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Abstract. We consider the propagation of waves in a waveguide with Neumann boundary condi-
tions. We work at low wavenumber focusing our attention on the monomode regime. We assume
that the waveguide is symmetric with respect to an axis orthogonal to the longitudinal direction
and is endowed with a branch of height L whose width coincides with the wavelength of the propa-
gating modes. In this setting, tuning the parameter L, we prove the existence of simple geometries
where the transmission coefficient is equal to one (perfect invisibility). We also show that these
geometries, for possibly different values of L, support so called trapped modes (non zero solutions
of finite energy of the homogeneous problem) associated with eigenvalues embedded in the contin-
uous spectrum.
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1 Introduction

In this work, we consider a problem of wave propagation, governed by the Helmholtz equation, in
a waveguide unbounded in one direction, the longitudinal direction (Oz), in frequency regime. We
supplement it with Neumann boundary conditions. Such a problem appears for example in the
theory of water-waves, in acoustics or in electromagnetism. We shall assume that the wavenumber
k is sufficiently small so that only one mode (the piston mode) propagates. We will be particularly
interested in the scattering of the piston mode coming from —oo by the structure. To describe
such a process, we introduce two complex coefficients, the so-called reflection and transmission
coefficients, denoted R and T, such that R (resp. T — 1) corresponds to the amplitude of the
scattered field at x = —oo (resp. © = +00) (see (4)). According to the conservation of energy, we
have

R2+[T2 = 1. (1)

In the first part of the article, we explain how to construct waveguides, different from the straight
(reference) geometry, such that R = 0, T = 1. In this case, we shall say that the total field is a
perfectly invisible mode. The reason is that in this situation, the scattered field is exponentially
decaying both at 00 and for an observer with measurement devices located far from the geomet-
rical defect, everything happens like in the reference waveguide. In other words, the geometrical
perturbation is invisible from far field measurements. The problem of imposing R = 0, T = 1 seems
quite new in literature, at least when one looks for proofs. A simpler problem consists in finding
non reflecting geometries such that R = 0 (and so |T| = 1 according to (1)). For such waveguides,
all the energy is transmitted but there is a possible shift of phase for the field at z = +00. However,
one can speak of backscattering invisibility. The latter problem has been investigated numerically
(|R| small) for example in [33, 15] for water wave problems and in [1, 12, 30, 31, 17|, with strategies
based on the use of new “zero-index” and “epsilon near zero” metamaterials, in electromagnetism



(see [16] for an application to acoustic).

A perturbative approach, relying on the fact that R = 0 in the straight geometry, has been pro-
posed in [5] to construct waveguides such that R =0, |T| =1 (see also [4, 7, 3, 6] for applications
in related contexts). It has been adapted in [3] to solve the problem of imposing R = 0, T = 1.
The technique, based on the proof of the implicit function theorem, allows one to design invisible
perturbations which a priori are small with respect to the wavelength. An alternative method has
been developed in [8] to obtain larger invisible defects. In the latter work, it is explained how to
get R =0, |T| = 1 in waveguides which are symmetric with respect to the (Oy) axis (perpendicular
to the direction of propagation). The idea consists in using the symmetry properties and to play
with a branch of finite height L making L — +o0. In [8], it is also shown how to work with three
branches to impose R = 0, T = 1. In the present article, we use a similar idea but, importantly, we
work with only one branch whose width coincides with the wavelength of the incident wave. We
provide examples of very simple geometries where R = 0, T = 1 (which is not obvious to attain in
general).

In the second part of the paper, we will be concerned with so-called trapped modes. We remind the
reader that trapped modes are non zero solutions of the homogeneous problem (3) (without source
term) which are of finite energy. It has been known for a while that trapped modes play a key
role in physical systems and they have been widely studied. In particular, literature concerning
trapped modes is much more developed than the one concerning invisible modes. We refer the
reader for example to [35, 13, 14, 11, 22, 26, 29, 10, 32]. More precisely, in our work, we will be
interested in trapped modes associated with eigenvalues embedded in the continuous spectrum.
Such trapped modes are also called Bound States in the Continuum (BSCs or BICs) in quantum
mechanics (see for example [34, 24, 18] as well as the recent review [20]). Such objects are difficult
to observe. In particular they are unstable with respect to the geometry and a small perturbation
transforms them in general into complex resonances [2]. A classical method to construct trapped
modes associated with eigenvalues embedded in the continuous spectrum consists in working with
waveguides which are symmetric with respect to the (Ox) axis [13, 11, 22, 32]. This is interesting
because it allows one to decouple symmetric and skew-symmetric modes. Then the idea is to design
a defect such that trapped modes exist below the continuous spectrum for the problem with mixed
boundary conditions satisfied by the skew-symmetric component of the field. Back to the original
waveguide, this guarantees the existence of trapped modes. What we will do in the second part
of the article is to propose a simple alternative mechanism to construct trapped modes associated
with an eigenvalue embedded in the continuous spectrum. We emphasize that it will be based on
symmetry arguments with respect to (Oy) and not with respect to (Ox). It will also involve the
augmented scattering matriz, a convenient tool introduced in [28, 21, 25, 27], permitting to detect
the presence of trapped modes.

The outline is as follows. In Section 2, we exhibit geometries admitting perfectly invisible modes.
In Section 3, we provide examples of geometries supporting trapped modes. In Section 4, we give
numerical illustrations of the results showing also that other geometrical shapes can be considered.
We end the paper with a short conclusion (Section 5) and an Annex where we give the proof of a
classical result used in the analysis. The main results of this work are Theorem 2.1 (existence of
perfectly invisible modes) and Theorem 3.1 (existence of trapped modes).

2 Perfectly invisible modes

2.1 Setting
Pick a wavenumber k € (0;7). Set £ = w/k and for L > 1, define the waveguide (see Figure 1)

Q= {(a,y) € R x (0:1) U (=£:0) x [1; L)}. (2)
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Figure 1: Geometry of Q.

The value 27 /k for the width of the vertical branch of Qp is very important in the analysis we
develop below as we will see later. For the main exposition, we will stick with this simple waveguide
Q. However the method we propose works in other geometries as the one described in (37) (see
Figure 5)). We consider the Helmholtz problem with Neumann boundary conditions (sound hard
walls in acoustics)

Av + k2'l) =0 in QL

_ (3)
Opv = 0 on 0fy.

In (3), A denotes the 2D Laplace operator and n refers to the outer unit normal vector to 9.

Set
1 1

w%(%?/) = E ﬁ)it(%y) = \/ﬁ

Let x; € €°(R?) (resp. xr € €°°(R?)) be a cut-off function equal to one for x < —2¢ (resp.
x > 20) and to zero for x > —{ (resp. = < ¢). In order to describe the scattering process of
the incident piston modes w; coming from x = —oo by the structure, we introduce the following
solution of Problem (3)

€$zkx and 6:tzk::p )

v =X (wf—i—ﬂ%wf)—l—xrﬂ'@f—i—ﬁ, (4)

where R, T € C and where © decays exponentially as O(e™V 7r2*’“2‘9”) for x — +oo. The refiection
coefficient R and transmission coefficient T in (4) are uniquely defined. Note that the cut-off func-
tions y;, X, in (4) are just a convenient way to write radiation conditions at x = +o00. Physically,
the function v defined in (4) corresponds to the so called total field associated to the incident
piston wave propagating from —oo to +00. According to the energy conservation, we have

R + |72 = 1. (5)

The coefficients R and T depend on the features of the geometry, in particular on L. From time to
time, we shall write R(L), T(L) instead of R, T. In this section, we show that, there are some L > 1
such that R = 0, T = 1 (perfect invisibility). To obtain such particular values for the scattering
coefficients, we will use the fact that the geometry is symmetric with respect to the (Oy) axis.

2.2 Decomposition in two half-waveguide problems

Define the half-waveguide
wr, == {(z,y) € Q| <0} (6)

(see Figure 2 left). Introduce the problem with Neumann boundary conditions

Au+ku = 0 inwy

Ohu = 0 on dwp,



as well as the problem with mixed boundary conditions
AU+EKU = 0 inwy
O,U = 0 ondwrNoQy (8)
U = 0 onXp:={0}x(0;L).

Problems (7) and (8) admit respectively the solutions

u = w +rwy +a, with @ € H'(wr), 9)

U = wf+Ruwj +U, with U € H'(wp), (10)
where r, R € C are uniquely defined. Moreover, due to conservation of energy, one has
" = R = 1. (11)

Direct inspection shows that if v is a solution of Problem (3) then we have v(z,y) = (u(x,y) +
U(z,y))/2 in wy, and v(z,y) = (u(—z,y) — U(—=z,y))/2 in Q \ @z, (up possibly to a term which is
exponentially decaying at +oo if there is a trapped mode at the given wavenumber k). We deduce
that the scattering coefficients R, T appearing in the decomposition (4) of v are such that
r+ R _r—R

and T =

R=—5 9

(12)

2.3 Consequence of the choice ¢ = 7/k

In the particular geometry considered here, one observes that v’ := w; +w; = \/2/kcos(kx) is a
solution to (7) for all L > 1. Note that this property is based on the fact that ¢ = 7 /k, the width
of the vertical branch of wy, coincides with the half wavelength of the waves wfc. By uniqueness
of the definition of the coefficient r in (9), we deduce that

r=r(L)=1  forall L > 1. (13)

From this important remark, we see that to get T = 1, it remains to find L such that R = R(L) =
—1. This is the goal of the next section.

2.4 Asymptotic behaviour of the reflection coefficient for the problem with
mixed boundary conditions

Y 'L

T/R W wr, Woo

Figure 2: Domains wy, (left) and weo (right).

In this paragraph, we study the behaviour of the reflection coefficient R = R(L) of the half-
waveguide problem with mixed boundary conditions (8) as L — oo. We follow the approach



proposed in [8]. In the analysis, the properties of Problem (8) set in the limit geometry ws, (see
Figure 2 right) obtained formally taking L — +o00, play a key role. Denote

+

vy . TE
w, e sin(

57) Wity = k2 — (x/(20)% = kv3/2, (14)

1
(:L’,y) = W

the modes propagating in the vertical branch of w,. In wy, there are the solutions

Ux = xi(wy + S wl) +x: S wyg + U°

N B N . (15)

Us® = xiS55wy + xt (wy + 855wy ) + Us®,
where U, US® decay exponentially at infinity. Here y; € €°°(R?) is a cut-off function equal to
one for y > 1+ 27 and to zero for y < 1 + 7, where 7 > 0 is a given constant. The scattering

matrix
o ._ [ ST ST
S .—<S(2>T S5% € Caxa (16)

is uniquely defined. Moreover, as shown in Proposition 5.1 in Annex (this is a classical result),

8°° is unitary (SOOSi'O—r = Idax2) and symmetric. For the function U defined in (10), following for
example [23, Chap. 5, §5.6], we make the ansatz

U=U®+AL)US + ... (17)

where A(L) is a gauge function to determine and where the dots correspond a to small remainder.
On (—¢;0) x {L}, the condition 9,U = 0 leads to choose A(L) such that

oo
Sy et + A(L) (—eT 4+ 85 ey =0 & A(L) = 6_2;312_555 :
We shall consider ansatz (17) when |S55| # 1. Since 8§ is unitary and symmetric, this is equivalent
to assume that S75 = S57 # 0. This assumption is needed so that a coupling exists between the
two channels of ws. In this case, the gauge function A(L) is well-defined for all L > 1. If
1535 = 1 < S75 = 0, we can show that as L — o0, the reflection transmission R(L) defined
in (10) tends to Sy. This exceptional case is not interesting for our analysis and therefore, we
discard it assuming that k € (0;7) is such that |S95| # 1 < SP§ # 0 (we shall see in §4.1 below an
example of situation where numerically S5 # 0). Then we can prove that R(L) = R*Y(L) + ...,
with
R*™(L) = S77 + A(L) S57 = ST + _ SO (18)

=P 11 20 =PI T 3L _ ggo

Here the dots stand for exponentially small terms. More precisely, we can establish (work as in
[23, Chap. 5, §5.6]) an error estimate of the form |R(L) — R*Y(L)| < C e~ where C is a constant
independent of L > 1 and v = k+/3/2 (see Definition (14)). Observe that L +— R*Y(L) is a periodic
function of period 7/ = 27/(kv/3) = 2¢/+/3. As a consequence, L +— R(L) is “almost periodic” of
period 27/(k+/3). Denote € := {z € C||z| = 1} the unit circle. As L tends to +oo, the coefficient
R*Y(L) runs on the set

ST 551

{511 + - 553

zZE€C}. (19)

Using classical results concerning the Mobius transform (see e.g. [19, Chap. 5]), one finds that
this set is the circle centered at

S5 555 ST ) ST5 S5Y
12922 921 e o qine _ |ST5 S5

::SOO T 5 = -
apR 11+ 1_’5852 PR 1_’585‘2

(20)

Proposition 2.1. Assume that S35 # 0. Then the set (19) is nothing else but the unit circle €.



Proof. Since 8% is unitary, we have |S95|2 +[S55|2 = 1 and S£P555 + 555555 = 0. We deduce that
arp =0and prp =1. ]

Proposition 2.1 together with the error estimate |R(L) — R*Y(L)| < Ce~7* and the energy con-
servation relation |R(L)| = 1 show that L — R(L) runs on the unit circle as L — +o00. As a
consequence, the reflection coefficient for the problem with mixed boundary conditions L +— R(L)
passes (exactly) through the point of affix —1 + 0i an infinite number of times.

2.5 Existence of perfectly invisible modes

In Formula (12), we found that the transmission coefficient T in the full waveguide €2, satisfies
T = (r— R)/2. Since r = 1 (Formula (13)), from the analysis of the previous paragraph for the
map L — R(L), we deduce that L — T(L) runs continuously and almost periodically on the circle
of radius 1/2 centered at 1/2 + 07 in the complex plane. In particular, L — T(L) passes through
the point of affix 1+ 07 almost periodically. The period is 27/(kv/3). We summarize this result in
the following theorem, the main result of the section.

Theorem 2.1. Assume that the coefficient S{5 in (15) satisfies ST5 # 0. Then the complex curve
L — T(L) for the transmission coefficient passes through the point of affix 1+ 0i an infinite number
of times as L — +o0.

Remark 2.1. Again, we mention that in §/.1 below, we provide an example of situation where
numerically ST5 # 0.

Remark 2.2. The analysis above also shows that there are some L > 1 such that T(L) = 0 (perfect
reflection) and R(L) =1 (see an illustration with Figure 6 below). In that case, all the energy sent
in the waveguide is backscattered at x = —oo. But this is not surprising because it has been proved
in [9] that this mirror effect appears naturally, even in waveguides which are not symmetric with
respect to the (Oy) axis and for almost all widths of the vertical branch of Q..

3 Trapped modes

In this section, we prove for that certain values of L > 1, trapped modes exist for the half-waveguide
problem with Neumann boundary conditions defined in (7). We remind the reader that we say
that u is a trapped mode for Problem (7) if u belongs to the Sobolev space H'(wy) and satisfies
(7). Using a symmetry argument with respect to the line {x = 0}, this will prove the existence of
trapped modes for the Neumann problem set in the original domain Q;, defined in (2).

3.1 Setting

We shall use the same notation as in the previous section. Additionally, set 3 = V72 — k2 and
define

Wi(z,y) = (e75% 1 ieP?) cos(my).

1
V20
Note the particular definition of the functions VV;E which are “wave packets”, combinations of
exponentially decaying and growing modes as * — —oo. The normalisation coeflicient for W;E is
chosen so that the matrix defined in (22) is unitary. In [28, 21, 25, 27], it is proved that in the
half-waveguide wz, (unbounded in the left direction), there are the solutions

U = wf—l—sllwf—{—slgW;-i-ﬂl

_ 3 (21)
Uy = W2 +821w1++822W2+—{—UQ



where i, o decay as O(eV4™~5%) when 2 — —oco. The complex constants sij, 1,7 € {1,2} in
(21) are uniquely defined. They allow us to define the augmented scattering matrix introduced in
[28, 21, 25, 27|

S = < Sll 512 ) S (C2><2. (22)

521 522

Working exactly as in the proof of Proposition 5.1 in Annex, one shows that the matrix S is unitary
(S ST = Idax2) and symmetric (sg1 = s12). This augmented scattering matrix turns out be a very
efficient tool to detect the presence of trapped modes. Indeed, we have the following algebraic
criterion (see e.g. [27, Thm. 2]).

Lemma 3.1. If so9 = —1, then us is a trapped mode for Problem (7) set in wy,.

Remark 3.1. Note that sso = —1 is only a sufficient criterion of existence of trapped modes.
Indeed the geometry wy can support trapped modes for Problem (7) with sao # —1. In this case,
this trapped mode must decay as O(eV ™ ~**¥) when & — —oo.

Proof. If s99 = —1, since S is unitary, then so; = 0. In such a situation, according to (21), we have
Uy = —ir/2/B eP* cos(my) + O(eV ™ ~F%) as & — —o0. This shows that us # 0 belongs to H! (wp,).
In other words us is a trapped mode. O

3.2 Asymptotic behaviour of the augmented scattering matrix and existence
of trapped modes

In this paragraph, we study the asymptotic behaviour of S = S(L) as L — +oc.

x As in the previous section, we first observe that v = wl + w] = /2/kcos(kx) is a solu-
tion to (7) for all L > 1. From the uniqueness of the definition of the coefficients s;; in (21), we
deduce that for all L > 1, we have s11(L) = 1 and s12(L) = s21(L) = 0. Since S is unitary, we
infer that |se2(L)| =1 for all L > 1.

* It remains to investigate the behaviour of s9s = s99(L) as L — +oo. We adapt a bit what
has been done in §2.4. In the vertical branch of ws, the limit geometry of wy as L — 400, the
following functions
w(ag) = e, wf(ey) = - (yF i) cos(r)
3 ) \/@ ) 4 ) \/Z f
are propagating modes for Problem (7). Note that the width ¢ > 0 has been chosen so that the
frequency k = /¢ is a threshold frequency for Problem (7) in the vertical branch of ws,. This

explains the special form of the modes w4 The normalisation coefficients for wgt, wff are chosen
so that the matrix S defined in (23) is unitary. In w, there are the solutions

=

uy xi(wy + s§5wi + 555 W) + xe (53 wy + 535wy ) + Ul
uy® xt(Wy + 853 wi + 833 Wy') + x¢ (s53 w3 + ssqwf) + @
uz® Xi(s57 wi + 55 Wo') + xu (w3 + s33wy + s33 wy) + a3
u = xi(sQwy + 55 W) + xi (wy + s wy + s wy) +ag,

~ ~ ~ ~ A/ 2_ L2 _ 2 /02 _ 2
where 4$°, 45°, 4S°, 45° decay as O(eV4™ ~*°%) for & — —oo and as O(e~ V4™ /C~FY) for y — +-o0.
The augmented scattering matrix
o o o [e.e]
S11 S12 S13 S14
o0 o0 oo

s s 855 S

0o . __ 21 22 23 24

5% = g g0 g0 20 € (C4><4 (23)
31 32 33 34

x0T 00 00 00
S41 S42 S43 Si4



is uniquely defined, unitary (SOOSET = Id4x4) and symmetric (again, work as in the proof of
Proposition 5.1 in Annex to prove the two latter properties). For uy, we make the ansatz (see [23,
Chap. 5, §5.6])
upg = uP +a(l)u +b(L)ui®+ ..., (24)

where a(L), b(L) are gauge functions to determine and where the dots stand for small remainders.
On (—¢;0) x {L}, the condition d,us = 0 leads to choose a(L), b(L) such that

8c2>§ eikL 4 a(L) (_ef'ikL 4 3%?), eikL) 4 b(L) 823 eikL =0 (25)

s99+a(L)s§y +b(L)(1+s33) = 0.

This yields
537 (e — s53) + 53553
(14 s33)(—e 2kl 4 553) — s59555

599573 — s53(1 + s33%)
(14 s33)(—e2FL 4 539) — s53553

a(L) = and b(L) =
We shall consider ansatz (24) for ug when s35 # —1. If 33 = —1, according to relations (28) below,
then s{§ = 1. Since S*° is unitary and symmetric, we deduce that s75 = s75 = s7q = 557 = 5537 =
597 = s3] = 831 = s75 = 833 = 0. In such a situation, an analysis similar to what has been done
in §2.4 can be developed when |s55| # 1 allowing us to show the existence of trapped modes for
certain L > 1. We will not consider this rather exceptional case in the following. Instead, we will
assume that k& € (0;7) is such that

o0 oo 518531
stp 7 0 and |s33 — = | # 1. (26)
11

The first assumption of (26) implies that s33 # —1. The second one is needed so that we can
solve system (25) with respect to a(L) and b(L) (again we use relations (28) below to get this
statement). The authors do not know how to proceed without the latter assumption.

When (26) is true, for all L > 1 the denominators appearing in the definition of a(L), b(L)
are not null. Then replacing in (24) a(L), b(L) by its expression derived above, we obtain
SQQ(L) = S;;y(L) + ... with

00 00 00 [e'e) 00 00 oo (,—2ikL 00 00 00 00 00
559595555 — s55(1 + s97)s55 s5q(e — 555)805 + 553551515

83;y<L) 28334- 00\ ( _p—2tkL 00) _ 00 o00 00\ (_p,—2ikL 00) _ 00 00"
(1+s39)(—e +535) — 534535 (1 +s39)(—e + 535) — s51535

(27)

Below we prove the following result.

Lemma 3.2. Assume that the coefficients of the matriz S®° € Cyxq satisfy Assumptions (26).
Then {sqy (L) | L € (1;+00)} is the unit circle € := {z € C||z| = 1}.

From the error estimate |sgo(L) — s5y (L)| < Ce AL where By := /(7/0)% — k2, the relation
|se2(L)| = 1 for all L > 1, and the fact that L — s92(L) is continuous, we deduce that we have
{s22(L) | L € (1;400)} = €. And in particular, we infer that L — s92(L) passes through the point
of affix —1 4 40 almost periodically (the period is equal to 7/k). From Lemma 3.1, we deduce the
following theorem, the main result of the section.

Theorem 3.1. Assume that the coefficients of the matriz S™° € Cyxy satisfy Assumptions (20).
Then there is an infinite number of L > 1 such that there are trapped modes for the Neumann
Problem (7) in wr,.

Remark 3.2. Note that the period of the function L — s5y (L) is equal to m/k while the period of
L — R®Y(L) (see (18)) is equal to 27 /(k/3). Thus in this geometry, trapped modes occur more
frequently (with respect to L — +o00) than perfectly invisible modes.

Remark 3.3. Ifu is a trapped mode for the Neumann Problem (7) in wr,, then the function v such
that v = u in wr, and v(z,y) = u(—=x,y) in Qp \ WL is a trapped mode for the Neumann Problem
(3) in the unfold geometry Q.



3.3 Proof of Lemma 3.2

asy

In this paragraph, we prove Lemma 3.2 which ensures that the set {s55 (L) | L € (1;400)} defined

in (27) coincides with the unit circle.

The already met function v/ = w] + w;

V/2/kcos(kzx) is a solution of Problem (7) set in
the limit geometry ws, admitting the decomposition

Ve

u = wy +wi) + w; —w; )+ 4.
Xt (wy 1) ith(z; 1)

where @ decays as O(eV4™ ~F) for z — —oo and as O(e”VA™/C=F) for 4 — 400, Set A =
V€/(iv/2k). Observing that «/ — u$® + Au$® has the same decay as @/, we deduce
1 4

sTT+HAsy =1, 575+ Asgs =0, 575+ Asqg =0, sTa+HAsg =X
This allows one to write

(28)

00 00 ,00 00 00 00 oo (,—2ikL 00 00 00 00 00
a5 539 4 551573555 — s53(1 + 547) 555 n s5i(e — 553)875 + 853551515
22 22 00 —2ikL o 00 00 oo —24kL o 00 00
(14 sg9)(—e 2FE +555) — 539893 (1 + s99)(—e #*L + 555) — 539573
00 00 00 00 00 L00 o) —2ik L 00 00
— ¢ 2537575555 — 553571535 — sTa(—e + 553)895
- 22 oo(__ ,—2ikL 00\ __ o000 oO0
sqa(—e #F + 539) — 57854
X0 00 00 00
9,499 500 420 00 00 .00 512542513534
592520 1 524513532 7 S23514832 T T oo
420 12542 S14
22 ) ) 00 00
s s
14 14 _e—2kL | 00 513534
33 500
14
Set
o0 00 o0 00 00 00 o0 00
513534 812542513934 S12842
00 00 00 00 0 00 00 __ 00
a=s33——+- b=—F (2531573532 — 5235714532 — - ) and  c=s5 — s
514 514 514 514
ne can chec at b = —d* wi
0) heck that b d? with

0 00
d = s 524513
= 823 —

574
With this notation, we have sy = c—d?/(—e 2* 4 q). Thus, as L — +oo, the coefficient s5; (L)
runs on the set {¢ — d?/(z +a)|z € €}. Working with the Mébius transform (same result as in
the previous section), we deduce that {c¢ —d*/(z +a) |z € €} coincides with the circle centered at
d’a : |d|?
a=c+—7> of radius pi=—70
1—laf?

= ) 29
1—|al? (29)
Therefore, to complete the proof of Lemma 3.2, it remains to show that « =0 and p = 1.

x First we establish that p = 1. This is equivalent to show that |a|> + |d|? = 1 & I = |s35|?
with

2 2 2 2 2 2 50 (00T =
= (|s33]” + [sg3]7)[sal” + (sl + [s55]7)[s75]" — 2 Re (s73s73 (s93551 + s33557))-  (30)
Since S*° is unitary and symmetric, we have the identity

ST357 + 53553 + 553537 + 53534 = 0.
Using (31) in (30), we get

(31)
I

(13517 + [5381%)[s751% + (Is351> + [s531°) 5551 + 2 Re (579555 (sT5557 + s55539))

(153512 + 153312 + [53512) 512 + (155512 + 153312 + [s3512) 55 2 + 2 Re (s55TTs5o). )
13 23 33 14 14 24 34 13 14°13°34°44) -



Using (28), we can write

2Re (s79575531550) = —2[s33[*[Re (s23 X sG5) = —[s3AP(IA° —[s53% — [A[s33)°) (33)
= —[s5817 + 53177517 + |sTS1%[s551*.

Plugging (33) in (32), we obtain
= (|s51 + 5351 + 5351 + [s351%) |71 + (|s73]° + [s53] + 53] + [s33[* — D)|sT5[* = [s551%. (34)

To derive the second equality in (34), we used again the fact S is unitary. Identity (34) ensures
that p = 1.

x Now, we prove that a = ¢ + d?a/(1 — |a|?) = 0. Since p = |a]? + |[d|?> = 1, this is equiva-
lent to show that cd + da = 0. We have

0 |2( A7 —\ 00 |2 ( 00 00 00,00 002 00,00 0012 00,00
5Tl (cd +da) = |s99]°(s55555 + s53535) + [554]° 579595 + |s75[°55955% (35)
00 L00 [ 00 L00 00 L00 00,00 [ 00 00 00 00
— 571575 (53555% + 53555%) — 551579575553 + 595553).-
Since S*° is unitary and symmetric, we have
o0 00 o0 00 o0 00 o0 00 J—
512873 + 822893 + 893833 + 894835 =
o0 00 o0 00 o0 00 o0 00 —_
512874 + 822894 + 893534 + 894545 =
o0 00 o0 00 o0 00 o0 00 _—
511831 + 512893 + 813533 + 814531 =
Using these three identities in (35), we find
o0 |2( ] e _ 002 ( 00,00 00 00 0012 .00 00 002 .00 L0
|sTal"(cd +da) = —[s79]*(s75575 + s54537) + [854]7 575575 + |s75]559 554
00 G00 ( 00 GO0 00 G000 00 |2 ( 00 00 00 G000
+551575 (577579 + s7ushq) + [sTa]* (73575 + s315%) (36)

_ 002 00,00 002 00,00 0012 00,00 0|2 ,00 00
= [s53|7s73sT3 + |s75]%550530 — [s34]° 579575 + [s73]7s54s5¢ = 0.
To derive the last line of the above equality, we used the relation
o0 00 o0 00 o0 00 o0 L,00
S11874 1+ S12591 + S13533 + s14539 = 0.

This gives a = 0 and allows us to conclude that the set {s55 (L) | L € (1;+00)} is indeed the unit
circle.

Remark 3.4. One can note that the special form of the matriz S> (see relations (28)) due to
the particular choice of the geometry is used only in the proof of p = 1. Once this property is
established, the fact that S™ is unitary suffices to conclude that o = 0.

4 Numerical experiments

4.1 Perfectly invisible modes

In the first series of experiments, we exhibit some L > 1 such that perfect invisibility holds in the
geometry €y defined in (2). For each L in a given range, we compute numerically the transmission
coefficient T defined in (4). To proceed, we use a P2 finite element method in a truncated waveguide.
On the artificial boundary created by the truncation, a Dirichlet-to-Neumann operator with 15
terms serves as a transparent condition. We take k£ = 0.87 so that the width of the vertical branch
of Qr, is equal to 2¢ = 27 /k = 2.5. In Figure 3 left, we display the curve L — T(L) for L € (1.3;8).
In accordance with the results obtained in §2.5, we observe that when L — 400, L + T(L) runs
on the circle of radius 1/2 centered at 1/2 4 0i in the complex plane. In particular, L — T(L)
passes through the point of affix 1 4+ 0i (Theorem 2.1). In Figure 3 right, we display the curve
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L~ —In|T(L) — 1| for L € (1.3;8). The picks correspond to the values of L such that T(L) = 1.
According to the proof of Theorem 2.1, we expect that the picks are almost periodic with a distance
between two picks tending to 2m/(kv/3) = 2.5/v/3 ~ 1.44 as L — +oco. The numerical results we
get are coherent with this value. In Figure 4, we represent the real part of the total field v defined

in (4) as well as v —w; for L = 2.5756 (first pick of Figure 3 right). Finally in Figure 5, we display
v and v —w] in another geometry where T(L) = 1. Here the domain is

Qp = {(z.y) eR*|0 <y < gr(2)} (37)
where g7 : R — R is the even staircase function such that gp(z) = L for 0 < x < ¢, gp(z) = 2.5

for ¢ <x <20, gr(x) =2for 20 < x <30, gr.(x) = 1.5 for 3¢ <z < 4¢ and gr(x) =1 for 4 < x
(see Figure 5). The two important points are to choose gy, so that u' = w; + w; = \/2/k cos(kx)
satisfies the initial problem (3) set in Qy for all L > 1 and to preserve the symmetry of the
geometry with respect to the (Oy) axis. Then playing with L as explained in Section 2, one can

get T(L) =1 (theoretically and numerically). Of course other staircase geometries satisfy the two
mentioned properties.

Remark 4.1. In the numerical experiments leading to Figures 4, 5, one finds that Re (v—wj ) = 0.
This can be proved. Indeed, observing that v —wy +v—w; = v+70 — (w] +wy), we deduce
that v — wy + v —wy is a solution of Problem (3). Since v —w; + v —w; 1is exponentially
decaying as |z| — 400 (because T = 1), we infer that if trapped modes do not exist, there holds

v—w] +v—w; =0< Re(v—wj)=0. Note that in the proof, we use again the fact that in the
particular geometries considered in the present work, w{r +wy is a solution of Problem (3).

r 8r .
0.8r 7t
0.6
6r *
0.4F
5L *
0.2 *
*
or ar £ ) *
* *
* *
3r Hk * Fx
0.2 i* gi jfi £x
* *
-0.4 2r % % * *
0.6 * * % k> L
0. L 5 1 % H
-0.8r 0
_17 )
8

v 2 3 4 5 6 7
Figure 3: Left: coefficient L — T(L) for L € [1.3;8]. According to the conservation of energy (5),

we know that the scattering coefficient T is located inside the unit disk delimited by the black bold
line. Right: curve L — —1In|T(L) — 1| for L € [1.3;38].
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0.00
-0.45

0.00
—0.45

-0.23

-0.45

Figure 4: Rewv (top), Smov (middle) and Im (v — w; ) (bottom) for L = 2.5756 where v is the
function introduced in (4). One finds that Re (v — w; ) = 0. The latter result is specific to the
geometry considered here (see Remark 4.1).

0.45

Z0.22

0.00
-0.22

0.45

Z0.22
0.00
-0.22

-0.45

Figure 5: Rewv (top), Smwv (middle) and Sm (v — wy) (bottom) in the waveguide Q7 defined in
(37) for L = 4.5808. One finds that Re (v — w; ) = 0. The latter result is specific to the geometry
considered here (see Remark 4.1).
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4.2 Perfect reflection

As indicated in Remark 2.2, the method proposed in Section 2 allows one also to exhibit situations
where T(L) = 0 (perfect reflection) and R(L) = 1. In Figure 6, we display this mirror effect, with
the energy completely backscattered, in the geometry Q7 defined in (37) for a well chosen L. More
precisely, we display the real part of the total field and we observe that it is indeed exponentially
decaying as © — +o0.

Remark 4.2. In Figure 0, we observe that Smv = 0 when R = 1. This is a general result that
holds without assumption on the geometry of the wavegquide as soon as R = 1. Indeed, if T = 0 then
|R| = 1 and one can check that v—R7T is a solution of Problem (3) which is exponentially decaying
as |x| — +o0. Therefore, if trapped modes do not exist, we deduce that v —Rv =0 < v =Rv. In
particular, if R =1, we obtain Smv = 0.

llllh““ S

Figure 6: Re v in the waveguide Q;, defined in (37) for L = 4.3758. One finds that Smwv = 0. The
latter result actually holds in any waveguide where R = 1 (see Remark 4.2).

o
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w

o
o
o

-0.23

st IR RO R kkaas)
o
'S
[

-0.45

J

4.3 Trapped modes

In the third series of experiments, we give examples of geometries supporting trapped modes for the
initial Helmholtz problem (3) with Neumann boundary condition. For each L in a given range, this
time we compute numerically the coeflicients of the augmented scattering matrix S € Coxo defined
n (22). Again we use a P2 finite element method set in a truncated waveguide. We emphasize
here that we need to work with a well-suited Dirichlet-to-Neumann map to deal with the wave
packet W; appearing in the decompositions of uj, ug in (21). In Figure 7 left, we display the
coefficients L +— s;;(L) for i,j € {1,2} and L € (1.3;8). The wavenumber is set to k = 0.87. As
shown by the theory, indeed we have s11(L) = 1 and s12(L) = s21(L) = 0 for all L > 1. Moreover,
we observe that L +— s92(L) runs on the unit circle. Consequently, it indeed goes through the
point of affix —1 440 which guarantees the existence of trapped modes for certain L > 1 (Theorem
3.1). In Figure 7 right, we display the curve L — —1In|soa(L) + 1| for L € (1.3;8). Indeed, it has
some picks indicating values of L such that soa(L) = —1. According to the proof of Theorem 3.1,
we expect a distance between two picks approximately equal to 7/k = 1.25. The numerical results
are in good agreement with this value. In Figure 8, we display the real part of a trapped mode in
wy, for L = 2.5524 (first pick of Figure 7 right). Finally, in Figure 9, we display the real part of a
trapped mode in the waveguide Q7 defined in (37) for L = 3.8273. This trapped mode has been
obtained symmetrising the trapped mode of the half-waveguide problem with Neumann boundary
conditions with respect to the (Oy) axis. Following the analysis of Section 3, we can construct
trapped modes in any staircase geometry satisfying the two properties mentioned at the end of
§4.1.
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Figure 7: Left: coefficients of the augmented scattering matrix defined in (22) for L € [1.3;8].
Right: curve L +— —In|s9o(L) + 1| for L € [1.3;8].

Figure 8: Real part of a trapped mode in the geometry wy, defined in (6) for L = 2.5524.

[ 0.3

Z0.15
0.00
-0.15

-0.3

Figure 9: Real part of a trapped mode in the waveguide Qy, defined in (37) for L = 3.8273.

5 Conclusion

In this article, we proved the existence of perfectly invisible and trapped modes in simple particular
geometries for the Helmholtz problem with Neumann boundary conditions. Importantly, the
waveguide has to be symmetric with respect to the (Oy) axis and endowed with a branch of
tunable height whose width coincides with the wavelength of the incident wave. The analysis has
been done in the domain introduced in (2). Other examples of geometrical situations where the
method can be performed have been presented in Section 4. Our technique seems specific to the
problem with Neumann boundary conditions and it does not look simple to modify it to consider
for example the case of Dirichlet boundary conditions (appearing e.g. in the analysis of quantum
waveguides). Finally, what we did in 2D can be adapted to higher dimension.
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Annex

In this Annex, for the convenience of the reader, we provide the detail of the proof of a well-known
proposition.

Proposition 5.1. The scattering matriz 8 defined in (16) is unitary and symmetric.

Proof. Define the symplectic (sesquilinear and anti-hermitian (q(p,v) = —q(¥, ¢))) form q(-,-)
such that for all ¢, € HL (weo)

Op— oY
q(p, ) = . %w - w%da

Here ¥ := {—2/} x(0; 1)U(—4;0)x{14+27}, 0,, = =0, on {—2¢}x(0;1), 05, = Oy on (—£; 0) x{1+27}.
Moreover, Hl (wo) refers to the Sobolev space of functions ¢ such that p|og € H'(O) for all
bounded domains O C w. Integrating by parts and using that the functions U7, Us® satisfy the
Helmholtz equation, we obtain ¢(U®,U?°) = 0 for i, j € {1,2}. On the other hand, decomposing
Ur®, Us® in Fourier series on X, we find

q(UD°, UR°) = (=1 + ST + [S551%) 4, q(US°, US®) = (=1 + [S55[* + |S59[?) i
q(Up°,Us®) = —q(Us®, Up®) = Si7S57 + 575955

These relations allow us to prove that 8° SET = Idaxo, that is to conclude that 8 is unitary. On
the other hand, one finds q(U°,Us®) = 0 = —S57 + 555. We deduce that 8% is symmetric. O

References

[1] A. Alu, M.G. Silveirinha, and N. Engheta. Transmission-line analysis of e-near-zero—filled
narrow channels. Phys. Rev. E, 78(1):016604, 2008.

[2] A. Aslanyan, L. Parnovski, and D. Vassiliev. Complex resonances in acoustic waveguides.
Quart. J. Mech. Appl. Math., 53(3):429-447, 2000.

[3] A.-S. Bonnet-Ben Dhia, L. Chesnel, and S.A. Nazarov. Non-scattering wavenumbers and
far field invisibility for a finite set of incident/scattering directions. Inverse Problems,
31(4):045006, 2015.

[4] A.-S. Bonnet-Ben Dhia, E. Lunéville, Y. Mbeutcha, and S.A. Nazarov. A method to build
non-scattering perturbations of two-dimensional acoustic waveguides. Math. Methods Appl.
Sci., 2015.

[5] A.-S. Bonnet-Ben Dhia and S.A. Nazarov. Obstacles in acoustic waveguides becoming “invis-
ible” at given frequencies. Acoust. Phys., 59(6):633-639, 2013.

[6] L. Chesnel, N. Hyvonen, and S. Staboulis. Construction of indistinguishable conductivity
perturbations for the point electrode model in electrical impedance tomography. SIAM J.
Appl. Math., 75(5):2093-2109, 2015.

[7] L. Chesnel and S.A. Nazarov. Team organization may help swarms of flies to become invisible
in closed waveguides. Inverse Problems and Imaging, 10(4):977-1006, 2016.

[8] L. Chesnel, S.A. Nazarov, and V. Pagneux. Invisibility and perfect reflectivity in waveguides
with finite length branches. arXiv preprint arXiv:1702.05007, 2017.

[9] L. Chesnel and V. Pagneux. Perfect reflection and trapped modes in waveguides with finite
length branches. preprint, 2017.

[10] P.J. Cobelli, V. Pagneux, A. Maurel, and P. Petitjeans. Experimental study on water-wave
trapped modes. J. Fluid Mech., 666:445-476, 2011.

[11] E.B. Davies and L. Parnovski. Trapped modes in acoustic waveguides. Q. J. Mech. Appl.
Math., 51(3):477-492, 1998.

[12] B. Edwards, A. Alu, M.G. Silveirinha, and N. Engheta. Reflectionless sharp bends and corners
in waveguides using epsilon-near-zero effects. J. Appl. Phys., 105(4):044905, 2009.

15



[13]
[14]

D.V. Evans. Trapped acoustic modes. IMA J. Appl. Math., 49(1):45-60, 1992.

D.V. Evans, M. Levitin, and D. Vassiliev. Existence theorems for trapped modes. J. Fluid
Mech., 261:21-31, 1994.

D.V. Evans, M. Mclver, and R. Porter. Transparency of structures in water waves. In
Proceedings of 29th International Workshop on Water Waves and Floating Bodies, 2014.

R. Fleury and A. Alu. Extraordinary sound transmission through density-near-zero ultranar-
row channels. Phys. Rev. Lett., 111(5):055501, 2013.

Y. Fu, Y. Xu, and H. Chen. Additional modes in a waveguide system of zero-index-
metamaterials with defects. Scientific reports, 4, 2014.

J.W. Gonzalez, M. Pacheco, L. Rosales, and P.A. Orellana. Bound states in the continuum
in graphene quantum dot structures. Europhys. Lett., 91(6):66001, 2010.

P. Henrici. Applied and computational compler analysis. Wiley-Interscience, 1974. Volume 1:
Power series—integration—conformal mapping—Ilocation of zeros, Pure and Applied Mathe-
matics.

C.W. Hsu, B. Zhen, A.D. Stone, J.D. Joannopoulos, and M. Solja¢i¢. Bound states in the
continuum. Nat. Rev. Mater., 1:16048, 2016.

L.V. Kamotskii and S.A. Nazarov. An augmented scattering matrix and exponentially decreas-
ing solutions of an elliptic problem in a cylindrical domain. Zap. Nauchn. Sem. S.-Peterburg.
Otdel. Mat. Inst. Steklov. (POMI), 264(Mat. Vopr. Teor. Rasprostr. Voln. 29):66-82, 2000.
(English transl.: J. Math. Sci. 2002. V. 111, N 4. P. 3657-3666).

C.M. Linton and P. Mclver. Embedded trapped modes in water waves and acoustics. Wawve
motion, 45(1):16-29, 2007.

V.G. Maz’ya, S.A. Nazarov, and B.A. Plamenevskii. Asymptotic theory of elliptic boundary
value problems in singularly perturbed domains, Vol. 1. Birkh&user, Basel, 2000. Translated
from the original German 1991 edition.

N. Moiseyev. Suppression of Feshbach resonance widths in two-dimensional waveguides and
quantum dots: a lower bound for the number of bound states in the continuum. Phys. Rewv.
Lett., 102(16):167404, 20009.

S.A. Nazarov. A criterion for the existence of decaying solutions in the problem on a resonator
with a cylindrical waveguide. Funct. Anal. Appl., 40(2):97-107, 2006.

S.A. Nazarov. Sufficient conditions on the existence of trapped modes in problems of the
linear theory of surface waves. J. Math. Sci., 167(5):713-725, 2010.

S.A. Nazarov. Asymptotic expansions of eigenvalues in the continuous spectrum of a regularly
perturbed quantum waveguide. Theor. Math. Phys., 167(2):606-627, 2011.

S.A. Nazarov and B.A. Plamenevskii. Selfadjoint elliptic problems: scattering and polarization
operators on the edges of the boundary. Algebra ¢ Analiz, 6(4):157-186, 1994. (English transl.:
Sb. Math. J. 1995. V. 6, N 4. P. 839-863).

S.A. Nazarov and J.H. Videman. Existence of edge waves along three-dimensional periodic
structures. J. Fluid Mech., 659:225-246, 2010.

V.C. Nguyen, L. Chen, and K. Halterman. Total transmission and total reflection by zero
index metamaterials with defects. Phys. Rev. Lett., 105(23):233908, 2010.

A. Ourir, A. Maurel, and V. Pagneux. Tunneling of electromagnetic energy in multiple
connected leads using e-near-zero materials. Opt. Lett., 38(12):2092-2094, 2013.

V. Pagneux. Trapped modes and edge resonances in acoustics and elasticity. In Dynamic Lo-
calization Phenomena in Elasticity, Acoustics and Electromagnetism, pages 181-223. Springer
Vienna, 2013.

R. Porter and J.N. Newman. Cloaking of a vertical cylinder in waves using variable
bathymetry. J. Fluid Mech., 750:124-143, 2014.

AF. Sadreev, E.N. Bulgakov, and I. Rotter. Bound states in the continuum in open quantum
billiards with a variable shape. Phys. Rev. B, 73(23):235342, 2006.

F. Ursell. Trapping modes in the theory of surface waves. Proc. Camb. Philos. Soc., 47:347—
358, 1951.

16



	Introduction
	Perfectly invisible modes
	Setting
	Decomposition in two half-waveguide problems
	Consequence of the choice =/k
	Asymptotic behaviour of the reflection coefficient for the problem with mixed boundary conditions
	Existence of perfectly invisible modes

	Trapped modes
	Setting 
	Asymptotic behaviour of the augmented scattering matrix and existence of trapped modes
	Proof of Lemma 3.2

	Numerical experiments
	Perfectly invisible modes
	Perfect reflection
	Trapped modes

	Conclusion

