=¢(s) and 95’291,0 =

13



An appropriate functional framework is provided by the space
Hp yor(F) = {U € L2(9), U € H10o(RL)} C H(2), (3.32)

where the inclusion follows from (3.28) and (3.31). If €°°.(QF) denotes the set of smooth

per
functions in €°°(Q*) which are 1-periodic with respect to their first n — 1 variables, that is,

Coo(F) = {V e (), Vew Ry}, (3.33)

per

then one can show the following result by adapting classical properties of H' functions.

Lemma 3.9. The space €2.(QF) is dense in Hé,peT(Qﬁ)'

per

Note that the traces of functions in Hglmer((lﬂ) on Egﬂ are well-defined in L? by (3.29).
Moreover, using the continuity estimate (3.10) we have

Wa € LIH e, (1), L2(SE ). (3.34)
One has the characterization

Héper(Qﬁ) = {U € HGI(Qﬁ)v ’7?,0(] = ’Yzﬁ,lU Vie [[1,7’L - 1]]}7 (335)

where the traces of functions in H}(QF) are defined in Proposition 3.6 and the equality of
traces has to be understood up to the identification of functions on Eg,o and 2571. It is clear
from (3.35) that HOI,per(Qﬁ) is a closed subspace of Hg ("), thus it is an Hilbert space when

equipped with the norm of Hé(Qﬁ). From Proposition 3.8 and (3.35), we deduce the Green’s
formula on Hel’peT(Qﬁ).

Proposition 3.10. For any U,V € Hé,per(Qﬁ)’ we have the Green’s formula

_ _ 1 _

Dy,UV +U D,V )dy=— UV ds. 3.36
/Qﬁ ( UV +U Ly ) Y=9. - 8 (3.36)
From the Green’s formula (3.36), we can easily deduce the following result.

Corollary 3.11. Let a > 0, and define the sets with common boundary ng (see Figure 5):
Qgﬂr =0 N{y, >a} and th_ =0 N {y, <al. (3.37)
Consider a function U € L*(QF) such that Uy := U|Qg,i € H(;per(Qg’i), where H(;per(Qg’i)
is defined as in (3.35). Then
U€ Hppoo() = AhUs =750

We finish this section with a more technical Green’s formula, used in the proof of Proposition
3.17, involving functions U that only belong to Hp(QF), provided that the test function V'
vanishes in the neighborhood of the skeleton T), defined by

n—1
T,=%hy and T, =3h,U [ U (02%,00%t )| forn > 3. (3.38)
j=1

This domain is represented in Figure 5 for n = 3.

14



Proposition 3.12. For U € H}(Q) and V € ‘Ké’o(ﬁu \ T},), the Green’s formula (3.30) still
holds.

Proof. Consider U € H}(Q%) and V € %Ow(ﬁﬁ \ T},). Since by Proposition 3.3, %Ow(ﬁﬁ) is
dense in H}(€F), there exists a sequence (Uy)ren of functions in €5° (ﬁﬁ) which tends to U.
It follows from Green’s formula in QF for smooth functions that Uy and V satisfy (3.30) for
any k € N. For 0 < b < 1/2, let Q%" be the domain

Qb = {ye OF  dist(y, Tp,) := inf |y = 2| > b}. (3.39)
z n

Since V € %&O(ﬁﬁ \ T},), there exists a real number 0 < b < 1/2 such that Vg € €5°(QH).
Consequently, for any i € [1,n — 1], the surface integral on Eg}a is reduced to the set Zgz

defined by (3.17). When k tends to +o00, we can then use the trace continuity result stated
in Proposition 3.6 on %, to deduce that (3.30) is satisfied by U and V. [ |

i,a?

3.2.3 An oblique change of variables

Before stating Proposition 3.14 which is the main result of this section, let us introduce the
change of variables in R"}:

(s,z) e R} — y=(s0)+20 € R, (3.40)
and denote by Qg the image of QF by the above transformation:
Q) :={(5,0)+26, sc(0,1)" ! >0} (3.41)

This is illustrated in Figure 5 for n = 3 and in Figure 6 for n = 2 and |@| = 1. The following
simple lemma will be used in the sequel.

Lemma 3.13. For any V € LY(QF), we have
/ V(y) dy= / V(y) dy, (3.42)
of of

where V € L} (R%) denotes the periodic extension of V', defined by (3.31).

loc

Proof. We will use the notation k = (ki,...,kq) € Z% for a vector of integers. For any
set O C R", let 1 be the indicator function of O, that is, the function which equals 1 in
O and 0 elsewhere. By density, it suffices to prove (3.42) for V € €5°(QF). By additivity of
integration,

fPwan=[ 1w Ve a= 3 [ 10w V)i,

kezn—1

where the sum over k € Z"~! is finite because of Log and because V is compactly supported.
We then use the change of variables z— z+ (k,0) which leads to

V(y) dy = Z /Qti Lot (z+ (k,0)) V(z) dz because V is periodic

Qg kezn—1

= Qﬁ[ Z ﬂﬂg,(ho)(z)} V(z) dz by linearity. (3.43)
kezr—1
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Furthermore, by noticing that the collection of sets {Qf — (k,0), k& Z"~1} forms a partition
of R, it follows that

VzeQ, Y lgjko)(?) = Lri(2) =1, (3.44)
kezr—1
Combining (3.43) and (3.44) implies that (3.42) is satisfied for V € €°(QF). [ |

The inversion of the change of variables (3.40) leads us to introduce:
VyeR", so(y):=9 — (yn/0n)0 €R", (3.45)

so that,
y=(80)+20 <= s=sp(y) and z=y,/6b,. (3.46)

The next proposition emphasizes the fact that through the change of variables (3.40), the
differential operator D, simply becomes the partial derivative with respect to ¥, (which is
obvious for smooth functions).

Proposition 3.14. Let ¥ € L?(QF). Then the periodic function Vg defined as
a.e. y€RL,  Wo(y) := U(s9(y), yn/0n), (3.47)
(where W is the periodic extension of ) belongs to L2(Q) and
1Wollr2iat) = VOn V]| 22(t)- (3.48)
Moreover, if 9,V € L*(Q%), then Wy belongs to Héper(Qﬁ) with directional derivative

ov

a.e. ye€ RY, DgWp(y) = o

(56(Y), Yn/bn)- (3.49)

Proof. The map (s,z) — (s,0) + 2 6 from E?%O x Ry to Qf defines a €' -diffeomorphism
with a non-vanishing Jacobian 6, # 0. Therefore, by using the definition (3.41) of Qf, a
change of variables as well as the property sg((s,0) 4+ 2 6) = s, we obtain that

~ too +oo
/ To(y)[2 dy = 0, / / Tg((5,0) + 2 0)2 dz ds = 6, / / B (s, 2)[? do ds.
of 2t 4 Jo 2h 4 Jo
We deduce from Lemma 3.13 that ¥y € L?(9F), and that (3.48) holds.

Now in order to derive the expression of Dg\ilg in the sense of distributions, consider a test
function ® € €5°(R’}). The change of variables (s,z) — (s,0) + 2 @ combined with Fubini’s
theorem for integrable functions leads to

~ +o0o
To(y) De®(y) dy = 6, /R_/O T (s,2) Do®((s,0) + z 0) duds. (3.50)

Ry

Furthermore the 1D function ¢s¢ defined by ¢s¢(x) := ®((s,0) + 2 0) belongs to €¢5°(R4)
and we have [d¢sg/dx](x) = De®((s,0) + 2 0) from the chain rule. Since 9,V is in L?, we
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can integrate by parts the inner integral in (3.50) to obtain

_ oo O
Ty (y) De®(y) dy = —0,, / / = (5,0) Gs0(a) duds
Rn—=1 J0 Yn

RY
ov
== .. 9o (50(4):Un/0n) B(y) dy, (3.51)
R OYn
where the last equality comes from the change of variables y — (sg(y),yn/0n). This gives
the expression of DgWg in (3.49). |
Remark 3.15. It will be often useful to use (3.49) in the form
~ v
a.e. (s,x) €RY, DgWq((s,0)+20)= @(s, x). (3.52)

The previous proposition allows in particular to deduce the surjectivity of the trace operator
from H917per(§2u) to LQ(E?%O).

Corollary 3.16. Let ¢ € LQ(E%’O), and 1 € HY(R) such that 1(0) = 1. Then the periodic
function defined by

a.e. YyeRY, Re(y) == @(s6(y) ¥ (yn/0n) (3.53)

belongs to Hé’per(Qﬂ), and its trace is R90|Egbo = . Moreover, R defines a continuous map
from L2(2?’L,0) to H&%,per“)ﬁ)‘
3.3 Link with a periodic half-guide problem

For any boundary data ¢ € LQ(EEL,O), we can now introduce U; as the solution in Hé(Qﬂ) of
the half-guide problem

—Dy (up DUy ) — ppw* Uy =0, in QF
Uglst, = ¢

(3.54)
Uglst, =Uylst, Vie[l,n-1],

tp Do UqIst, =1y Do Ug st Vi€ [1,n—1].

Note that the third equation above implies that U; e é7per(Qﬁ), the first one implies that
tp Dy Uf € HE(QF), and finally the fourth one implies that u, Dy U, € Hémer((lﬁ). The
space of the boundary data can seem surprising compared to the Helmholtz equation with
an elliptic principal part, but recall from Corollary 3.16 that the trace mapping on 25170 is
surjective from Héper(ﬂﬁ) to LZ(EQ%O).

With the functional framework introduced in the previous section, we can now show that
Problem (3.54) is well-posed.
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Proposition 3.17. For any ¢ € LQ(EEL’O), Problem (3.54) is equivalent to the variational
formulation

Find US € H017per(m) such that Ueﬂggm = and

¥V € H} ., (QF) such that Vst =0, /jj (10 Dy Ug Dy V = pypw? Uy V) =0,
n, Q
(3.55)

for which Lax-Milgram’s theorem applies.

Proof. The variational formulation is obtained by multiplying the first equation of (3.54) by
Ve HHIJW(Qﬁ), and by using Green’s formula (3.36). The application of the Lax-Milgram’s
theorem in {V € H017per(m), Yn,0V = 0}, thanks to Corollary 3.16, is direct.

For the equivalence, as usual, one picks test functions V € €5°(QF) to deduce that the
solution Uy € Héper(m) of (3.55) satisfies the first equation of (3.54). This implies that
tp DoUg € H(92F). The real difficulty is to show that U, satisfies the fourth equation in
(3.54) or equivalently that p, Dy Uy € H;W(Qﬁ). According to Proposition 3.6, we have

V1<i<n—1, p, DaUylst € L. (3F,).

Therefore, Prog)osmlon 3.12 allows us to use Green’s formula (3.30) for U = y, D, U, and
for Ve 65°(Q°\ Tp,) N Hy peT(Q ), where T,, is the skeleton defined in (3.38). By comblmng

this with the fact that U, solves (3.55) and the first equation of (3.54), one obtains that for
any integer i € [1,n — 1],

YV € €50\ To) N H o (20), </zﬁ pip DU V ds — /ij 1y DUy V ds) = 0.
7,1 7,0

Furthermore, %§° (250) is included in {Visf , V € %¢° (ﬁﬁ \Tn) N Hé’per(ﬂﬁ)}. In fact,
any ¢ € 6,° (250) admits the extension ¥ : y € QF — ¥ (y1,...,Yi—1,Yit1,---,Yn), Which
belongs to €5 (Q \Tn) N H} per(Qﬁ) Finally, since €5° (Efo) is dense in Lz(ElO) it is easy
to show that the fourth equation of (3.54) holds and that y, D U;|ggl € LQ(Egjl) for any
iel,n—1]. |

We now make the link between Uy (¢) and the solution of the half-line problem (3.1) that
fully justifies the introduction of the half-guide problem (3.54).

To do so, first, let us introduce the quasiperiodic coefficients defined for any s € R*~! by
Ve eR, pso(z):=pp((s,0)+20) and pse(z):=pp((s,0)+20), (3.56)
as well as the one-dimensional problems

d du:@ 2 4+ .
_%(:U’S,H dx ) — Psg W u579 - 07 m R+7 (357)

“:0 (0) = 1.

Note that (3.1) corresponds to (3.57) taken with s = 0.
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Figure 6: The half-cylinders Qf and Qf (left), and the domains Cj and Egz,k (right) for n = 2

Under the assumptions (1.2) and (1.4), Problem (3.57) admits a unique solution u:ﬁ in

HY(R,) for any s € R""!. Moreover, u}, decays exponentially at infinity, uniformly with
respect to s, that is, there exist constants o, c > 0 depending only on p4, p+ such that

Vse Rnflj Hefozjmwa:u‘—;e

1 rey < © (3.58)

Furthermore, thanks to the continuity of y, and p,, we can show that ujo is continuous with
respect to s, as stated in the next proposition.

Proposition 3.18. The mapping s € R" 1 — uje, which associates with a real vector s the

solution in H*(Ry) of the problem (3.57), defines a uniformly continuous function which is
periodic of period 1 in each direction.

Proof. To show that s — uja is 1-periodic in each direction, one simply has to note that
since g9 and pgg are 1-periodic with respect to each s;, both “:0 and u;é@-ﬂ satisfy the
same half-line problem (3.57). Thus, by well-posedness of (3.57), u:ﬁ = u;aﬁ.

Now let us prove the regularity of s — u:ﬂ. For any s1, 8, € R"~!, by writing the variational
formulations satisfied by u; g and u;’; g, and by substracting one from the other, we obtain

d dv
1 + + 2 + V=l
Yove HO(R+), /R+ [,usl,o %(usw — US%Q) % — Ps1,0 W (u;ﬂ — us%g) v} =

/F\’ {(ﬂ’sz,@ - ,U's1,9> ﬁ % - (:081,9 - psz,@) w? u—sz,e} :

+

Now choose v = u;rl 0~ u;; o € H}(Ry) in the above equality. The well-posedness of (3.57), a

Cauchy-Schwarz inequality applied to the right-hand side and (3.58) imply that there exists
a real number ¢ > 0 independent of s and 6 such that

:_1,0 - u—s‘;,OHHl(RJr) <c (HNSQ,B — Hs1,0

Hu ‘OO =+ Hpsz,B — Ps1,0 ‘oo) (3.59)
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The functions p, and p, are continuous and 1-periodic in each direction: from Heine-Cantor
theorem, they are uniformly continuous. Let us define the modulus of uniform continuity

Vued'RY), Ve>0, d(pe)= sup{[s(y) — p(2), [y — 2l < <}
A function g is uniformly continuous if §(u,e) tends to 0 as e tends to 0. It follows from
(3.59) that
Husl, - Ul;,eHHl(R+) <c (5(,“1)7 |81 — s2[) + 6(pp, 51 — 32’))-

Therefore, s — u/, is continuous from R"~1 in H(R™). |

Proposition 3.19. Let sy be the mapping defined by (3.45), and (7; (resp. @) be the periodic
extension of Uy (resp. @) the solution of (3.54). Then, we have

a.e. y€RY, Uy (9)(y) = 3(s0(9) ul () o(Yn/0n), (3.60)
or equivalently

ae (s,7) ER™ xRy, U ()((s,0)+0z) = 3(s) uly(x). (3.61)

)

Moreover if ¢ is continuous in the neighbourhood of 0 and satisfies p(0) = 1, then
a.e. x €R, ug(z)= Ue( 2)(x 0) (3.62)

Proof. We begin by proving (3.60). Let us denote for a.e. y € R}, U,(y) the right-hand
side of (3.60). Note that ¥ : (s,z) — @(s) ulp(x) is 1-periodic with respect to s (thanks to
Proposition 3.18), and belongs to L?(QF) since

H‘I/HLz ) /jj (s)? \\uselle(R+) ds < 6, c? H<pHL2 St o)’ with ¢ = sup HuseHLz (Ry)-

Moreover, since for all s, u:B € H'(R"), 9,,¥ is also in L?(9F) (using similar inequalities to
the above). By Proposition 3.14, U; belongs to H;W(Qﬁ) with

+

n T = duse(y)19
acyeRL Doli(y) = Flso(s) — 222 (g /6,)

Finally, since u,(0) = 1, it is clear that Uilst , = ». By repeating the same argument, we
can show that p,Dg U; belongs to Hé,per(ﬂﬁ) with

N B d du;(
a.e. y€RY, Do [up Do Ur](y) = 4 (s0(y)) %(usé,(wa)(yn/@ )-

Since u:(, satisfies (3.57), it is clear that Uj satisfies (3.54). By well-posedness of (3.54), w
have U; = Uj .

The equivalence between (3.60) and (3.61) is directly obtained using the change of variables
(s,z) — ((s,0) 4+ 6@ z). Moreover, we have from Proposition 3.18 that s+ u;" 5.0 is continuous.
If in addition to that, ¢ is continuous in a neighbourhood of 0, then (3.61) becomes true for
any s in that neighbourhood. In particular, (3.61) can be written for s = 0, thus leading to
(3.62). |
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In particular, we deduce from the above proprosition that

+

~ du
ae yeRL DyU7 ()(y) = B(so(a) — 222 (y, /6,) (3.63)

Remark 3.20. The half-guide solution U; depends on ¢ whereas ujg does not. In this
sense, the relation (3.60) can seem surprising at first sight. Numerical results presented in
Section 5.5 will illustrate this property.

4 Resolution of the half-guide problem

The advantage of the lifting process lies in the periodic nature of (3.54), which allows us to
exploit tools that are well-suited for periodic waveguides. In this paper, we use a DtN-based
method [10, 19], developed for the elliptic! Helmholtz equation —V - (1, VU) — p, w? U =0
in unbounded periodic guides. This method does not rely on decay properties, and therefore
remains robust when the absorption tends to 0. As we essentially transpose this method to
our directional Helmholtz equation, we will see below that the framework remains exactly
the same, although the analysis has to be adapted. Let us mention the recursive doubling
method [32, 8], suited for bounded periodic waveguides, and a method [33] based on the
Floquet-Bloch transform, although its extension to our non-elliptic equation seems unclear.

In what follows, Cg is the cell defined for every ¢ € N by

Cf=(0,1)" and C}=Ci+ (&, sothat QF = U Ch. (4.1)
£eN

For £ > 0, we call %} 70 the interface between the cells C} and Cf, ,, that is, Egl =28 ot lén.
By periodicity, each cell CZ can be identified to C§. Similarly, each interface Eﬂ ne can be
identified to ZE%O The cells and interfaces are represented in Figure 6.

4.1 Structure of the solution

The solution Uy (¢) of (3.54) has a particular structure that we explain in this section.
Denote by P € L(L*(3% )) the operator

Voe L’ (), Pe:=Us(@)lst,, (4.2)

where LQ(E%J) and LQ(EBLO) have been identified to each other in an obvious manner. This
identification will be used systematically in what follows, even if not mentioned. Note that
the operator P is well-defined, due to the continuity of the trace operator on Eg,a (3.34).

Proposition 4.1. For any ¢ in LQ(ZEMO), we have
VEEN, ace. y€ Q) Uf(p)(y+ L&) = Uyf (Plo)(y). (4.3)

Moreover, the spectral radius of P is strictly less than one.

!By elliptic Helmholtz equation, we refer to the Helmholtz equation with an elliptic principal part.
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Proof. We only present the outline of the proof, which is quite similar to the one in [10,
19]. Given ¢ € L%(S}, ), consider the function U; defined in F by U, (y) = Uy (¢)(y + &)
for almost any y € QF. Since the coefficients ip and p, are periodic, one deduces that U;
satisfies the volume equation as well as the periodicity condition in (3.54). Furthermore,

Uilst , =Uy (9)Ist, = Py

Thus, by well-posedness of (3.54), we have (4.3) for £ = 1. The result (4.3) for £ > 2 is proved
by induction.

It remains to show that the spectral radius is strictly less than 1. To this end, by analogy
with (3.58), one can show the existence of constants «, ¢ > 0 such that

v X L2(27ﬂ%0>7 Heaﬁmwyn/Hn U;_HHé(Qﬁ) <c H(‘OHLQ(ZBL,O)' (44)

Since Pl = Uy (¢)(-, ¢), the estimate above implies that | Pf|| < ¢ e=*Im« /0 Hence, using
Gelfand’s formula [26, §10.3], the spectral radius can be estimated as follows:

p(P) = lim HPeHl/Z < e PAImw/On 1
l——+o0

The operator P is called the propagation operator, as it describes how the solution of (3.54)
evolves from one interface to another. Provided that P is known, the solution Uy (¢) may
be constructed using local cell problems. Let us first introduce the appropriate functional
framework in a periodicity cell

Hp 4, (C8) = {U € HY(CE), U € Hj1e(Bo) }, (4.5)

where By := R? N {0 < y,, < 1}. Similarly to Section 3.2.1, one can show that any function
of H;’per(cg) has a L? trace on the boundary of C§. We can prove in particular that

H3per(C) = {U € HJ(CE) / Ulymo = Ulym1, Vi € [Ln = 1]},

We can now introduce the local cell problems: for all ¢ € L2(Z§l’0), for j € {0,1}, let
FEi(p) € ng(cg) satisfy

—Dy (11p Dy E’) — ppw® E? =0, in C§, (46)
pp Do E7|y—0 = pip Do BV |y,=1 Vi€ [1,n—1],
defined for j = 0,1, with the boundary conditions
Ellst =¢ and EYst =0,
| | n,0 | n,1 (47)

E1|ZQLO =0 and E1|ZQL1 = .

A variational formulation can be derived as in Proposition 3.17, and the well-posedness follows
once again from a lifting argument (see Proposition 3.14) combined with Lax-Milgram’s
theorem in Hgl?per(Cg).
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Proposition 4.1 implies that Uj(go)(' +L€)|st = Ply. Hence, if the propagation operator
P is known, by linearity, the solution of the half-guide problem can be entirely constructed
cell by cell as follows:

VIEN, Uf(p)(-+ L&)t = E°(P'o) + E' (P o). (4.8)

4.2 Characterization of the propagation operator: the Riccati equation

In the sequel, (-,-) denotes the canonical L? scalar product on Eiyo (or equivalently on 2?171).

In order to characterize the propagation operator P, it is useful to introduce the local DtN
operators T* € L(L*(Z4, (), defined for j,k = 0,1 by

Ve LX(She), Te=(=1)"" 0, 1y Dy B (9)] It . (4.9)

where E7(¢p) satisfies (4.6)-(4.7). By Green’s formula (3.30), note that for all j, k = 0,1 and
for (o, ) € LQ(EEMO)Z, these operators satisfy

(0. 0) = | [0 Dy B(0) Dy BT — pp o B BF@)]. - (410)

Before deriving other useful properties of the local DtN operators, we need to introduce some
additional notations. For any closed operator A € E(LZ(EE%O)), we denote A* the adjoint of

A, and A its « complex conjugate », that is,
Ve l(Sh,), Ap=Ap.

It is not difficult to see that A* = A", and A=A

Proposition 4.2. The local DtN operators T satisfy
o) —Fw ) o7 el o [ o

Furthermore, the operators T, T and T + T are invertible.

Proof. The property (4.11) follows from Green’s formula applied to E7 () and E¥(v)), see
for instance [10, Proposition 2.2.4] in the case of the Helmholtz equation.

The operators 7%, 711 and 79 4 7' are bounded. We are going to show that they are
also coercive. Their invertibility will then follow from Lax-Milgram’s theorem.

From the expression (4.10), one has the existence of a constant ¢ = ¢(pu—, p—,|w|) > 0
such that

~ ]‘ ~ ~ ~
ol Im | (T, )| 2 ¢ Imw 1B @y ) 2 @ Imw e
since from (3.34), the trace application from Hé?peT(Cg) to LQ(EELO) is continuous. It follows

that the operators 7% and 7! are coercive, and therefore invertible. The inequalities above
summed for k = 0, 1 imply the coercivity and hence the invertibility of 79 + 71 as well. W
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As seen earlier, the solution of the half-guide problem (3.54) is given by (4.8). Now let us
use the characterization of H ;er’g(m), namely, Corollary 3.11 with a = 1, so that QEL,, =C§
and QEH_ = QF \ C§. Since pu, D,y Uy () belongs to Héper(Qﬁ), the directional derivative of

Uq (¢) is continuous across the interface X, i.e.

|15 Do Ug (9)] 15, = |1p Do Ug (0)((- + &) It ,. (4.12)

or equivalently,

o Du B, + i PP,
(4.13)
_ [ﬂp D, EO(']D()D)} |2, + [Mp D, El(PQw)} 58,

By using the definition of the local DtN operators 77, (4.13) leads to the following charac-
terization.

Proposition 4.3. The propagation operator P defined by (4.2) is the unique solution of the
constrained Riccati equation

Find P € L(L*(}4)) such that p(P) <1 and
(4.14)
TP+ (T + TP+ T% =0.

Proof. The proof is identical to the one for the elliptic Helmholtz equation [19, Theorem
4.1]. We know from Proposition 4.1 that P has a spectral radius which is strictly less than
1. Moreover (4.13) ensures that P satisfies the Riccati equation.

In order to prove the uniqueness, let us consider an operator P; which satisfies (4.14). The
function defined cell by cell by

VeeL2(She), VELEN', Ui(@)(-+ L&)l = E°(Ple) + E'(Prp),

solves (3.54) in each cell Cy and is continuous across each interface EBM, by definition (4.6),
(4.7) of E® and E'. By Corollary 3.11, Uy is locally Hj in OF,

Moreover, since P; satisfies (4.14), the directional derivative j, D, U; is continuous across
each interface. Thus, using Corollary 3.11, we deduce that U; satisfies (3.54) in Q.

Furthermore, given that p(P;) < 1, Gelfand’s formula and the well-posedness of the cell
problems ensure that there exist positive constants ¢, p,, with p, < 1 such that, for £ € N
large enough,

ULl 3cty < € o2 ezt )

n

Hence Up(¢) belongs to H917per(m) and satisfies the half-guide problem (3.54). By well-
posedness of (3.54), U1(p) and Uy () coincide, and thus have the same trace on X¥ ;, that

n,l»

is P1p = Py for any ¢ € L2(E§z,0)' .
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As a consequence, the propagation operator can be obtained by solving the Riccati equation
in (4.14), and by choosing the unique solution whose spectral radius is strictly less than 1.
One important thing to retain from the above is that both the propagation operator and the
solution of the half-guide problem only require the computation of E°, E', and the operators
700 710 701 "and T, which involve problems defined on a periodicity cell. However, the
resolution of the constrained Riccati equation (4.14) is not obvious at all. The properties of
this equation are investigated in further details in Section 4.4.

4.3 The DtN operator and the DtIN coefficient

The goal of this part is to see how the half-guide problem and the local cell problems can be
used to compute the DtN coefficient A\*. We recall that

dut
At = —ug(0) —2(0).
1e(0) dw()

Therefore, it is natural to introduce the DtN operator A € E(LZ(E%O)) defined by

Vo€ LA(So) A= 0 [up DyUs (9)] Isf, (4.15)

This operator also has the following properties, whose proof is exactly identical to the one of
Proposition 4.2.

Proposition 4.4. One has A* = A. Moreover, A and A + T are invertible operators.

Taking the directional derivative of (4.8) (for £ = 0) on EBL’O and using the definition (4.9) of
the local DtN operators 7% and 7'° leads to

A=T% 471D, (4.16)

Besides, by writing the formula (3.63) after multiplication by pu,, and by evaluating it for
y = (s,0), so that sg(y) = s, we obtain

dul,
Ap(s) =0, Ag(8) p(s), with Ag(s) = —[u&g d; }(0), (4.17)

namely, A is a multiplication operator. We deduce from (4.17) the DtN coefficient A*.

Proposition 4.5. The function Ay : R~ — C defined by (4.17) is continuous. Moreover,
if © € Cper(R™Y) is a given function which satisfies p(0) = 1, then we have

1
AT = Xg(0) = 7= (A9)(0). (4.18)
Proof. Using Green’s formula, we have that for all s € R*~!
. du dv 9
Ao(s) = as(uze,uze), with  as(u,v) = /R (u&g T 4y Peow U v).

+

The continuity of u — as(u, u) results directly from the properties of the coefficients p, and
pp- Moreover, Proposition 3.18 ensures that the function s+ uje is continuous. Therefore,
as the composition of these two functions, Ay is also continuous. 7

If in addition ¢ is continuous, then Ay is also continuous. Hence, (A¢)(0) = 6, Ay(0)¢(0)
which yields the desired result. |
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4.4 Spectral properties of the Riccati equation

We now present some properties regarding Equation (4.14). These properties will be exploited
for the numerical resolution of the Riccati equation, by constructing the operator P from its
eigenpairs (this will be done in Section 5.3 after space discretization). For this reason, it is
worhwhile to reformulate a spectral version (Proposition 4.7) of the Riccati equation that
would characterize these eigenpairs, while taking into account the spectral radius constraint.
This is precisely the purpose of this section.

Recall that 7 (P) = 0, where 7 is the bounded operator defined by
VX €L(LA(Ehy), TX)=TUX2+ (T +T"X + 7. (4.19)

In the sequel, we will write 7 (\) for T(AI). We begin with the following factorization lemma.

Lemma 4.6. Let P be the propagation operator defined by (4.2). For any number A € C,
TO) =P 1) (A+ T (P—N), (4.20)
where T is defined by (4.9) and A is defined by (4.15).
Proof. Let A € C. Since the propagation operator satisfies 7(P) = 0, one obtains that
T(A)=TA)=T(P)
= [T+ P) + T+ T (A - P)
=T +A+TH (A=P), from (4.16). (4.21)

We use once again the fact that 7(P) = 0 which, by the expression (4.16), is equivalent to
T = —(A + T') P. By transposing this equation, and by taking the complex conjugate,
one obtains that [701]* = —P* (A + 71)*. Since [T']" = T and [T']" = 710 as ensured
by Proposition 4.2, and since A* = A from Proposition 4.4, it follows that

T =P (A+T").
Inserting this expression of 710 in (4.21) therefore leads to
TO) = [-APF A+ T+ A+ T (A=P) = (I = XP7) (A+T") (A= P).

which is the desired result. [ |

The previous factorization lemma allows one to characterize the spectrum of the propagation
operator as follows.

Proposition 4.7. For any complex number A\, one has

Aeo(P) < 0€0o[T(\)] and [N <1. (4.22)
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Proof. Proving (4.22) amounts to showing that for any A € C such that |A| < 1, P — A
is invertible if and only if 7(A) is invertible. To this end, using Lemma 4.6, it is sufficient
to prove that (AP* — I) (A 4+ T'1) is an invertible operator. Proposition 4.4 ensures the
invertibility of A + 7' already. It thus remains to show that AP* — I is invertible, which is
true when |A| < 1.

Indeed, if A\ = 0, then AP* —I = —1 is obviously invertible. Otherwise, it is not difficult to
see that P and P* have the same spectrum. Hence, given that |1/\| > 1 > p(P*), it follows
that 1/ does not belong to o(P*). In other words, P*— (1/A) I is an invertible operator. W

Remark 4.8. Note that the property (4.22) can be proved easily (and without Lemma /.6)
for the point spectrum.:

ANEoy(P) < 0€0,[T(N)] and [N <1. (4.23)

This property was already proved in [19] for the Helmholtz equation. In this context, this was
sufficient since the operator P was compact, which is no longer the case here.

Finally, it is worth noting that the values A # 0 for which 0 € [T (\)] can be paired in the
following way.

Proposition 4.9. For any complex number X #£ 0, one has the following equivalence:
0€c[T(N)] <= 0ea[T(1/N)]. (4.24)

Proof. Let A € C*. From the properties of the local DtN operators (see Proposition 4.2),
we deduce that

[T =T+ XNTO+ T+ T = T(1/N). (4.25)
The operators T(\) and [T (\)]" have the same spectrum, hence the result. [ |

Remark 4.10. As Proposition 4.9 shows, the values X\ # 0 for which
0€a[T(\)]

come by pairs (\,A\"1). From a numerical point of view, it suffices to choose A such that
Al <1 and discard \7*.

4.5 Spectral properties of the propagation operator

This section, contrary to Section 4.4 is not related to the construction of our numerical
method; it is of theoretical interest. On one hand, the result of this section, that is Proposition
4.11, is useful for interpreting some of the numerical results in Section 5.5.3. On the other
hand, it emphasizes the differences between the spectral properties of P, and the ones of
the corresponding operator for classical waveguide problems. For the elliptic Helmholtz
equation, P is compact (see [19, Theorem 3.1]) and its spectrum hence consists only in
isolated eigenvalues which accumulate to 0. However, the picture is completely different in
this case, because the spectrum has no isolated points.
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One useful way to study the properties of the propagation operator (especially its spectrum)
is through an analytic formula: according to (3.60), P can be expressed for all ¢ in LQ(E%O)
and for s € R" ! as

Pep(s) =po(s) (s —6), with pe(s)=ul 54(1/0,) and 6=6/0, R (4.26)

Note that since 0 is an irrational vector, é is also an irrational vector.
The properties of the mapping s — u:o stated in Proposition 3.18 imply that the fonction
pg is continuous and 1-periodic in each direction.

Operators that can be written under the form (4.26) are known as weighted shift operators,
and have been studied for instance in [2]. In particular, the spectral properties of P are given
by the following result.

Proposition 4.11. Let pg : Zfﬁz,o — C be the function defined in (4.26). Then, pg(s) # 0 for
all s in 25170, and the spectral radius of P is given by

p(P) = exp ( /E , logpo(s)l d8> : (4.27)

Moreover, the spectrum of P is a circle of radius p(P).

This result can be found in [2, Theorem 2.1] for n = 2. We give below the proof for n > 2,
which requires the following lemma (see Theorem 6.1 and Example 6.1 of [21]), known as a
particular case of Birkhoff’s ergodic theorem for continuous functions.

Lemma 4.12. Let : 22%0 — C be continuous and 1-periodic in each direction. Let o € R~}
be an irrational vector. Then, we have the following uniform convergence:

1 -1
Am HZ gow(' —ma) - /zgho ¢Hoo =0
Proof of Proposition 4.11. Let us first show by contradiction that pg or equivalently
the function s +— ujﬂ(l /0y) is nowhere vanishing. To do so, we use an argument of unique
continuation. In fact, assume that there exists s € E%O such that u,(1/6,) = 0. Then u},
satisfies the problem 7 7

d dugy 2+ - +
_% Ms,0 dz — Ps,g W usﬂ =U, m (1/9717 +OO)7 and u3,9<1/0n) =0.
From the well-posedness of this problem, it follows that ul, = 0 in (1/6,,,+00). Therefore,
by unique continuation, one deduces that uja = 0 in R4, which contradicts the boundary
condition u/,4(0) = 1.

We now establish the expression of the spectral radius p(P). One has p(P) = lim |P’|"/*

from Gelfand’s formula, and by induction, P¢ can be expressed under the form

/-1
Plo(s) =y (s) p(s — 16), with py’(s) = [] pe(s —md).

m=0
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Since the translation operator ¢ +— (- — £8) is isometric and bijective, the norm of P? is
equal to the norm of the multiplication operator ¢ pg) ©, that is Hpg)Hoo. Hence, given

that pg(s) # 0 for all s, one has

p(P) = lim H H po(- —md) H = lim exp”% Zi log (\pg(fm5)|)H
m=0

£—~+o00 l——+o0 00

Since 0 is an irrational vector, § = 0 /0y, is also an irrational vector. Therefore, Lemma 4.12
can be applied with a = 9, and @) : s — log|pg(s)|, which is well-defined and continuous.
Hence the spectral radius is given by

p(P) = Miog(pe) := exp </zti log |pe(s)| d8> :

n,0

Let us now characterize the spectrum. To begin note that the inverse of P is well-defined,
since pg vanishes nowhere: for all ¢ € L2(XF ) P~Lp(s) := pe(s)~! ¢(s+ ). Therefore, all
the computations above can be applied to 73 , thus yielding

1 1
Mlog(pe) p(P)

Since the spectrum of P is always included in the annulus p(P~1)™1 < |z| < p(P), it follows
that o(P) is included in the circle |z| = p(P) = Miog(ps)-

p(P™") = Miog(pg ') =

Conversely, for k € Z"~1 let Sj be the multiplication operator by s € R"~! s exp(2ir k- s).
From the expression (4.26) of the propagation operator, we obtain that

SkPS_ 217rk 57)

The operators P and %7 9 P are similar, and thus have the same spectrum. Now consider
an element Ao of o(P). Then, |\g| = Miog(pa), and Ay, := €279 \¢ also belongs to o(P) for
all k € Z"1. Since § is irrational, we have from Kronecker’s theorem (Theorem 2.2) that
the set {\g, k€ Z"1} is dense in the circle |z| = [A\g| = Miog(pg). Consequently, this whole
circle is included in the spectrum, since the latter is a closed set. |

5 Resolution algorithm and discretization issues for n = 2

In order to compute the solution of Equation (1.1), the previous sections provide an algorithm
which sums up as follows:

1. Compute the solution ug of (1.8) and the DN coefficient A defined by (1.7) by using
the following procedure:

(a). for any boundary data ¢ € LQ(ZE%O), compute the solutions E%(¢), E'(y) of the
local cell problems (4.6);

(b). compute the local DtN operators (790, 701 710 711)  defined by (4.9)-(4.10);

(¢). compute the propagation operator P as the unique solution of the constrained
Riccati equation (4.14);
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(d). using an arbitrarily chosen boundary data ¢ € €pe(R" 1) which satisfies p(0) = 1,
o from (4.8), construct the solution U; of the half-guide problem cell by cell;
o deduce the half-line solution uj via the formula (3.62);

(e). compute the DtN operator A defined by (4.16), and deduce AT from (4.18).

2. Compute the solution uy of (1.8) and the DtN coefficient A\~ defined by (1.7) by using
exactly the same procedure as in Step 1 (but independently from Step 1).

3. Finally, solve the interior problem (1.9) in (—a,a), and extend the solution everywhere
by using (1.10), as well as Step 1 and Step 2.

For convenience sake, the quasiperiodicity order is set to n = 2. The most original aspects of
the algorithm are the steps (7.a)—(1.d), and the rest of this section focuses on the discretiza-
tion of these four steps. We present in Sections 5.1 and 5.2 two different methods that are
linked to a choice of discretization of the step (7.a), which influences the implementation of
the steps (7.b) and (7.d). The treatment of the step (7.c) is independent of this choice, and

' /

will be presented in Section 5.3
per per

/

Figure 7: Two-dimensional mesh for the 2D method (left), and family of one-dimensional
meshes for the quasi-1D method (right)

5.1 A fully two-dimensional method

The first method is inspired from the resolution of the elliptic Helmholtz equation (see [10]
for instance), and consists in solving directly the local cell problems on an unstructured mesh
of the periodicity cell C§ = (0,1)? (see Figure 7).

We start from a triangular mesh .7, (C§) of C§ = (0,1)? with a mesh step h > 0. We assume
that this mesh is periodic, in the sense that one can identify the mesh nodes on the boundary
y; = 0 with those on y; = 1, for 1 <4 < 2. In particular for ¢ = 1, this condition allows us to
handle the periodic boundary conditions.

Now let Vh(Cg) be the usual H'-conforming approximation by Lagrange finite elements of
order d > 0. We also introduce

ther(cg) = {V € Vh(cg) /V|y1=0 :V|y1=1}

as an internal approximation of H(;W(Cg). Finally, to approximate L2(2g70) and L2(Zg71),
we consider the following subspaces:

Vace {0, 1}> Vh,per(zg,a) = {Vh|25,a / Vi € Vh,per(cg)}'
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Since the mesh nodes on Z%O and 251 can be identified to each other by periodicity of
T Cg we can also make the identification Vj per( Eg = Vh per( Eg = Vhper(0,1), as in the
continuous case. Set N := dim V}, 5¢,(0, 1), and con51der a basis (gpp)lgpg N-

For any data @5 € Vj per(0,1), we denote by E,?(goh),E,ll(gph) € Vh,per(Cg) the solutions of
the discrete counterpart of the local cell problems (4.6)—(4.7) defined in a weak sense. In
practice, one has to compute EY (¢p), where (¢p)1<p<n is a basis of Vj, pe(0,1).

Similarly to the weak expressmn (4.10) of the continuous local DtN operators, the discrete
local DtN operators 7'] € L(Vhper(0,1)), j, k= 0,1, are defined for any ¢p, ¢¥n € Vi per(0,1)

as follows:

(T, vn) = /cg (110 Dy B} (n) D B (4n) = pp 2 B () BE(n) | -

In practice, these operators are represented as N x N matrices T/¥ whose components are
given by T%’; <T ©q, Pp), for p,q € [1, N].

Let ¢n € Vhper(0,1) C Gper(R) such that ¢5,(0) = 1. The computation of the propagation
operator Py, € L(Vh, per(0, 1)) is presented in Subsection 5.3. Once this operator is determined,
the solution of the half-guide problem (3.54) can be approximated with the function defined
cell by cell by

VEEN, Ufylen)(-+L&)lcs = EN(Phen) + Ex(PL on).
Finally, a suitable approximation of the solution of the half-line problem 3.1 is provided by

VaeR,  uf,(@) = Ufy() @),

5.2 A quasi one-dimensional method

Though easy to implement, the two-dimensional approach described in the previous section
does not exploit the fibered properties of the directional derivative D, . However, the periodic
half-guide problem can be seen as a concatenation in a certain sense of one-dimensional half-
line problems. This fibered structure is the core of the method presented in this section.

5.2.1 Presentation

For any s € R, we consider the one-dimensional cell problems

d dei@ 2 j .
d.ﬁU (/"LS 0 d ) - p570 w es’g - O7 mn (07 1/02) = IH’

edp(0)=1 and e€),(1/6:) =0,
6;79(0) =0 and 6;79(1/02) = 1.

(5.1)

Then, by analogy with Proposition 3.19, one easily shows that the local cell problems are
concatenations of one-dimensional cell problems, in the following sense.
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Proposition 5.1. For any boundary data ¢ in L*(0,1), the solutions E°(p) and E'(yp) of
the local cell problems (4.6) are given by

ac yeCh Bp)y)=Blon(w) +36/6) ey o( 1) (5:2)

where eg g denotes the solution of the cell problems (5.1).

Proposition 5.1 also highlights the structure of the local DtN operators. To see this, let us
introduce the local DtN functions tz,k defined for j,k = 0,1, by

, de’ '
k k+1 O (J
Vs S R, t'g (8) = (—1) + 02 |:,LLS’0 d; :| <92> (53)
Note that by periodicity of u, and p,, the maps s — eg’g and tz,k are 1—periodic.

By applying the directional derivative operator D, to (5.2), and by using the relationship

between Dy E7(p) and de’ «p/dz given by (3.52), it follows that the local DtN operators
defined by (4.9) are welghted translation operators, similarly to the propagation operator.

Proposition 5.2. The operators T/ can be written for ¢ € L*(0,1) and s € (0,1) as
T®p(s) = tg’(s) &(s) and  T'%(s) = tg’(s) (s + 01/02), 5.4
THo(s) =tp(s — 01/02) §(s) and Tp(s) =ty (s — 61/62) ¢(s — 61/02), '

where we recall that @ denotes the periodic extension of ¢ on R, defined by (3.31).

Finally, the solution u} of the half-line problem (3.1) can be computed directly from the

functions ei}e and from the propagation operator. In fact, given a function ¢ € ‘err(ng)
such that ¢(0) = 1, taking formally the trace along @R in (4.8) leads to

VEEN, ug(-+£/02)|1, = (P)(£601/82) epp, jg, 0 + (PHLO)((E+1) 01/62) egg, g, 0- (5:5)

The proof of this result is similar to those of (4.8) and Proposition 4.1.

Expressions (5.2), (5.4), and (5.5) form the basis of the quasi one-dimensional or quasi-1D
strategy, which consists in approximating the solutions 6?970 as well as the functions ték and
finally the local DtN operators 77%. Then once the propagation operator is computed by

solving the constrained Riccati equation (4.14), the solution ug may be constructed directly
cell by cell using (5.5).

5.2.2 Discretization

The quasi-1D approach requires two distinct approximate spaces associated to the transverse
and the @—oriented directions (see Figure 7).
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Transverse direction. We begin with a one-dimensional mesh .7, (0, 1) of 25,0 = (0,1)
with a mesh step h > 0. Let V4(0,1) be the approximation space of H'(0,1) by Lagrange
finite elements of order d > 0. We denote by (¢p)o<p<n the usual nodal basis, which satisfies
in particular ¢,(sq) = 9,4, Where (sp)o<p<ny are points (including the mesh vertices) such
that 0 = sg < --- < sy = 1. Then an internal approximation of L2(0,1) is

Vh,per(07 1) = Span{@o + PN, P15 >SON—1}7

which is chosen so that V}, per(0,1) C €per(0,1). In particular, from the definition of the basis
functions ¢;, one has the following decomposition

N
v@h € Vh,per(ov 1)7 P$h = Z Sph(sp) Pp> with Soh(SO) = Soh(SN)- (56)
p=0

0—oriented direction. Let J},(lg) denote a mesh of the line segment Iy with a mesh step
hg > 0. Set Vh,(Ip) as the approximation space of H'(Ig) by Lagrange finite elements of
order dg > 0 and define Vy, o(Ig) := Vi, (Ig) N H} (Ip).

The approximation of eg’e and 6;79 can be seen as a two-step process. First, for any s € R,

consider the solution ef; 0.n, Of the discrete variational formulation associated to (5.1).

In practice, the solution ei 0.1y CALL only be computed for a finite number of s € (0,1). This
is where the discretization in the transverse direction comes into play: given x € Iy, the
function s — e({,,e?he () may be interpolated in V} per(0,1). ’

The interpolation process requires to compute the discrete solution ejs 0.ho only for s = s,

p € [0, N — 1]. Then, using the decomposition formula (5.6), ei o shall be approximated by

N

V(s,2) € (0,1) x Iy, €lgp(@) =D e g, (2)pp(s), with h=(h,hg). (5.7)
p=0

where €0.0.he = €1.0.hp (because €50 is 1 periodic with respect to s).

From the solutions eg o n» We introduce the discrete local DtN functions

. 1/6n de’ dek .
k 797Ll‘ )07}7'
Vse (0’ 1)5 ti)@(s) =0 /0 (NS,H ;x ;x — Ps,0 w? eigﬁ 6’;’9@ )7

which are inspired from the weak expression (5.3) of the local DtN functions ték. Then, by
analogy with (5.4), we define the discrete DtN operators 7;L]k € L(Vh,per(0,1)) for any ¢y,
Y € Vhper(0,1) as follows:

(T on, vn) = /0 (5 — K 00/82) (s + (i — 1) 61/65) Tn(s) ds. (5.8)

These discrete DtN operators, when computed for ¢p, 1, being the basis functions of
Vh per(0, 1), are represented as N x N matrices, where N = dimV}, 5¢r(0,1). The integrals
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which appear in (5.8) are evaluated in practice using a specifically designed quadrature rule
whose description is omitted here.

Finally, let 5, € Vi per(0,1) C €per(R) such that ¢p,(0) = 1. Then using (5.5), the solution of
the half-line problem (3.1) can be approximated with the function defined cell by cell by

VLEN, ugy(-+0/02)l15 = (Paen)(£01/02) €gy, jo, 0. + (Py'on) (£ + 1) 01/62) ego, jo, 0.1

where Pp, € L(Vh per(0,1)) corresponds to a suitable discrete RY*Y approximation of P. The

computation of such an operator is the subject of the next subsection.

5.3 Approximation of the propagation operator

In order to find a suitable approximation Py, € L(Vh per(0, 1)) of the propagation operator P,
it is natural to introduce the discrete constrained Riccati equation

Find Py, € LV per(0,1)) such that p(Pp) < 1 and Tp(Pp) = 0, where
(5.9)
To(Pn) =T, °Pi + (T° + T ) Pu+ Ty

and where ( hO,T,?l,TIO,EH) are obtained via one of the methods described in Sections
5.1 and 5.2. Using the same arguments as for the elliptic Helmholtz equation [10], it can be
proved that this discrete equation admits a unique solution.

In order to solve (5.9), two methods have been proposed in [19]: a spectral decomposition
method, and a modified Newton method. Here, we only describe the spectral approach.

The spectral decomposition method consists in characterizing P;, by means of its eigenpairs
(Xiy i) of Pp. Doing so however raises an important question: is P}, completely defined by
its eigenpairs? This is equivalent to wondering if P}, is diagonalizable or not. The diagonaliz-
ability of P, is an open question, but for the sake of simplicity, we will assume in the sequel
that this is the case, namely

The family of eigenfunctions (v;)1<i<n forms a basis of Vj, per(0,1).

In practice, this is the situation that we always have encountered. Moreover, in the case where
this assumption fails to be true, one can still adapt the method, and recover P}, through a
Jordan decomposition. (See [10, Section 2.3.2.3] for more details.)

The spectral approach relies on the results presented in Section 4.4, which remain true for the
discrete equation. In particular, by analogy with Proposition 4.7, (A, %) € C X Vj per(0, 1)
is an eigenpair of Py, if and only if it satisfies

Tn(Ap) v, =0, with ¢, 20 and |[A\] < 1.
Solving the Riccati equation hence comes down to solving a quadratic eigenvalue problem:

Find (An,¥n) € C X Vh per(0,1) such that i, # 0, [Ap] <1 and
(5.10)
Mo To P A An (TR + T o + T o = 0,
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If one sets N = dim V}, per(0,1), then (5.10) can be reduced to a 2N x 2N linear eigenvalue
problem, thus yielding 2V eigenvalues. In order to pick the IV eigenvalues of the propagation
operator, we need a criterion. To do so, note that with the 2D or the quasi-1D method,
the properties of the local DtN operators (Proposition 4.2) remain preserved for the discrete
operators '775’C Hence Proposition 4.9 admits the following discrete version:

Ker T (An) # {0} <= KerTy(1/A) # {0}.

Therefore, as already expected with Remark 4.10, the solutions of (5.10) can be grouped into
pairs (Ap,1/Ap), where 0 < |Ay| < 1. Consequently, in order to compute P, one can solve
(5.10) (using for instance linearization techniques), and choose the N eigenpairs (Ap,¥n)
which satisfy |\,| < 1.

5.4 The DtN coefficient

Finally, consider a function ¢p, € Vh per(0,1) C €per(R) which satisfies ¢ (0) = 1. Then by
analogy with (4.16), and in the spirit of Proposition 4.5, we define the discrete DtN operator
and the discrete DtN coefficient as follows:

(Anen)(0)

Ap =TSPy + T2° and Af = 7 ,
2

where 7;}0 and 7;?0 are computed using one of the methods presented in Sections 5.1 and 5.2,
and where P}, is the solution of the discrete Riccati equation (5.9).

5.5 Numerical results

We present some numerical results to validate the method, to illustrate its efficiency, and to
compare the multi-dimensional and the quasi one-dimensional methods in the case where the
order of quasiperiodicity is set to n = 2. Simulations will be carried out with the periodic
coefficients p1,, and py, defined for y = (y1,%2) € R? by

pp(y) = 1.5+ cos(2my1) cos(2my2) and pp(y) = 1.5+ 0.5 sin(27y;) + 0.5 sin(27y2).

We set @ = (cos7/3,sin7/3). As the ratio f2/0; = /3 is irrational, @ is an irrational vector.
For a = 1, the source term f is the cut-off function

VreR, f(x)=exp (100 1-1/1- :EQ))) X(=1,1)5

and the local perturbations p; and p; are defined as piecewise constants, so that the coefficients
w and p of the model problem (1.1) are represented in Figure 8.

35



—6 —4 —2 0 2 4 6
T T 1 T 1 T T
21 i :
N | | |
| | 1 | 1 | |
—6 —4 —2 0 2 4 6
0.5} E E |
—f o J e ‘
—6 —4 —2 0 2 4 6

Figure 8: The locally perturbed quasiperiodic coefficients p and p, and the source term f.

5.5.1 The half-line and the half-guide solutions

The model problem (1.1) is solved by computing the solutions of the half-line problems (1.8),
as well as the DtN coefficients A*. In this part, only results regarding the numerical resolution
of the problem (3.1) are going to be presented, as the problem set on (—oo, —a) provides the
same overall results.

Error analysis In order to validate the method, we introduce for L > 0 the unique function
u;r’L in H1(0, L) that satisfies Problem (3.1) on the truncated domain (0, L), with u;L(L) =0.
Similarly, define €, := (0,1)""! x (0, L), and for any ¢ € L2(3f, ), let U;L(tp) € H}(Qp)
denote the unique function that satisfies (3.54) on Qp,, with U;L(QO)LWZL =0.

In presence of absorption, the solutions u; and U; (p) decay exponentially at infinity (see
(3.58) and (4.4)), and by studying the problems satisfied by ug ; —ug and Uy () — Uy (¢),
it can be proved as in [11] that there exist constants a, ¢ > 0 such that for any L > 0,

g — ug llmio,) < ce” ™™ |lug

1Ug () = Ug ()l mp ) < ce ™™ E UG ()l mpay)-

Il &1 (0,1)
(5.11)

with « = \/p_/p4. In particular, if L is chosen large enough, then u;r’L and UJL((,D) can be

viewed as suitable approximations of u; and U, (j (), and thus can serve as reference solutions.
In the upcoming results, to make the truncation errors in (5.11) negligible with respect to
the errors induced by the numerical method, we choose L so that

exp (—y/p—/ps Imw L) <1071, (5.12)

The corresponding solutions ug ; and Uy (), which will be denoted by u;:f and U;Zf(go)
respectively, are computed via P! Lagrange finite elements, with a mesh step h = 5 x 1074,
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In the following, the boundary data is fixed to ¢ = 1, and is omitted in the notation of Ué"
and U:;f. Also, we only plot relative errors corresponding to the 1D solution, as the errors
for the 2D solution behave similarly. In Figure 9, the relative error

+ +
U — U 1
e(u;) — ” 0,h 'refHH (0,4/62)

(5.13)
ks Lt 0,4/00)

is represented with respect to the mesh step h, and for both the 2D and the quasi-1D method
(with hg = h for the quasi-1D method). The solutions are computed using Lagrange finite
elements of degree 1.

One sees that the errors tend to 0 as h at least, as expected for P! Lagrange finite elements.
With the quasi-1D method however, 5(u§r) behaves as h2. This is a special superconvergence
phenomenon, which is probably due to the fact that the problems solved in practice with
the quasi-1D method are one-dimensional. Note also that in general, the quasi-1D method
appears to be more accurate than the 2D method.

(a) w=8+0.251 (b) w=20+0.251

Relative errors

| |
256 512 32 64 128
Discretization parameter 1/h

| |
128 256 512

w
[\V]
(@)}
g

—e— 2D method —#— Quasi-1D method ‘

Figure 9: Relative error in H' norm of the half-line solution for different values of w.

For a fixed mesh step, the relative error increases with the real frequency fiew. This is a well-
known particularity of the Helmholtz equation: since $Rew represents the spatial frequency
of the time-harmonic waves, the discretization parameter h has to be adapted in order to
take their oscillations into account.

Representation of the half-guide solution The half-guide solution is represented in
Figure 10 for different values of w, when ¢ = 1.
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(a) w=8+0.251 (b) w=20+40.251 (c) w=2040.05i
4 4

2 2
1 1
1 0 1 0
-1 -1

Figure 10: Real part of the half-guide solution computed using the quasi-1D approach, with
P! Lagrange finite elements and h = 2 x 1073, and for different values of w.

Dependence with respect to the boundary data The goal of this part is to see how
the half-line and the half-guide solutions depend on the boundary data ¢. To do so, we
choose three different datas:

p1(s) =1, a(s) = cos(2ms), and 3(s) =1~ 1j1/32/3(5)- (5.14)

We set w = 8 4+ 0.251, and we display results obtained with the quasi-1D method, knowing
that the 2D method yields the same conclusions. The computations are carried out using P*
Lagrange finite elements, with mesh steps h = hg = 2 x 1073.

Size of periodicity cell

0 1 2 3 4

Figure 11: Real part of the half-line solution computed using the quasi-1D approach, with
P! Lagrange finite elements and h = 2 x 1073, and for different values of .
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Figure 12: Real part of the half-guide solution computed using the quasi-1D approach, with
P! Lagrange finite elements and h = 2 x 1073, and for different values of (.

As expected, and as Figures 11 and 12a—12c¢ show, the aspect of half-guide solution changes
extensively with respect to the boundary data, whereas the half-line solution looks invariant.

5.5.2 The whole line problem

The solutions ufgt of the half-line problems (1.8) allow one to compute the DtN coefficients
AE, to solve (1.9), and then to compute the solution u of Problem (1.1) using (1.10). Recall
that the coefficients p, p, and the source term f are shown in Figure 8. The solution of (1.1)
is represented in Figure 13 for different values of w.

(a) w=28+4+0.251

1| | |
0 MWV\/\/\MM/\/\/\/\
_1 L | | | | | |
—6 —4 -2 0 2 4 6

39



(b) w =20 + 0.251

1[ ]
0L

-0 ! ! ! ! ! |
—6 —4 —2 0 2 4 6

(¢) w=20+0.051

1| | |
0l

-1 ! ! ! ! ! |
—6 —4 —2 0 2 4 6

Figure 13: Real part of the solution of (1.1) computed using the quasi-1D approach, with P*
Lagrange finite elements and h = 2 x 1073, and for different values of w.

5.5.3 About the dependence with respect to the absorption

We come back to the numerical resolution of Problem (3.1), and we study the convergence
of the 2D and quasi-1D methods depending on the absorption, especially when it tends to
0. As in Section 5.5.1, the solutions are computed with Lagrange finite elements of degree 1.
The relative error e(ug) defined (5.13) is represented in Figure 14 for both the 2D and the
quasi-1D method, and for different values of Jmw.

(a) w=8+0.251 (b) w=8+0.01i (c) w=28+410.0011

10°

l.cﬂow Ll

1071

1072

Relative errors

1073

| | % | | | |
32 64 128 256 512 32 64 128 256 512 32 64 128 256 512

Discretization parameter 1/h

—e— 2D method —s— Quasi-1D method ‘

Figure 14: Relative error in H' norm of the half-line solution for different values of w.
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As Figure 14 shows, the error deteriorates with Jmw. It would mean that the numerical
method becomes less efficient as the absorption decreases. This issue is closely related to the
well-posedness of the local cell problems with Dirichlet boundary conditions when Jmw = 0.
In fact, for the elliptic Helmholtz equation, it is known (see [10, Section 3.2.1.1] for instance)
that the local cell problems are well-posed except for a countable set of frequencies which
correspond to the eigenvalues of the associated differential operator. In our case however, as
the differential operator has a non-elliptic principal part, it also has a continuous spectrum,
and one can show that when p, and p, are non-constant, the local cell problems are well-
posed only for frequencies in a bounded set (that can even be empty). An alternative to avoid
this problem is to use a Robin-to-Robin operator instead of the DtN operator, which would
involve solving well-posed local cell problems with Robin boundary conditions, as it is done
in [12] for periodic media. This will be done in a forthcoming paper for quasiperiodic media.

5.5.4 About the spectral approximation of the propagation operator

As explained in Subsection 5.3, the discrete propagation operator Py is computed by means
of its eigenpairs. In this section, the eigenvalues of P, are compared with the spectrum of
the exact propagation operator which, according to Proposition 4.11, is a circle of radius

1
Miog(po) = exp ( [ log pa()] ds). with  po(s) = uf 5, {1/ sin o).

To compute this radius, u/, is approximated by the unique function u}, ; that satisfies (3.57)
on a truncated domain (0,7L), with ujﬁ’L(L) = 0. One can show similar estimates to (5.11),
and if L is chosen large enough (for instance, if L satisfies (5.12)), then u}, ; can be used
as a reference solution. In practice, ujﬁ’ ; is computed for several s, and ﬁn7a1’ly the integral
that defines Mo (pg) is evaluated using a rectangular quadrature rule.

The spectra of P, and P are shown in Figure 16 for w = 8 +0.251, and for different values of
the discretization parameter h (with hg = h for the quasi-1D method). Figure 15 represents
the number N}, of eigenvalues of P}, that are close by 5% to o(P), namely

’)\h‘ - Mlog(pa)
Mlog(p@)

In Figure 15, one sees that N, increases with 1/h, which means that more and more eigen-
values of Py, are close to o(P) when h decreases. In other words, a finer discretization leads
to a better approximation of the spectrum. The number N} of such eigenvalues also seems
to increase linearly with 1/h (up to a subsequence for the quasi-1D method). Finally, note
that Ny, is higher with the quasi-1D method than with the 2D method.

Ny, = #{)\h € (Pn) /

< 5%}. (5.15)

As Figure 16 shows, the eigenvalues of P, are all included in the disk of radius p(P), but one
observes some spectral pollution. This is a classical phenomenon when one approximates the
spectrum of an operator which is neither compact nor self-adjoint. What is striking however,
is that the pollution behaviours are very different depending on the method used.

On one hand, the eigenvalues obtained with the 2D approach tend to accumulate to 0. A
likely explanation for this phenomenon is that solving the local cell problems on 2D meshes
does not take their directional structure into account. Since the location of the eigenvalues

41



T
—o— 2D —— Quasi-1D

200

150

Np,

100

50

| | | | | | | |
20 40 60 80 100 120 140 160 180 200 220 240

Discretization parameter 1/h

Figure 15: Number of eigenvalues of P, that are close by 5% to o(P) with respect to h.
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Figure 16: Eigenvalues of the discrete propagation operator (circle-shaped markers) compared
to the spectrum of the exact propagation operator (circle in dashed line) for w = 8 + 0.251,
and for different values of the discretization parameter.
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of Py, is similar to the one obtained in the elliptic case, for which P is compact (see [19,
Theorem 3.1]), we believe the 2D method somehow regularizes the half-guide problem (3.54)
by introducing an elliptic (discrete) approximation of the corresponding differential operator.

On the other hand, with the quasi-1D approach, the spectrum of P;, “oscillates” as the
discretization parameter h tends to 0. This phenomenon has to do with the particular nature
of P which is a weighted translation operator. We strongly suspect that one can extract a
subsequence (Pj/) whose spectrum converges towards o(P) in a sense to be defined precisely,
as it is suggested by the peaks in Figure 15. The investigation of this assumption as well as
the construction of such a subsequence are subject to ongoing works.

With both approaches, it has been observed numerically that the eigenfunctions associated
to the spurious eigenvalues were highly oscillating functions that were badly approximated
by the discretization, whereas the components of the half-guide solution with respect to these
eigenfunctions are very small. This might explain why the spectral pollution does not have
a visible influence on the approximation of the half-guide and the half-line solutions, as the
errors in Figure 9 seem to suggest.

6 Perspectives and ongoing works

A numerical method has been proposed to solve Helmholtz equation in 1D unbounded
quasiperiodic media. Using the presence of absorption, we justified that this equation could
be lifted onto a higher-dimensional problem which, in turn, can be solved using a Dirichlet-
to-Neumann approach. For the discretization, we presented a multi-dimensional method,
as well as a so-called quasi one-dimensional method. As shown by numerical simulations,
both methods provide a suitable approximation of the solution as long as there is absorption.
However, the quasi-1D method proved to be more efficient than the 2D method, as it takes
the anisotropy of the problems involved into account.

The method presented opens up numerous perspectives, and raises multiple questions that are
subject to ongoing works. For instance, it would be interesting to approximate efficiently the
spectrum of the propagation operator, even though the spectral pollution seems to have no
major impact on the efficiency of the overall method. Another key extension concerns the case
where the absorption tends to 0. This extension, which will be presented in a subsequent
paper, involves replacing the DtN method by a Robin-to-Robin method as explained in
Section 5.5.1, and finding a way to characterize the propagation operator which is no longer
uniquely defined.

Finally, an approach which is similar to the one presented in this paper can be used to study
the propagation of waves in presence of a 2D periodic half-space when the interface does
not lie in any direction of periodicity, or in presence of two 2D periodic half-spaces with
non-commensurable periods.
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