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ABSTRACT. We present the mathematical theory of one-dimensional infinitely periodic
chains of subwavelength resonators. We analyse both Hermitian and non-Hermitian
systems. Subwavelength resonances and associated modes can be accurately predicted
by a finite dimensional eigenvalue problem involving a capacitance matrix. We are able
to compute the Hermitian and non-Hermitian Zak phases, showing that the former is
quantised and the latter is not. Furthermore, we show the existence of localised edge
modes arising from defects in the periodicity in both the Hermitian and non-Hermitian
cases. In the non-Hermitian case, we provide a complete characterisation of the edge
modes.
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EDGE MODES IN SUBWAVELENGTH RESONATORS IN ONE DIMENSION

1. Introduction

In the past decade, controlling and manipulating waves via interaction with objects at
subwavelength scales has gained a lot of attention in both photonics and phononics [26, 27,
34]. One way to achieve subwavelength interactions is to use high-contrast metamaterials,
that are media constituted by the insertion of a set of highly contrasted resonators into a
background medium. Here, subwavelength means that the size of such resonators is much
smaller than the operating wavelength. A typical example in acoustics of such high-contrast
resonators are air bubbles in water, which give rise to Minneart resonances [7]. Examples in
electromagnetics include high-contrast dielectric particles and plasmonic particles [11, 12].

High-contrast subwavelength resonators have been extensively studied in the three-dimen-
sional case [1, 5, 7, 14, 22]. Recently, an increased interest has been dedicated to topological
properties of one-dimensional resonators. Studies include one-dimensional infinite periodic
media with continuous material parameters [30], simplified Su-Schrieffer-Heeger (SSH) mod-
els [13] and various physical experiments [32, 33]. A rigorous mathematical analysis of the
finite one-dimensional case was recently presented [24]. The present work completes this
analysis by considering the one-dimensional periodic case. Since the interactions between
the subwavelength resonators only imply the nearest neighbors in one-dimension, it also
connects the field of high-contrast metamaterials to condensed-matter physics.

In classical wave systems, sources of amplification and dissipation of energy can be mod-
elled by non-real material parameters making the underlying system non-Hermitian, mean-
ing that the left and right eigenmodes are distinct. Our work considers both Hermitian and
non-Hermitian systems of subwavelength resonators. We look at these two cases separately
as they present deep underlying differences. A particular case of non-Hermitian systems
are those with parity-time (PT-) symmetry. Recently, non-Hermitian subwavelength res-
onators have been studied in three dimensions [10], but to the best of our knowledge no
literature exists on the one-dimensional case, which is of interest not only for the study
of one-dimensional metamaterials but also of quantum systems as the interactions in both
cases are short-range.

In this work, we are able to show that, similarly to the three-dimensional case [6], also
in the one-dimensional case it is possible to design subwavelength structures where certain
frequencies cannot propagate and are trapped near an edge. This typically happens by in-
troducing a defect in the geometry — in the Hermitian case — or in the material parameters
— in the non-Hermitian case. Generally these localised modes are sensitive with respect
to small perturbations. In order to manufacture structures presenting the said characterist-
ics, stability with respect to perturbations is required. We take inspiration from quantum
mechanics where so-called topological insulators have been extensively studied [15, 17, 18,
19]. The underlying principle of these structures is the existence of a topological invariant
that captures the propagation properties of the system. In the present setup, the correct
topological invariant is the Zak phase. The combination of two structures having different
invariants will give rise to modes that are confined at the interface of the structure and that
are stable with respect to imperfections. These modes are known as topologically protected
edge modes. We first compute the Zak phase for both the Hermitian and non-Hermitian
cases and prove that the non-Hermitian one is not quantised. Then we show the existence
of the said edge modes and demonstrate their robustness. Moreover, in the non-Hermitian
case, we also provide a full characterisation of these modes.

The paper is organized as follows. In Section 2, we present the mathematical setup
of the problem. In Section 3, we introduce the Dirichlet-to-Neumann map and solve the
exterior problem. Section 4 is dedicated to deriving an asymptotic approximation of the
subwavelength resonances and their associated modes. We show that a generalised eigenvalue
problem involving the capacitance matrix solves this. The exact tridiagonal structure of the
capacitance matrix allows us to study the topological properties of one-dimensional systems
of subwavelength resonators without dilute regime assumptions. In Section 5, we focus on
the Hermitian case and show numerically the existence of edge modes in the presence of
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geometrical defects. Ultimately in Section 6, we first explicitly compute the Zak phase
and then prove the existence of an edge mode in the case of defects in the periodicity of
the material parameters. The robustness of the edge modes in both the Hermitian and
non-Hermitian cases is illustrated numerically.

2. Problem statement and preliminaries
2.1. Problem formulation

We consider a one-dimensional system constituted of N periodically repeated disjoint

subwavelength resonators D; = (at,zR), where (xi-"R)lg,;SN C R are the 2N extremities
satisfying zf < R < 2t for any 0 <i < N — 1. We assume without loss of generality that
xt = 0. We denote by (x'i"R)ieN the infinite sequence obtained by setting
iy =2+ L

for some L > a:]RV — 2. Furthermore, we let D" = Uf[:l D; +nL so that D™ = D + nL
is just the repetition of D® =@ D. We denote the entire structure by ¢ := Unez D" We
also denote by ¢; = zf — 2} the length of the i-th resonators, and by s; = at,,; — z} the
spacing between the i-th and (7 + 1)-th resonator. With our convention, the spacing sy is
the distance that separates the last resonator of a unit cell from the first of the next one:

L R _ R L
SN =xy,. — Ty =L—xy+7.

One notices that L = Zfil £; + s; is the size of the unit cell, which we denote by Y := (0, L).
The system is illustrated on Figure 1.

S1 So SN—-1 SN
F--d P-4 Fo-- Fo-oommoo--- l
1 I 62 ] 1 Ej /€N—1 ] 1 EN |
I 1 ) { e w } 1 I 1 -
R L R R L R L L
zTyx1 T3 z2 T3 X3 TN-1 TN-1 TN TN Txer =27+ L

“HH HoHH - HHHH H - HHHH H B HHH - HH HoH H - HH HeH
—2L —1L 0L 1L 2

FIGURE 1. An infinite chain of N subwavelength resonators, with lengths
(4:)1<i<n and spacings (s;)1<i<n—1, periodically repeated with
period L.

As a wave field u(¢, x) propagates in a heterogeneous medium, it is solution to the following
one-dimensional wave equation:
1 d2 d ( 1 d

@@U(tﬂc) -~ mau(t, a:)) =0, (t,z) e RxR. (2.1)

The parameters x(x) and p(z) are the material parameters of the medium. We consider
ki x€D;+LZ, pp €D, +L7Z,
H(QE)_{/@ z € R\¢C, P _{p z € R\C,

where pp, p € Ryg. We are interested in both the Hermitian x; € R+ and the non-Hermitian
k; € C (with nonzero imaginary parts) cases. In the Hermitian case we typically set for
simplicity k; = kp for some k; € R for all 1 < ¢ < N. We stick with the general notation
allowing different «;’s, but think of them as equal to a positive constant in the Hermitian
case.

Following the notation of [7, 22], the wave speeds inside the resonators € and inside the
background medium R\ €, are denoted respectively by v; and v, the wave numbers respect-
ively by k; and k, and the contrast between the p’s of the resonators and the background

(2.2)
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medium by §:

v; = ﬁ, V= \/E, k; = ﬂ, k= E, 5= (2.3)
V oo p v; v p

Up to using a Fourier decomposition in time, we can assume that the total wave field
u(t, x) is time-harmonic:

u(t, x) = Re “u(x)), (2.4)
for a function u(z) which solves the one-dimensional Helmholtz equations:
w? d 1 d
_ e =0 R. 2.5
n(x)u(x> dx (p(x) dxu(m)> ’ re (25)

In these circumstances of step-wise defined material parameters, the wave problem de-
termined by (2.5) can be rewritten as the following system of coupled one-dimensional
Helmholtz equations:

@u(x) + U—Qu(x) =0, z eR\C,

%u(m) + (;J;u(x) =0, reD;+LZ,

ulr(zy®) = ul(23%) =0, vn € Z, (2.6)
% ) (zf) % ) (k) =0, Vnez,

6% R( e % L<x5)=0, Vn € Z,

where for a one-dimensional function w we denote by
wlL(z) = lli% w(x —s) and w|g(z) = llE)I%) w(z + )
s>0 s>0
if the limits exist.

2.2. Floquet-Bloch theory
To study this periodic problem we use Floquet-Bloch theory (see, for instance, [9, 25]).
DEFINITION 2.1. Given f(z) € L?(R), the Floquet transform of f with period L is defined

as

Flfl(@,a) =Y flz—mL)e*m".

neZ
The Floquet transform is an analogue of the Fourier transform in the periodic case. Also

for the Floquet transform, the original function may be recovered from the collection of the
transformed ones via the following Plancherel type inversion:

Flglw =5 [ gle.a)da.

A function f : R — C is said to be a-quasiperiodic if e~ f(x) is periodic. One remarks
that F[f](z, @) is a-quasiperiodic in & (with period L) and periodic in a (with period 2%).
We will thus be interested in quasiperiodicities laying in the first Brillouin zone Y* =
R/2 7 = (—Z,%]. We will denote u®(z) := Flu](z, o) the Floquet transform of a solution
to (2.6). Inserting u®(z) into (2.5) and using the periodicity of the material parameters x(z)
and p(z), we find that u®(z) solves

where x — u®(z) is L-periodic.
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The following lemma describes the subwavelength resonances — that is w® for which (2.7)
has a nontrivial solution — in the Hermitian case.

LEMMA 2.2. Let k € Ry and k; = kp € R for all i. Then there exists a family of real
non-negative eigenfrequencies (Wg)peN such that, for any p € N:
(i) o wy is an analytic, 27/ L-periodic function of o for any p > 1;
(ii) a — w§ is an analytic 2w /L—periodic function except as o € %’TZ, where it has a
linear behaviour:
w§ ~ clal + 0(a?) as |a| — 0,
corresponding to the crossing of the branches w§ and wy ®. Furthermore, a direct
computation shows that

L 1
fO mdx
T
In ﬁdx
(iii) For any a € (—7/L,m/L), there exists a nontrivial L-periodic function ug(x) solu-
tion to (2.7) with w = wy. The function ug(z) is called a Bloch mode and can be

chosen analytic with respect to the parameter a € R;
(iv) By convention, one can choose

~ vy as d — 0; (2.8)

_,.a=0 a=0 a=0
O—UJO < wq Swz <.

where wg:o is the p-th eigenvalue of the symmetric eigenvalue problem (2.7) at
a=0;
(v) wpy =0 with a € (—%, %) if and only if « =0 and p = 0, which is associated to the

constant Bloch mode. As a consequence,

wy >0 for any p > 1 or for p =0 with o # 0;

(vi) wp = w,® and ug(x) is a Bloch mode for the quasiperiodicity —c.

Proof. All these properties result from the fact that

o (i) [ ()]

form a holomorphic family of Hermitian operators on the space of HJ..((0,L)), where
H}..((0,L)) is the usual Sobolev space of periodic complex-valued functions on (0, L). Rel-
lich’s theorem ensures in particular that oo — (w$)? is analytic, and hence wg is analytic
for all values of a except maybe w§ at a = 0. However, the parity property implies that
(w§)? = O(a?) as a — 0, and then wg/|al is analytic in a.

The value of ¢ in (2.8) can be found as follows. Denoting A\o(a) := (w§)?, we find by
differentiating (2.7) with respect to « that

3 (o) (4 ) e

Ny(@) o .1 (d N a . 1L
= /f?(;v) ug (x) + 1m (dx + 1a> ug (x) + (d:c + 1a) |:p(x)105u0 (x)} . (29
Setting v = 0 and using that A\g(0) = 0 and u§(x) = ug is a constant, we obtain that
Ap(0) = 0, and then —<-u(z) = 0. Then, differentiating (2.9) with respect to a and setting
a = 0, we obtain

() ()] - 50

From Fredholm’s alternative, this equation admits a L-periodic solution if and only if

/OL (A»«(xO)) v~ 2p<1x>“°> v =0
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which yields
L 1
A5(0) _ Jo gty de
L )
In ﬁ dz
and hence (2.8) holds. The asymptotic expansion (2.8) is obtained then from the formula
fOL ﬁ dz i Zf\il i + % (L - Zzlil Ei) sz\;l li+o (L - Zf\il Ei)

2
T = = = Ub +O((5)
fo n(lm) da ,%b Ezj\il 4 + % (L - Zi\il fi) Flf Ezj\; b + % <L - sz\; Zi)

b

We recall from [9] that the subwavelength spectrum of the operator associated to (2.5) is
given by

both in the Hermitian and the non-Hermitian cases.

This describes the band structure of the subwavelength spectrum of (2.5): for each p the
spectrum traces out bands wy as « varies. In the Hermitian case, the spectrum is said to
have a subwavelength band gap if, for some 0 < p < N — 1, max, w, < min, wy,. In the
non-Hermitian case, a subwavelength band gap is a connected component of C\o. A band
is said to be non-degenerate if it does not intersect any other band.

Consequently, we study the equivalent one-dimensional spectral problem in the unit cell
Y for the function u(z, @) := u®(z)el*® for a € Y*:

d w?

@u(x) + U—Zu(x, a) =0, x € R\,
w2
@u(x)ﬂ-gu(x,a) :0, xr € DZ+LZ,
ulr(zy®, o) — ulL (25, a) =0, Vn € Z,
L L

| (@) =6 —]| (z5,0)=0, Vnez,
Tl e - =0,

du du
§—| (&)= —| (ah,0) =0, VneZ

T e | @ha)=0 ez
u(z + L, a) = u(z,a)e for almost every = € R,

and consider the subwavelength resonances for the scattering problem (2.10) by performing
an asymptotic analysis in the low-frequency and high-contrast regimes

w—0 as J—0. (2.11)

For this, we adapt the Dirichlet-to-Neumann approach of [23, 24] to the one-dimensional
quasiperiodic problem (2.10).

3. Quasiperiodic Dirichlet-to-Neumann map

In this section, we characterize the Dirichlet-to-Neumann map of the Helmholtz operator
on the domain Y with the quasiperiodic boundary conditions. We give a fully explicit
expression of this operator in Proposition 3.3, before computing its leading-order asymptotic
expansion in terms of ¢ in Corollary 3.4.

In all what follows, we denote by H'(D) the usual Sobolev space of complex-valued

functions on D and let Héer (R) be the the usual Sobolev space of periodic complex-valued

functions on R and H}!, (R):={u:e %y e H! (R)}.

per,a per
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(C2N7a

Throughout the paper, we also denote by the set of quasiperiodic boundary data

L,R e
= (fi7 )iez satisfying
L,R i L,R
fi+N — elaLfi 7
where f} (respectively ff) refers to the component associate to z} (respectively to zf).

The space of such quasiperiodic sequences is clearly of dimension 2N. The following lemma
provides an explicit expression for the solution to exterior problems on R\ €.

LEMMA 3.1. Assume that k is not of the form k = nw/s; for some nonzero integer n € Z\{0}
and index 1 < i < N. Then, for any quasiperiodic sequence (fiL’R)lgiSN e C*Ne | there
exists a unique solution w§ € H;er’a(R) to the exterior problem:

d2
<+k2) w§(z) =0, zeR\C,

daz?
wi(abR) = foR, V1<i<N, (3.1)
w§(z+ L) = e wf(z), zeR\C.
Furthermore, when k # 0, the solution w§ reads explicitly
wi(z) = a;e™ + bie T if x e (af, 2k y), Vi € Z, (3.2)
where a; and b; are given by the matriz-vector product
L R
a\ _ .' 1 e—ikahy,  _o—ikal /R | 53
b, 2isin(ks;) \ _pikaty,  pikaf L,
Proof. Identical to [24, Lemma 2.1]. [ ]

DEFINITION 3.2 (Dirichlet-to-Neumann map). For any k € C which is not of the form nw/s;
for some n € Z\{0} and 1 <4 < N — 1, the Dirichlet-to-Neumann map with wave number
k is the linear operator 7% : C* — C?V defined by

dw$
Tl e = (2L GEY) (3.4
1<i<N

where w$ is the unique solution to (3.1).

The condition that k& € C is not of the form nr/s; for some n € Z\{0} and i € Z is
equivalent to state that k2 is not a (quasiperiodic) Dirichlet eigenvalue of —d?/dz? on R\ €.
We consider a minus sign in (3.4) on the abscissa zt because T’“va[(f]'."R)lngN]'i"R is the
normal derivative of w;‘c‘ at J:Il-"R, with the normal pointing outward the segment (a:';, acf) This
convention allows us to maintain some analogy with the analysis in the three-dimensional
setting considered in [23, Section 3].

In the next proposition, we compute 7% explicitly.

PROPOSITION 3.3. The Dirichlet-to-Neumann map T admits the following explicit matriz
representation: for any k € C\{nn/s;|n € Z\{0},1 < i < N-1}, f = (fz!_’R)lgigN,
TEef] = (Tk’“[f]l{’RhgigN is given by

TEe(fly fr
TEfIF IR
: =78 |, (3-5)
T flN 5
TR %
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with
_k:cos(ksN) k efiaL
sin(ksn) sin(ksn)
A¥(s1)
A (s9)
T = ' , (3.6)
A (s(v-1y)
k iaL _ kcos(ksn)
sin(ksn) sin(ksn)

where for any real £ € R, A¥(£) denotes the 2 x 2 symmetric matriz given by

_ kcos(kl) k
o B T a1
sin(kf)  sin(kf)

We will thus use T and T interchangeably.

Proof. Following the proof of [24, Proposition 2.1], it is easy to infer that

T fR, dwf (R R
. [sz = d‘jfa( ZL) = Ak(s)) JE for all i € Z,
T [f]m - dxf (Ii+1) fiv1

where we extend (fiL’R)lggN by quasiperiodicity. The values of (T%*[f]R, T*[f]}, ) fol-
low, with 1 <i < N — 1. Then, we obtain the following values at z} and x?v by using the
quasiperiodicity:

—L(z x -
F e (e Y e () e [
dwy L iaL dwF | L L iaL
dz (IN+1) —¢ dz (z7) fi+1 fre
which yields (3.5). ]

Remarkably, the 2N x 2N matrix associated to 7% is Hermitian. It can be verified that
the solution w$ to (3.1) with k # 0 converges as k — 0 to the solution to the same equation
with £ = 0. As it can be expected from the matrix representation (3.5), the operator 7%
is analytic in a neighbourhood of k = 0. In all what follows, we denote by r the convergence
radius

T

ri=—
maxi<;<n S;

We identify 7% with the matrix 75 of (3.6).

COROLLARY 3.4. The Dirichlet-to-Neumann map 7% can be extended to a holomorphic
2N x 2N matrix with respect to the wave number k € C on the disk |k| < r. Therefore,
there exists a family of 2N x 2N matrices (752 )nen such that 75% admits the following
convergent series representation:

+oo
The =N kTR, ke C with [k] <7 (3:8)

n=0
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The matrices 73" and 73" of this series explicitly read

~w o€
Ao(sl)
Ap(s2)
7§ =
Ao(sn-1)
ieiaL _ 1
%sN %sNe*i‘”‘L
A2(81)
TS =
Az(sn-1)
%sNeio‘L %sN
where for any ¢ € R, Ap(¢) and As(¢) are the 2 X 2 matrices

—1/t 1/t L 4L
Ao(l) == / / Ag(l):=[? O
/¢ —1/¢ £ ¢

—iaL

, (3.10)

(3.11)

Proof. The result is immediate by noticing that for a given £ > 0, the matrix A*(¢) of (3.7)
is analytic with respect to the parameter k on the disk |k|¢ < 7, and its components are
even functions of k. The expressions for 7;* and 73" follow by computing the Taylor series

of AR (0).

REMARK 3.5. The expression (3.9) for 7 can be more conveniently stated in terms of its

action on a vector f = (fiL’R)lgigN € C?N as
1 —ia
Tl = ——(fh — el gR),
N
1
%a[f]li_zfs (fiLf iR—l)a 2<i§N,
i—1
1
%am?:;( z'L-H*sz)a 1<i<N -1,
1 .
TR = — (M fr = f¥),

SN

or even more simply

1 k2 i 1
TRl =~ (g - £ + 5 (g i) + 00
Si—1 3 2
1 k‘28i 1
TR = 57( iL+1 -+ 3 (fiR + B} zL+1) +O(kY),

for any quasiperiodic sequence ( fiL’R)iez e C2Ne,

(3.12)

Vi € Z,
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4. Subwavelength resonances

The one-dimensional problem (2.10) can be rewritten in terms of the Dirichlet-to-Neumann
map as a set of coupled ordinary differential equations posed on the periodic segments €:

d2 w2
<d$2+,ui2>u(‘raa):07 reD;+ L7,
du Ly _ “ ar, 1L .
_E(mi)_&r” [u]; for all i € Z, (41)
d w
S (@f) = T for all i € Z,
u(z + L) = u(x)el*r for almost every = € R,

: 1
where for a function u € Hy,

(R), we use the notation 7%%[u] = T+ [(u(xiL’R))ieZ].

DEFINITION 4.1. Any frequency w®(d) such that (4.1) admits a nontrivial solution u is called
a scattering resonance [35]. Subwavelength resonances are those which in addition satisfy

w*(0) = 0as J — 0.
The associated nontrivial solution u®(w®(4),d) is called a subwavelength resonant mode.

4.1. A first characterisation of subwavelength resonances based on an explicit
representation of the solution

Let us first state a characterisation of the subwavelength resonances which relies on a
finite dimensional parametrisation of the solution w.

LEMMA 4.2. The subwavelength scattering resonances w to the wave problem (4.1) are the
solution to the 2N x 2N nonlinear eigenvalue problem

a;

A% (w, 9) =0, (4.2)
b; ,
1<i<N
where A%(w, d) is the 2N x 2N matriz given by
_ikizl  o—ikiaf cikie ik}
A(w, d) :=idiag | k; I _ 6T % xdiag GooR R
g _6 1&g 6 1bg 6 1y
1<i<N 1<i<N
(4.3)
and where T+ is the 2N x 2N matriz defined by (3.5). Furthermore, resonant modes to
(4.1) correspond to (a; bi)?<i§N by the formula
u(r) = a; e + be ki vz € (zf, zR). (4.4)

Proof. Any solution u to (4.1) can be written as (4.4) and the boundary condition of (4.1)
reads

:I:iki(aieik”:bR — bie_ik"‘”t’R) — 5T%’a[u];"R =0,
which can be rewritten as (4.2). [ |

REMARK 4.3. With the characterisation of Lemma 4.2, we reduce the spectral problem (4.1)
to a nonlinear finite-dimensional eigenvalue problem (4.2). We will exploit this property in
the numerical computations.

4.2. Characterisation of the subwavelength resonances based on the Dirichlet-
to-Neumann map

Multiplying by a test function v € H'(D) and integrating on all the intervals (z},zR),

(4.1) can be rewritten in the following weak form: find a nontrivial u € H*(D) such that
for any v € H'(D),
a®(u,v) =0, (4.5)

10
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where a® is the bilinear form on H(D) x H'(D) defined by
N

N R _

o i fdu dv w? a _ .

a® (u,v) ::Z/L (dxo‘lx U> d"””—Zé[ T ulf +0(@) T [l
i=1"7; @

Following [24], we introduce a new bilinear form a&a on HY(D) x HY(D):

o al “ du dv
ag 5(u,v) ::Z ) aad x+ udm vdm

N 2
— Z lQ /L wtdx + S[o(aR) T )R +v(m'{)7ﬂj’°‘[u];‘]1 . (4.6)

The bilinear form a} ;(u,v) is obtained by adding the rank-one bilinear forms (u,v) —

R R
f;L udz f;L vdzx to the bilinear form a®. Clearly, ag, s is an analytic perturbation in w and
§ of the bilinear form ap,o defined by

ao,o(U,v):Zl L d—zd—;dan/ udx vdx},

i=1

which is continuous coercive on H'(D). From standard perturbation theory, ag, 5 remains
coercive for sufficiently small complex values of w and §.

In order to characterise the subwavelength resonant modes, it is useful to introduce
h§(w, ) the solution to the variational problems

R
Zj

0% 5(h(w, 6),v) = / vdz, Voe H(D), Vi<j<N. (4.7)
T~

The functions A (w, d) allow to reduce the 2N x 2N problem (4.2) to a N x N matrix linear
system, which is simpler to analyse.

LEMMA 4.4. Let w € C and § € R belong to a neighbourhood of zero such that ag s is
coercive. The variational problem (4.5) admits a nontrivial solution u = u(w,d) if and only
if the N x N nonlinear eigenvalue problem

(I -C%w,d)x=0 (4.8)
has a solution w and = := (z;(w,d))1<i<n, where C*(w, ) is the matriz given by

Ca(w,é) = (Ca(wyé)ij)lgi,jSN = (/ ' h;"(w,é) dl‘) . (49)
o 1<i,j<N

i

When it is the case, w is a subwavelength resonance and an associated resonant mode u®(w, ¢)
solution to (4.5) (equivalently, to (2.10) and (4.1)) reads

Zx] w, 0)h (w,d) (4.10)

with h§(w,d) being defined by (4.7).

Proof. The variational problem (4.5) reads equivalently

N R

a®(u,v) =0 < ag, 5(u,v) — Z (/ i udg;) ag s(ug,v) =0

£ L
i=1 i

N (4.11)

zR
<:>uz</ udz)uia—O.
4 2L

=1

11
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R
By integrating both sides of (4.11) on (z}, zR), we find that the vector x := (f;l

1

u(w, d) dx)

1<i<N

solves the linear system

ZC, QZ'R
/ wédm—Z/ ho‘w5dx/ u(w, ) dz =0, 1<:<N,
xt acj

which is exactly (4.8). Conversely, if (4.8) has a solution, then the second line of (4.11)
shows that the solution to (4.5) is given by (4.10). ]

Subwavelength resonances are therefore the characteristic values w = w(d) for which
I — C*(w,0) is not invertible.

4.3. Asymptotic expansions of the subwavelength resonances

We now show the existence of N subwavelength resonances for any o € Y* and we com-
pute their leading-order asymptotic expansions in terms of §. We start by computing explicit
asymptotic expansions of the functions h§ (w, d) solutions to (4.7). Here and hereafter, the
characteristic function of a set S is written as 1g.

PROPOSITION 4.5. Let w € C and d € R belong to a small enough neighbourhood of zero. The
unique solution h;(w,d) with 1 < j < N to the variational problem (4.7) has the following
asymptotic behaviour as w,d — 0:

1 w?
hj(w,0) = (éj + 1}2£2> Lot )
77

Lm0 1 L (1 ! L, nv—130)
g | et 1 (22 ;]1
+ é? i s (xf 2R ) 8? S5-1 + 5 (at,a?) M?H (CTIRRY
(51]' g~lal 5Nj eial
p— 1 h 0 5
By sy ekt T gy T tael) a0 (w?+6)2),

(4.12)

where Ej,O,l is some (quadratic) functions satisfying

xF
/ hj,O,l dSL’:O, VlS’LSN
T

Proof. From the definition of af} 5, the function h$ = h{(w,d) satisfies the following differ-
ential equation written in strong form:

dz N
— 2l T *ha + Z </ hi dz) (at2®) = L(at of) in | |(a},2F),
i =1
dh(J] L « L .
—W(a:i)zéTv’a[h?]i forall 1 <i <N,
dhf

— (2} )757'00[;104} forall 1 <7< N.
(4.13)
Since 7% is analytic in w?, it follows that h$(w,0) is analytic in w? and §: there exist

functions (hj 2p k) p>0,k>0 such that h$(w, d) can be written as the following convergent series
in HY(D):

dx

+oo
)= w6 k. (4.14)

p,k=0

12
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By using Corollary 3.4 and identifying powers of w and §, we obtain the following equations
characterizing the functions (h; 2p.k)p>0,k>0°

42 N[ 1 ,
— 2wk T > (/L hjps A2 | Lot af) = —3hj2p—2k + Lot of)d0pdor  in D,
i=1 z; J
dh j,2p,k L - 1 « L .
—ﬁ(%‘) = Z% ﬁ%n[hjﬂp—ka—l]i? 1<i<N,
dhjopk Ry _ N~ L g R .
e @i) = Z_% wan Tenlhi2p-2nn-1]7, 1<i<N,
(4.15)

with the convention that hj o, = 0 for negative indices p and k. It can then be easily
obtained by induction that

Lot at)
hj2p0 = 2p jp+1
vt

for any p > 0, 1<j<N.

Then, for p =0 and k = 1, we find that h; o satisfies

d2 N xf
—@hj,o,l + Z /L hjo,1dx ]1($|{7w§) =0 in D,
i=1 z;

dh; .
~ L)~ To b0t forall 1<i< N, (4.16)
dh;
#0’1(335) = T [hj00)R  foralll<i<N.
From (3.12) with f-R := hj00(z-R) = 6;;/¢; for 1 < i < N, we obtain
11 —ia
Tolhj0,0)1 = — 7 5o (01 = dnje b,
j SN
1 1 .
Tolhj.0.0i 7 (635 — 8(i—1);) for2<i< N,
j Si—1
11 .
Tolhj.0,0l3 75 (8i+1 — 6iz) for1<i< N -1,
J 1
Tolhj00l% = 11 (e 615 — on;)
L A j j
Multiplying (4.16) by 1, =) and integrating by parts, we find that
[ hioade =7 [T hjoolt + T sol]
’ 11 11 .
= giej Si_1 (5(1'—1)]‘ - 51’]’)1{27-.-,N}(Z) + %g(&i-&-l)j - 5ij)]1{1,...,N—1}(Z)
1 1 . .
— (onje = 615) 6 + ——— (7015 — Onj) din-
+ &Ej SN ( Nj€ 1]) 1+ Eigj SN (e 1j NJ) N

13
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Isolating the different cases yields

11 . . :
—e ! fi=1,j=N
ElgN SNe e y J )
1 1 if ¢ —1,2<7<N
11 7 = — 1, S S y
b1ty 551 ’ !
1 /1 1 NG N
_2( 2,...N}(J) i ,...N=13(J) i 15+ ]N) ifi—j,
Ej sj—1 55 SN
1 1 e .
- ifi=j+1,1<j<N-1,
il s;
11 L .
—e!® fi=N,j=1.
e SNe if ,j

Using Fredholm’s alternative, this allows to infer that hj o can be written as

Ta.. ny() 1 1 ( 1 1 ) T, Nv-130) 1
h' — ;71 L R vy + — ]1 .L .R +”77]1 L R
701 Gty sj @515 1) 0 \sj—1 s, @5 GGy s @:2540)
51j efiaL 5Nj eiaL -
Bty oy oo T gy Ty e o (44T

~ R ~
where hjo1 is a function (in fact, a second order polynomial) satisfying fjﬁ hjo1dz =0
for any 1 < i < N, with the convention sy = sy. Furthermore, Ej,O,l is identically zero on
(ot 2R), where i ¢ {j —1,7,7 + 1} [ |
Next, we define the (quasiperiodic) capacitance matrix similar to the three-dimensional

case [2, 4, 6].

DEFINITION 4.6 (Quasiperiodic capacitance matrix). Consider the solutions V;* : R — R of
the problem

d2
Vo= R
de‘/tL 0 \67

V(x4 mL) = V() meZ.

Then the capacitance matrix is defined coefficient-wise by

where v is the outward-pointing normal.

LEMMA 4.7. The capacitance matriz is given by

1 1 1 e—iaL eiaL
(€ N
Cij = ———0ij-1) + + — ) 0i; — —0i(j+1) — 0150iN ——— — 010N ——,
J . J . . PV
Si-1 Sj—1 8 s; SN SN
that is,
1 1 1 e—iaL
P T
1 1,1 _1
_51 S1 + S2 S2
C™ =
1
SN—1
_elel 1 1 1
SN SN—1 SN—1 SN

14
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Proof. One notices that the solutions V;* to (4.18) for 1 <¢ < N — 1 are given by

1
(x—af), af,<az<

Si—1

1 b <z <R
Vi) =47 e

L R
7;((1371’1_’_1) Ty Sz<uw 1+17
T
0 else,

while for bigger and smaller i we multiply by the corresponding e!*™% factor. Derivation
with respect to the outward-pointing normal and integrating on the boundary just means

ave| o dve| .
R AL : i ) . 4.1
i ( o L(%)Jr T (%)) (4.19)

R
Evaluating (4.19) concludes the proof. [ |

COROLLARY 4.8. We have the following asymptotic expansion for the matrix C*(w,d)
defined in (4.9):

C*w,8) =T+ W’V 2L —6L7'CL™ + O((w? +6)?), (4.20)

where L is the length matrix L = diag((¢;)) and V = diag((v;)) the material parameter
matrix.

Proof. Integrating the asymptotic expansion (4.12) of h;(w,d) on the interval (at,zF), we

7 1
obtain

a w2
Cij(w,é) = (1 + 1}3&) 57ij

Tg, vy (d) 1 Tyo,.. ny(0) 1
0 - 0; o 0i(i
" |: lil; Sj—1 b=y = Sj—1 Al 4¢; g+
K ,51_ —iaL 5 5 ial
1j0:N € NjO1IN € w + 5) )
ngl SN flgN
(4.21)
This yields the result. u
It is thus useful to introduce the generalised capacitance matrix
C& =V2L"tce. (4.22)

PROPOSITION 4.9. Assume that the eigenvalues of C& are simple. Then the N subwavelength
band functions (a — w¥)1<i<n satisfy to the first order

W = /6N + O(6)
where (A{)1<i<n are the eigenvalues of the eigenvalue problem
C&a; = Aa;, 1<i<N. (4.23)
We select the N values of £1/0\; having positive real part.

Remark that in the Hermitian case it is possible to reformulate (4.23) into a symmetric
eigenvalue problem so that the eigenvalues are real.

Proof. From Lemma 4.4, we know that (4.1) has a solution if and only if

(I -—C%w,d)x=0

15
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for some nonzero . Applying the asymptotic expansion from Corollary 4.8, we obtain that
the above equation is equivalent to
27y, —2717—1 -1 pa 71 2 2
= L — 0L L )
0=w’V x C z+ O((w? +6)%)
=y

2
e ViILTicry = %y + O((w? +0)?),

meaning that ‘%2 must be approximately an eigenvalue of V2L~ C* = C&. |

We refer to [22, Proposition 3.7] for a generalisation of Proposition 4.9. The capacitance
matrix provides also an approximation of the eigenmodes.

LEMMA 4.10. Let u® be a subwavelength resonant eigenmode corresponding to w®™ from
Proposition 4.9. Let a be the corresponding eigenvector of the generalised capacitance matrix.
Then

ut(w) =D a Ve (@) + 0(),

where V* are the functions from (4.18) in Definition 4.6 and a¥) denotes the j-th entry of
the eigenvector.

Proof. We sketch the proof, referring to [22] for more details. We consider the case N = 2
as N > 2 is only notationally more difficult. Let u®(z) be a resonant eigenmode. According
to Lemma 4.4, we may represent the resonant mode (inside the resonators) as

u®(z) = lra MR + L,aPhg + O(0).

Remark that we used the change of basis L~! in Proposition 4.9, so the approximation
of the x of Lemma 4.4 is L™ 'a. The asymptotic expansion of Proposition 4.5 shows that
h$ = g%]lDl + O(9), so that we get the result inside the resonators.

In order to obtain a solution outside, we may apply Lemma 3.1. Expanding the result of
Lemma 3.1 for small §, we obtain a linear interpolation between the boundary points, that
is V}* outside of the resonators. ]

5. Hermitian case

In this section, we analyse in closer detail the Hermitian case. For simplicity, we consider
the case when v; = vy, for all i for some v, € Ryg. One remarks that in this case the
eigenvalue problem (4.23) may be simplified by finding eigenvalues of L= C* and multiplying
the eigenvalues by v7.

In the general case, we have to solve the generalised eigenvalue problem

ce a; — vb_z/\iLai. (51)

After a change of basis, we recover a symmetric eigenvalue problem having the same eigen-
values as (5.1)

L™3C% L™ 2b; = v; 2\ib;. (5.2)
From (5.2), we see that in the Hermitian case the subwavelength resonances are real.
5.1. Dirac degeneracy and Zak phase
We first prove the following result.
LEMMA 5.1. The eigenspace associated to C has dimension at most two.

Proof. This is a consequence of the tridiagonal structure of C“: one can extract from
C*—=AyL a full rank minor of dimension (N — 2) x (N — 2) which is an upper triangu-

lar matrix with diagonal — 2% ... — 21—, |
S1 SN—2

The following lemma concerns degeneracies of the capacitance matrix.

16
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LEMMA 5.2. Assume that N = 2. The only configuration such that (5.2) admits a double
etgenvalue is the one with £1 = {5 and s1 = sy. Moreover, this double eigenvalue occurs at
a==+T, and C*T =251, where I is the identity matrix.

Proof. Problem (5.2) reduces to find the eigenvalue of

1 1 —1 _ 1 1 iaL _% _%
R (o —ae) e (53)
_1 _ 1aL) g0 14 1)t
s1 52 € 1 "2 51 + s2) 2

The characteristic polynomial of this matrix is

P()) = det (L—% CoLE - )J) (5.4)
2

1 1 1 1 1 1 .
_ - - 671 _ )\ - i [*1 _ )\ _ gflﬂfl i — JialL .
((81+82> ! )((81+52> ? ) to 31+526 (5:5)
11 1 1\ |1 1.
_ )2 _ —1 —1 —1)—1 _ il
=) (81 + 52) (T + ) X+ 4710 l(ﬁ + 52> o + e ] . (5.6)

Therefore, a multiple eigenvalue occurs when the discriminant of this second order polyno-
mial vanishes, which is the case when

TR I T I B B
0_(51+52> (et + )" — a0t g+g -

1 1\° 5 2
= ( + > (=N + a0t
S1 S92

] 57

i 4 ieiaL
S1 S92

(5.8)

This readily implies /1 = {5, and then

1 1
— + —cos(aL) =0,
S1 S92

1
—sin(aL) = 0.
52

For this system to admit a solution with 0 < s1, 52, it is necessary that a = &7, and then
we must have s; = . |

Therefore, we study the eigenvalues of C* for regularly spaced dimers of resonators (i.e.,
N =2, ¢, = {5 and 57 = s2). Let us rewrite (5.3) only in terms of s; and ¢;:
1 1 2 1 —el*L/2 cos(al/2
L™ 2C*L72 = — ) (aL/2)
bis1 \ _g—ial/2 cos(aL/2) 1

The eigenvalues of this matrix are

1 1
el I P
Subwavelength resonances then read
2 1 al 2 1 al
o =—F—=vp02 [sin [ — o6 Y= —=vpd2 |cos [ — ) 5.9
w§ 5151Ub2sm<4>’+ (0), wy 51811152005(4)‘4— (0). (5.9)
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Hence, at leading order in ¢, a band inversion occurs at a = +%. Furthermore, (5.9) shows
that at o = &7 the bands form a Dirac degeneracy. Typically, breaking the symmetry of
the structure results in the Dirac cone to open into a band gap [8, Section 4]. We show this
in Section 5.2.

The following lemma gives explicit formulas for the eigenvectors of the capacitance matrix.

LEMMA 5.3. Assume that £1 = f5. In the general case, the eigenvalues of the capacitance
matriz are given by

1 1 1 1 . 1 1 1 1 .
?€f1{<+>+e‘aL}, g€f1[<+>++e‘°‘L}
S1 S92 S1 S92 S1 S9 S1 S9
An associated pair of eigenvector is given by
1 1 1 1
a(ll = —_— 5 ag = —_— 5
V2 \ o—ita V2 \ it
where 0, is the argument such that
1 1, .
- ( + e‘O‘L) = pelle. (5.10)
S1 52

DEFINITION 5.4 (Zak phase). For a non-degenerate band wi, we let uj be a family of
normalised eigenmodes which depend continuously on «. Then we define the (Hermitian)

Zak phase as
za. : « 8 (0%
ij k = 1/* <U] 5 aau]> dOé, (511)

where (-,-) denotes the usual L? inner product.
Using Lemma 5.3, we obtain the Zak phase of the structure.

PROPOSITION 5.5. Let N =2 and £1 = {5. Then, we have

(pz.ak _ m if §1 > S9,
J 0 ZfSl < S9.

One can prove Proposition 5.5 using a similar approach to the one in [6]. We suggest a
different proof whose presentation is postponed to Section 6, where it will result as a special
case of the more general Theorem 6.4.

5.2. Localised edge modes generated by geometrical defects

In this subsection, we study an infinite structure composed by two periodic parts. We
consider this structures as having a geometrical defect in the periodicity, see Figure 2.

Such structures have been studied in the case of tight-binding Hamiltonian systems [16,
20, 21] and for an SSH chain of resonators in R® [6].

S1 S9 S1 S1 S2 S1
F---- F----l F---- 0 F---d F----l F----

FIGURE 2. Infinite structure with a geometrical defect.
The peculiarity of such defect structures is the support for edge modes. These modes

have frequencies that lay in the band gap and thus are particularly robust with respect to
perturbations. Furthermore, they are spatially localised near the defect.
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To show the existence of an edge mode, we compute the subwavelength resonances of a
finite but large array having the same geometrical defect. In the three-dimensional case,
it has been shown that this is indeed an accurate approximation [3]. Figure 3b shows the
existence of edge modes. Figure 3a illustrates that the frequencies of the edge modes are
well-separated from the bulk, and lay inside the band gap. Figure 3a is of particular interest
as it suggests that the spectrum of the finite approximation converges exponentially to the
continuous spectrum of the periodic structure. The exponential convergence is the result of
the absence of long-range interactions in the system [3, 28, 29, 31].

As mentioned before, edge frequencies laying in the band gap are typically robust to
perturbations. In Figure 3c, we show that these frequencies are only minimally influenced
by slightly perturbing the distances between the resonators via

§28i+6i, 61NN(0,U2)

with (0, ?%) being a uniform distribution with standard deviation o and mean-value zero.
In particular, they remain in the band gap. We thus call these edge modes topologically
protected.

6. Non-Hermitian case

In the non-Hermitian case, the material parameters k; are complex with non vanishing
imaginary parts. As we want to analyse the influence of the complex material parameters,
we assume for the rest of this section that the size of the resonators is constant, i.e., ¢; = {1
forall1 <7< N.

A particular case of this non-Hermitian setup are systems with PT-symmetry. Originating
from quantum mechanics, this terms defines a system where gains and losses are balanced,
that is, v1 = U3 in the case of a dimer of resonators.

6.1. Non-Hermitian Zak phase

DEFINITION 6.1 (Non-Hermitian Zak phase). The non-Hermitian Zak phase cp?ak, for 1 <
j < N, is defined by

zak-_i qaﬂ aaﬁ
i ‘2/(< aa>+<“ﬂ’ aa>) dev

where u§ and v are respectively the left and right eigenmodes.

We remark immediately that Definition 6.1 is a generalisation of Definition 5.4 as left and

right eigenmodes are equal in the Hermitian case.
The following lemma is [10, Lemma 3.5].

LEMMA 6.2. Let u; and v; be a bi-orthogonal system (i.e., (v;,u;) = 6;5) of eigenvectors of
the generalised capacitance matriz defined by (4.22), so that Lemma 4.10 holds. Then, the
Zak phase can be written as

o = g (/ * <uj, 831:5> da> +0(6). (6.1)

We will now derive an explicit formula for the non-Hermitian Zak phase. This, as the
non-Hermitian version is a generalisation of the Hermitian one, will allow us to prove Pro-
position 5.5.

REMARK 6.3. Consider an eigendecomposition
M=UDU!

of a matrix M, where U is an invertible matrix with columns given by (right) eigenvectors
and D a diagonal matrix. Then, a basis of left eigenvectors is given by the columns of
the matrix V = (U~!)*. Furthermore, the two matrices are bi-orthogonal, meaning that
V*U = I so that the left and right eigenvectors satisfy (v;, u;) = d;;.
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FiGURE 3. Edge modes generated by geometrical defects. For the infinite
structure, we use N =2, £; =1, s =2, s5 = 1.

Let U(a) be an eigenbasis of the generalised quasiperiodic capacitance matrix and V («) =
(U(a))~! be the corresponding bi-orthogonal basis according to Remark 6.3. Then, defining

d RPN :
5aU(@) = U a)5-Ula) = J(a),

the Zak phase take the following form according to Lemma 6.2:

T (/ J;4(0) da> +0(). 6.2)

Vi(a)

—iL

Let a = i + é and b(a) = —L — ¢ . ~, so that the generalised capacitance matrix is given
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with eigenbasis given by the columns of

ey o (008 D)~ VT B T TARGIE a(id o) + T — B + TP
203b(ar) 202b(a)

(6.3)

—a(v3 —vf) =/ f(b(a)) —a(vi —vf) +/f(b(a))
202b(a) 202b(cr)
Actually, if b(«) = 0, then this formula for U(«) does not work. However, as we will be later
interested in integrating this quantity and the set {« : b(a)) = 0} has zero measure, we can

just work with the formula above.
In particular, for a non-degenerate C&, we have

U(a) = 1 203b(er)  +a(v —vi) — /f(b(a))
4w3b(a) f(b(a)) \ —202b(a) —a(r? —v?) — /F(b(a))

so that o
PR [C ) a< ot + 2D~ v IUe)) 9

b(a —|— v3b(a
4v3b(a)/f(b(a)) Ocx 4v§b W 8a o).
By periodicity, we know that b( ) draws a closed path in C. Remark that f(b(a)) is a closed

curved tracing a line (or two segments), so that integrating over it always results in zero.
Reformulating the above in terms of path integral we get

_ 1 2 a a a(v% 71)%) 1 iia a
/*Jl,l(a)da_ (Vb)) da + L2 /Yb(a) ATRISAIOL

so that (6.2) becomes

L [y SR PR
— - — . 4

pi =353 \/}Zdz—i—( 1) bz\/i dz +0(). (6.4
————

=0 =P

Thus, we have shown the following theorem.

Theorem 6.4. Consider a geometrical structure with N = 2 and {1 = l3 with a non-
degenerate corresponding band structure. Then the Zak phase has the following asymptotic
expansion:

(p,]zak (— 1)j+1%18522% ((v% — vf)L zlf(z) dz) + 1l pcs,y(52) + O(6), (6.5)
where v is the closed path
() = 71 + 55 Lellt,
and f is defined along v as
F2) = (70 4 550)" (03 = 03)% + o3|

One remarks already here that for the special case v? = v3 one obtains

1 1
1 1 7 if ; > ;,
Pk = 5% (/ 2 dz) = 12 11 (6.6)
Y 0 if —<—
! So 817
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as in this case the Zak phase is known to be quantised [6] so that we can drop the asymptotic
factor. This proves Proposition 5.5.

In general the integrals above are tedious to evaluate because of the non-holomorphicity
of the integrand but we can check numerically that the integral is not zero and not constant,
showing the non-quantisation of the Zak phase in the non-Hermitian case. Some values of
this integral are shown in Table 1.

S1 S92 U1 U2 %S(P)

112 |1+138|1—-1.42i| 0.408
1] 1 |1+1.381]1—1.42i| 2.420
1|1 ]1-1421]1+1.38i| —2.420

TABLE 1. Values of the perturbation factor for various geometrical and
material configurations.

In the PT-symmetric case, the system is degenerate. It has twice a double eigenvalue.
The following result in that case can be shown explicitly.
LEMMA 6.5 (PT-symmetric Zak phase). Assume that N =2 and va =01. Then,
i = 0(0).
Proof. For this proof, we will denote by @?ak(v) the Zak phase for v; = v. Let also o = (1 2)
be the permutation of two elements. Asymptotically, the Zak phase solely depends on the
zak

eigenvectors of the generalised capacitance matrix. We first show that go?ak(v) = 5 ().

To this end, we remark that using the definition of the capacitance matrix

ca —v2ee = v 0 a bla)

and the permutation matrix

we obtain the following relation:

VZ=pVv?p~' C¥=PCP=C"
So,

Ca =PVviplpcopPt=pCcapr,

and @ and C& are similar via a permutation matrix. However, @ = V2C~ and so the

eigenvectors of V2C~* are a permutation of the eigenvectors of C&. By symmetry around

the origin of the Brillouin zone and Definition 6.1 of the Zak phase, we conclude that
zak zak

5 (v) = Spo-(j)(i)'

We now show that gp?ak(v) = fgp(z;?lj‘.) (v), which will complete the proof. Remark that the
eigenvectors of the capacitance matrix given by (6.4) show that complex conjugating both
material parameters leads to permuted and conjugated eigenvectors. Lemma 6.2 leads to

the desired conclusion. |
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6.2. Localised edge modes generated by material-parameter defects

We have shown in Section 5 that defects in the periodicity of the system can lead to
edge modes. Recently, it has been shown that edge modes can also be generated in the
non-Hermitian case via defects in the material parameters rather than in the geometry [10].
We follow a similar approach to the one in [10], showing that for a one dimensional chain of
resonators one can explicitly identify the edge modes.

In this section, we consider the case of equally spaced dimers (i.e., with two identical
resonators per cell), that is,

N = 2, 61 = 62, S1 = Sa. (67)

We denote by vz(m) the material parameter of the ¢-th resonator of the m-th dimer and
similarly for the resonator itself.

F---- F---- F---- F-d-- F---- F---- F----

I I 1 I 1 I 1 ! N 1 ! 1 ! 1 | 1 |
1 r 1 r 1 r 1

(-2) (-2) (-1) CuE 0 NO) o o

FIGURE 4. Infinite structure with material parameter defect.

DEFINITION 6.6 (Localized edge mode). A solution u to (4.1) is said to be a simple eigenmode
if it corresponds to a simple eigenvalue w scaling as O(d). A solution is said to be localised
if it is bounded in the L*-sense, that is, [, [u(z)[* dz < oc.

As we have seen in Proposition 4.5 and Lemma 4.10, inside the resonators a subwavelength
resonant mode is almost constant

w(z) =u + O(6) if z € D™, (6.8)
The following proposition is [10, Proposition 4.2].

PROPOSITION 6.7. Any localized solution u to (4.1) corresponding to a subwavelength fre-
quency w satisfies

m _iamlL

1 Ca ZmEZ uTeiamL _ OJ2 szZ 1(’[1{"’)2 (6 9)
. - umeianLL N
P ZmEZ uglelamL ZmGZ 2(1);")2
We consider the topological defect
m < 07 m S 07
vg S and vy =y (6.10)
vg m >0, vy m > 0.

The following lemma, which is [10, Lemma 4.3], exploits the symmetry in the defect to
obtain a decay rate of the mode.

LEMMA 6.8. Let
U, = Z u?leiamL’ Uy = Z u?@eiamL’ U3 _ Z ug@eiamL, Uy = Z ugneiamL.

m<0 m>0 m<0 m>0
Then, there exists some b € C independent of « satisfying |b| < 1 and
U1 = bUg, U4 - bUZ-
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Using the same notation as in Lemma 6.8, we have
Z u{neiamL =Us+ U, =Us; +bUs, Z ug‘eio‘mL =Us + Uy = U3 + bUs.
meZ meZ

Furthermore, the topological defect (6.10) implies

m iamL U. U U. 1 miamL U. U, U 1
> uleiz:% =+ 5bUs, > %672:% =+ —bUs.
=, (Ugm)) vi 02 vy U3 —z (Uém)) vy Ui vy vy

This allows us to rewrite Proposition 6.7 as follows.

PROPOSITION 6.9. Assume that a structure as in (6.7) has a topological defect as in (6.10).
Then, there is a localised mode in the subwavelength regime corresponding to the frequency
w only if B"C® A has an eigenvalue u € C independent of the quasiperiodicity o. Here,

. 10 , le vy 2 oy
b 1 0 b2 vy

2

Particular of the one-dimensional case is the explicit a-dependence of the capacitance
matrix, as seen in Definition 4.6, which allows us to prove the next theorem.

Remark that it has been shown in [10, Section 4.2] that the decay rate of edge modes in
the case of (6.7) must be either of

1 0?2 v? 2 402
bp==13(1-2)+4/9(1-2 = 6.11
1 @) ¢ ( UQ %) (611

whichever has magnitude smaller than 1.

Theorem 6.10. Assume that a one-dimensional structure as in (6.7) has a topological
defect given by (6.10). Then there always exists a simple eigenmode, which — if vi # T3 or
v) = Ty = v with V8|S (v?)| < |R(v?)| — is also localised.

The frequency of the mode in the subwavelength regime satisfies

w=+ /2100,
0

0 8vf(=3vf + v3VD + 3v3)
$1 —Tv} + 303V D + 9v3

where

. 9v? 1402
with D = 23 — =31 49,
Vg v3

Proof. The condition about localisation arises from the form of the decay rate given in
(6.11). For vy # T3 or v; = Ty = v with v/8|S(v?)| < |R(v?)| either b_ or b, must have
magnitude smaller than one. However, in the v; = 73 = v with v/8|¥(v?)| > |R(v?)| case
both |b1| = 1 making it impossible to have localised modes.

For the eigenvalue computations, we assume without loss of generality that s; = 1 and
introduce it again in the last step.

The eigenvalues of B~ C* A are given by

2,2
by = (o (603 — o) + b — vDRCE)
Uy — Vg

=K

+ (—l)j\/(Cf‘l(bzv% —vf) +b(vF — vP)R(CRH))? — (b = D(B*v3 — v)((CRy)* — IC?QIQ))
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and we will show that pg is independent of the quasiperiodicity. We assume without loss of
generality that b = b_, since the case b = b4 can be proved similarly. Inserting the explicit
coefficients of the capacitance matrix, we obtain

K ( (26%v3 + b (vf — v3) (cos (Lar) + 1) — 207)

+ \/v‘llv;1 ((2()2 —2) (b%2v5 — v}) (cos (La) — 1) + (2b202 + b (v? — v2) (cos (La) + 1) — 21}%)2)> ,

while in order to show independence from «, it is enough to consider the term
b (v} — v3) (cos (La) + 1)

+ \/(2b2 —2) (0204 — 1) (cos (Lar) — 1) + (26202 + b (v2 — v2) (cos (La) + 1) — 202)°.
(6.12)

Inserting into (6.12) the value of b from (6.11), we obtain after some careful algebraic
manipulations

V2 (v —03) (91}‘1l — 30?02V D — 160302 + 3vsVD + 9@‘21) (cos (La) + 3)

=B
— (v —v3) (31/% —v3 (\/54— 3)) (cos (Lar) + 1)
=A
4
with D = % - 1?}? + 9. In order to verify independence from the quasiperiodicity, it is

now enough to prove that 2B = A2. A direct computation shows that
A? = D + 6V Dv?v2 — 6V Duj + 9ot — 180202 4 v
= 180 — 60202V D — 320?02 + 6vIVD + 1804
=2B.
In particular, we have
§ 8v?(—3v? + v3V/D + 3v3)
=5 —7v? 4+ 30v3VD + 93

As in Section 5.2, we provide some numerical simulations to visualise the edge mode. We
first compute the bands w® for the left infinite structure. These are shown in Figure 5a
while Figure 5b shows their traces in C. In these plots, we add separately the edge mode
frequency predicted by Theorem 6.10.

In Figure 5¢, we show the edge mode computed for a finite but large array of resonators.

As Theorem 6.10 provides an explicit formula for the edge mode frequency, it is par-
ticularly interesting to compare the subwavelength resonances of a finite structure with an
increasing number of resonators with the band structure and predicted edge mode frequency
— both structures having the same material parameter defect. We do this in Figure 5e.

As in the Hermitian case, we want to show that the edge mode is robust with respect
to perturbations, this time in the material parameters. In Figure 5d, we compute the
subwavelength resonances of a finite but large array of N = 100 resonators having a material
parameter defect with some random perturbation given by

@:Ui-i-(l i)-Ei, EiNN(Oaz)»

where

1
Y = odiag (\/§|v|) .
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We remark that the edge mode predicted by Theorem 6.10 is stable with respect to perturb-
ations in the material parameters. The stability is, however, less strong with respect to the
Hermitian case. This is to be expected due to the non-quantisation of the Zak phase in this
setup. Figure 5d shows that there is a second isolated frequency supported by this setup
not predicted by Theorem 6.10. However, this frequency is not isolated from the bulk even
for very small perturbations.
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