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Unidirectional edge modes in time-modulated metamaterials*
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Abstract

We prove the possibility of achieving unidirectional edge modes in time-modulated su-
percell structures. Such finite structures consist of two trimers repeated periodically. Be-
cause of their symmetry, they admit degenerate edge eigenspaces. When the trimers are
time-modulated with two opposite orientations, the degenerate eigenspace splits into two
one-dimensional eigenspaces described by an analytical formula, each corresponds to a mode
which is localized at one edge of the structure. Our results on the localization and stabil-
ity of these edge modes with respect to fluctuations in the time-modulation amplitude are
illustrated by several numerical simulations.
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1 Introduction

The work presented in this paper aims at contributing to the mathematical and numerical analysis
of wave manipulation in metamaterials. Metamaterials are made of high-contrast subwavelength
resonant unit cells, each of them is interacting strongly with low-frequency incoming waves due
to subwavelength resonances 34, 37, 38, 47|. Their study is motivated by a number of potential
technologically relevant applications concerning wave manipulation at deep subwavelength scales
such as subwavelength confinement and guiding of waves and superresolution sensing [10, 45, 48,
49]. Tt has led to the discovery of classical wave analogies of important behaviors observed in
condensed matter physics. Typical examples include analogies to topologically protected edge
modes, unidirectional transport phenomenon, exceptional points and Dirac degeneracies, and the
quantum valley Hall effect |3, 28, 30, 39].

Recently, many new fundamental mathematical results in the theory of wave propagation in
complex resonant structures have been obtained and efficient and sophisticated boundary element
techniques for modeling wave control and manipulation in metamaterials have been designed,
see e.g. the review paper [3| and the dissertations [18, 31].

The quantum analogue of high-contrast subwavelength metamaterials (in condensed matter
physics) is graphene, which is a single atomic layer of carbon atoms arranged in a honeycomb
structure. While Fefferman, Weinstein and their collaborators [19-25, 33| proved fundamental
mathematical results on the graphene model, little was known on the classical analogue (in wave
physics) of this. This is due to many fundamental differences in the mathematical treatments
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of the classical and quantum problems. The results obtained on graphene are all based on the
use of the tight-bending model for Schrodinger operators (which is a discrete approximation
of the continuous model) together with the nearest-neighbour approximation, which leads to
tridiagonal matrix approximations to Schrodinger operators. A main consequence of this is
that chiral symmetry holds, which makes the proof of existence and the characterization of the
topologically protected edge modes (i.e., localized modes that are robust with respect to random
changes in the geometry and/or material parameters of the system) tractable.

In wave physics, due to the strong interactions between the subwavelength resonators (or in
other terms because of the slow decay of the solutions to the corresponding partial differential
equations), there are fundamental differences compared to the quantum case in the analysis
of the model problems, in particular their topological properties. Moreover, analytical and
numerical schemes for finding the properties of high-contrast subwavelength metamaterials would
lead to incorrect modeling if there are based on the tight-bending model [7]. Nevertheless,
as shown in [3, 11, 18, 31|, a discrete approximation of the corresponding partial differential
equations does exist. It is in terms of generalized capacitance matrices. The strength of such novel
approximate formulation is that the capacitance matrix accounts for these strong interactions,
thereby providing an efficient numerical approach and a unified mathematical model to study
challenging problems in subwavelength wave physics. This approach allows to establish for the
first time a complete mathematical and numerical framework for metamaterials: (i) a discrete
approximation for computing subwavelength resonances in both finite and periodic systems of
subwavelength resonators has been introduced |2, 3, 11]; (ii) the existence of Dirac singularities
was proved [8, 15|; (iii) the role that Dirac points play in the origin of robust (topologically
protected) edge states has been explored [6], and (iv) it has been shown that the introduction
of time-modulations into systems of subwavelength resonators can shift the Dirac singularities
to the origin of the Brillouin zone [13|. This approach has been also extended to the analysis of
exceptional points, non-hermitian systems of subwavelength resonators and their applications in
sensing at subwavelength scales [4, 5, 12].

To the best of our knowledge, the mathematical and numerical analysis of wave propagation
properties of time-modulated metamaterials has just been started. In [13], a discrete characteriza-
tion of the band structure in time-modulated metamaterials is introduced. This characterization
provides both theoretical insight and an efficient numerical method to compute the dispersion
relationship of time-modulated systems of subwavelength resonators. A study of exceptional
points in the case of time-modulated metamaterials is presented in [14]. Furthermore, in [1]
the possibility of achieving non-reciprocal wave propagation in time-modulated metamaterials
is shown. Finally, in [16], the question whether an analogous principle as the bulk-boundary
correspondence of quantum systems is possible in the case of time-modulated metamaterials is
discussed.

In the present paper, we are concerned with the mathematical foundation of the (classical)
analogue of the valley Hall effect [17, 32, 35, 36, 40, 50] for lattices of time-modulated sub-
wavelength resonators. We consider supercell structures where phase-shifted (“rotation like”)
time-modulations of subwavelength resonators can provide a kind of “artificial spin”. We prove
that the valley Hall effect occurs in truncated supercell lattices of time-modulated subwavelength
resonators by opening non-reciprocal band gaps at degenerate points. We give evidence that uni-
directional edge localization phenomena are not particular to quantum systems, as conjectured
in the seminal papers [29, 41]. For doing so, we start by showing that the capacitance matrix as-
sociated with a supercell structure has a degenerate eigenspace of dimension two. The associated
eigenvectors correspond to two edge modes of the unmodulated structure. Then we consider a
time-modulated structure consisting of consecutive trimers modulated in opposite orientations



to replicate spin effects from quantum systems. As a consequence of this time-modulation which
breaks the time-reversal symmetry of the structure, the degenerate eigenspace splits into two one-
dimensional spaces, each corresponds to a mode localized at one of the edges of the modulated
structure. We also verify numerically that these two unidirectional edge modes are stable with
respect to fluctuations in the modulation amplitude. It is worth emphasizing that in [8, 15], it is
proved that honeycomb lattices of (unmodulated) subwavelength resonators support degenerate
singularities of Dirac type. This degeneracy holds also for the chains of supercells considered in
this paper. By breaking of time-reversal symmetry by modulating the resonators, we show that
valley Hall effect can be realized in supercell structures. In other words, such spatiotemporally
modulated structures enable then unidirectional edge modes and posses unique features in terms
of wave localization. Our results in this paper also allow to envision the mathematical founda-
tion of unidirectional wave guiding phenomena in (biperiodic) screens of space-time modulated
subwavelength resonator systems.

This paper is organized as follows. In Section 2, we formulate the problem of reciprocity
and review the Floquet-Bloch theory which is essential to solve ordinary differential equations
with periodic coefficients. In Section 3, we provide an approximation of the time-dependent
Bloch modes inside the resonators. Using this approximation formula in the unmodulated case,
we reproduce the numerical results of [6] on the existence and localization of a topologically
protected edge mode in a Su-Schrieffer-Heeger (SSH) chain of subwavelength resonators. Section
4 is devoted to the localization of edge modes in a supercell structure. We first determine
algebraically the corresponding capacitance matrix. Then, considering the dilute regime, we
show the approximate degeneracy of at least one of the eigenvalues of the capacitance matrix.
Such a degenerate eigenvalue yields a degenerate edge eigenspace for the supercell structure.
The edge modes are localized both at the left and right edges of the structure. Then by time
modulating the supercell structure in such a way that the two adjacent trimers have different
orientations, we show both analytically and numerically that the degenerate eigenspace splits into
two one-dimensional eigenspaces, each corresponds to an edge mode localized either at the left
or at the right of the structure. We also illustrate numerically the stability of such unidirectional
edge modes with respect to random fluctuations of the time-modulation amplitude.

2 Problem formulation and preliminary theory

In this section, we formulate the problem of study. Moreover, we introduce the Floquet-Bloch
theory for periodic differential equations. This subsection follows closely the introductory theory
provided in [13].

2.1 Resonator structures and the wave equation

We consider the wave equation in structures with time-modulated materials. Such wave equation
can be used to model acoustic and polarized electromagnetic waves. The time dependent material
parameters are given by p(z,t) and x(z,t). In acoustics, p and k represent the density and the
bulk modulus of the materials. We study the wave equation with time-dependent coefficients in
dimension three:

o 1 0 1 ) B ,
(am(a;,t) ot p(x,t)v u(z,t) =0, xR’ teR. (2.1)

Let D denote a system of N resonators. D is constituted by N disjoint domains D; for ¢ =
1,..., N, each D; being connected and having boundary of Holder class 0D; € C1*,0 < s < 1.



For the purpose of this paper, we apply time-modulations to the interior of the resonators,
while the surrounding material is constant in . We let

€ R3\D c R3\D
k(z,t) = 0, v \ , plz,t) = po; v \D, , (2.2)
KVT'Hi(t% x € Dy, Prpi(t), x € D;,

for i = 1,...,N. Here, po, ko, pr, and r, are positive constants. The functions p;(t) € C°(R)
and #;(t) € C*(R) describe the modulation inside the i*" resonator C;. We assume that each of
the functions p; and k; is periodic with period T

We define the contrast parameter § as

0= &.
Po

In (2.1), we have the transmission conditions at x € 9D;

ou
= u|_ and 55

1 Ou

- ——— =0, z € dD;, teR,
+ ,Oi(t)au !

ul,
where 0/0v is the outward normal derivative at dD; and the subscripts + and — denote taking
the limit from outside and inside D;, respectively.

In order to achieve subwavelength resonances, we assume that 6 < 1 and consider the regime

where the modulation frequency
2

T

We also assume that dk;/dt = O(6'/?) for i =1,..., N.

Note that in the static case where there is no modulation of the material parameters (i.e.,
when p;(t) = k;(t) = 1 for all 7), the system of N subwavelength resonators has N subwavelength
frequencies of order of O(6%/2). We refer the reader to [2, 3] for the details.

Q: 0(6/?).

2.2 Capacitance matrix

We first introduce the fundamental solution to the Laplacian

G(z,y) == for z # y.

Az —y|
Let D C R? be as in Section 2.1. We define the single-layer potential Sp : L?>(0D) — H}} (R3)
by

Spll(w) := | Glz.9)é(y)do(y), = R,

Here, the space Hlloc(R?’) consists of functions that are square integrable and with a square
integrable weak first derivative on every compact subset of R3. Taking the trace on 0D, it is
well-known that Sp : L2(0D) — H'(dD) is invertible [9].

Definition 2.1 (Capacitance matrix). The capacitance coefficients C; ; are defined as

vi=(Sp) ' Ixap].  Cij=— [ jdo, (2.3)
oD;
for i,j =1,..., N, where xgp, is the characteristic function of dD;. The capacitance matrix C'
N

is defined as the matrix C' = (Cj;); ;-



2.3 Floquet-Bloch theory and asymptotic Floquet matrix elements

Let A(t) be a T-periodic N x N complex matrix function and consider the following ordinary

differential equation (ODE):
dx

dt
Recall that the fundamental solution matrix of (2.4) is a N x N matrix with linearly independent
column vectors, which solves (2.4). The following theorem is classical (see, for instance, [44]).

(t) = A(t)a(t). (2.4)

Theorem 2.2. (Floguet’s theorem) Denote X (t) the matriz-valued fundamental solution with
initial value X (0) = Idy, where Idy is the N x N identity matriz. There exists a constant
matriz F' and a T-periodic matriz function P(t) such that

X(t) = P(t)ef. (2.5)

For each eigenvalue ) := e of ef', there is a Bloch solution z(t) which is w-quasiperiodic, i.e.,
it satisfies _
z(t+T) = e“Ta(t).

Observe that w is defined modulo the modulation frequency 2. Therefore, we define the time-
Brillouin zone as Y;* := C/(Q2Z).

Remark 2.3. In some literature, e.g. [46], é“T is called a characteristic multiplier. Here, we

refer to w as a quasifrequency and call iw a Floquet exponent.

If the matrix A is time-independent, then the solution to (2.4) can be written as z(t) =
eAtw(O). The Floquet exponents are then given by the eigenvalues of A. Since the Floquet
exponents are defined modulo if2, we need the following definition.

Definition 2.4 (Folding number). Let w4 be the imaginary part of an eigenvalue of the time
independent matrix A. Then we can uniquely write wy = wg + m£2, where wy € [—Q/2,Q/2).
The integer m is called the folding number.

Remark 2.5. In other words, if A is diagonal and constant in time, the solution matrix can be
written as

X(t) = et = ¢,

We choose the imaginary part of F' in such a way that Im(Fj;) € [-/2,Q/2) for I =1,..., N,
where the Fj;’s are the diagonal entries of F'.

In [14], it is shown that if A(¢) is an analytical function of some parameter € at ¢ = 0 and
has the following expansion:

A(t) = A() + €A1(t) + EAQ(t) + ... s

where Ay is constant in ¢ and diagonal and the series is convergent for |e| < rg with 9 > 0 being
independent of ¢, then the Floquet matrix F' is also an analytic function of € at ¢ = 0 and can
be extended as follows:

F=Fy+ecF +*F+.... (2.6)

Moreover, the matrix elements of F; and some entries of Fy are given by the following theorem.



Theorem 2.6. Assume that Ay is constant in t and diagonal. Then the first-order term in the
expansion (2.6) of the Flogquet matriz F is given by

(Ank_nl)kl if (FO)k;,k = (FO)l,lv

(A7)0 (2.7)

(o= Fohs) 3 g e e # (Bl

(F1)ky

Furthermore, if (Fo)gr = (Fo)i1, then the entries (F2)i,; of the second-order term in (2.6) read:

N (Ank—nz—m _ A?k—nj)kj (AT)j,l
(F2)y = Z > 2mi (Ao)y — (Ao); ;

m+

N (Am)k,j (Fl)j,l ng—mn;
+ Z Z 2 (Ao),, — (Ao)y s + (AQ )kl'

J=1 m#ng—n; Tm + ’

Here, ny, denotes the folding number of the kth eigenvalue of Agy in the sense of Definition 2.4.
The superscripts of A1 and As represent the corresponding Fourier coefficients in t. For example,
AT refers to the mth Fourier coefficients of AT*(t) in t.

2.4 Time-modulated subwavelength resonators

Seeking quasiperiodic solutions in ¢, we obtain the differential problem

o 1 0 1 )
(5 k(z,t)ot p(:L‘,t)V u(z,t) =0,
u(zx,t)e ! is T-periodic in ¢.

(2.9)

We seek w € Y;* such that there is a non-zero solution u to (2.9), where the time-modulations
are given by (2.2).
Since e “ly(x,t) is a T-periodic function of ¢, we can write its Fourier series as

oo
t) — eiwt Z ,Un(x)eith_

n=—oo

In the frequency domain, we then have from (2.9) the following equation, for n € Z:

0)? —
Au, + 0@ HEPYT in R3\ D,
KQ
0)2
NI LICR L e
’ Fr ’ (2.10)
Unl+ —vp|—- =0 on 0D,
ov;
68% - =0 on 0D;.
(| ov|, ov
Here, for i =1,..., N, v}, (z) and v/} (z) are defined through the convolutions
o 1 oo
UZn(x) = Z Ti,mUn m(w) ;,k:;L( ) = w+nQ Z ki,m(w + (Tl - m)Q)vn—m(m)a
m=—o00 m=—o00



where 7, and k; ,, are the Fourier series coefficients of 1/p; and 1/k;, respectively:

1 > : 1 > .
p(t) — Z ri’nemﬁt’ H'(t) _ Z k@,’nemﬂt'
1 (A

n=—oo n=—oo

We can assume that the solution is normalized as |[lvo[g1(yy = 1. Since u is continuously
differentiable in t, we then have as n — oo,

1
n = — . 2.11
v ||H1(Y) 0<n) ( )

We will consider the case when the time-modulations of p and x consist of a finite Fourier
series with a large number of nonzero Fourier coefficients:

1 M 1 M
= r: einﬂt) — L einﬂt7
pi(t) n:Z:M i,n Ki(t) n;M i,n

for some fixed M € N. We seek subwavelength quasifrequencies w of the wave equation (2.9) in
the sense of the following definition introduced in [13].

Definition 2.7 (Subwavelength quasifrequency). A quasifrequency w = w(d) € Y of (2.9)
is said to be a subwavelength quasifrequency if there is a corresponding Bloch solution wu(z,t),
depending continuously on §, which is essentially supported in the low-frequency regime, i.e., it
can be written as

o0
u(x,t) = et Z vn(x)emm,
n=-—00

where, as § — 0,

0o M
w=0 and > lwallzyy = Y llvallzey +o(1).

n=—oo n=—M

One can prove that the subwavelength quasifrequency w and the frequency of modulation (2
have the same order:
w=0(8?).

The following is a capacitance matrix characterization of the subwavelength resonant fre-
quencies of time-dependent periodic systems of subwavelength resonators.

Theorem 2.8 ([13]). As 0 — 0, the subwavelength quasifrequencies of the wave equation (2.9)
are, to leading order, given by the quasifrequencies of the system of ODFEs:

d*v
where M is the matriz defined as
Ok
M(t) = /f W1 (£)CWa(t) + W(t) (2.13)

with W1, Wa, and W3 being the diagonal matrices with diagonal entries

_VEA g VR g d dey/de
(Wl)z,z— |D2| ) (WQ)z,z— 0; ) (W?))m— 2 dt KS/Z . (2.14)



Example 2.9. Throughout this paper, we work with the following physical meaningful modu-

lations of p(t) and k(t):
1

G e (2.15)

ki(t) constant,

fort=1,..., N, where ¢ is the modulation amplitude and the ¢;’s are phase shifts.
Inserting (2.15) into (2.13), we find the entries of the coefficient matrix M in the Hill’s
equation to be

M; j = (Mp);;(1+ eF (=) Heost L (Ot + @) (cos(Qxt + ¢;)) — cos(Qt + ¢;)) (2.16)
with 5
My = ;T C. (2.17)

3 Time-dependent Bloch modes

We want to find w = O(V/4) for § small enough such that there is a non-zero solution u to

d ) —
{ (Gimati =V saa V) ul@t) =0, (3.1)

u(z, t)e“! is T-periodic in ¢.

—~

We refer to u : R3 x R — C as a Bloch eigenmode. Following [13], we expand u in the form

[e.e]
u(z,t) = ! Z v(z,n)e™Y.
n=—o00

We introduce

Vi(n) :/D v(z,n)dz and V(t) :ei“tZVi(n)ei”Qt.

Then, it follows from [13] that

_ () " with ey — Vi@
_< =0 ’(”)“ e alt) = 15

solves the Hill equation (2.12). Moreover, we have that

1Dl
Iii(t)

/D (e e = Vi(t) = (0] Dilor(t) = W) (3.2)

Furthermore, we can prove that the Bloch mode u is approximately constant in x in each res-
onators (as d goes to zero), i.e.,

1
u(z,t)|p, = D] /D u(z, t)dx. (3.3)




Theorem 3.1. In the subwavelength regime, the Bloch eigenmode restricted to the resonators is
approximately given by
Wi(t)
Nk
In the following example, we use formula (3.4) to simulate edge modes in the static case (i.e.,
the unmodulated case) in a SSH chain of resonators. This structure is based on the intuition
that if one joins together two chains with different topological properties, a protected edge mode
will occur at the interface (this is the principle of bulk-boundary correspondence). Our formula
numerically shows as in [6] that this chain exhibits a topologically protected subwavelength edge
mode.

u(z,t)|p, = (3.4)

Example 3.2. In [6], it is proven that the (topologically nontrivial) structure illustrated in
Figure 1a has an edge mode due to a geometrical defect, resulting from the Zak phase differences.
In concrete, this effect is observed in structures where a trimer is repeated finitely many times
with a single resonator in the middle, as depicted in Figure 1. Using the approximation formula
(3.4) in Theorem 3.1 we can obtain the same results showing existence of the edge Bloch modes;
see Figure 1b. Note that the numerical simulations presented in [6] were based on solving the
underlying partial differential equations ans not on using the approximation formula (3.4).

0.8

0.6

0.4 |

0F 00 00 0O @ 00 00 00 s 02
-1 0 1 2 3 4 5 6 7
ol N
02l
0.4 : .
5 10 15 20 25 30 35 40
(a) A chain with 13 resonators. (b) Edge Bloch mode illustration using (8.4) with
N =41.

Figure 1: Edge mode in a SSH chain of unmodulated subwavelength resonators.

Remark 3.3. Using the above formulation, we can investigate the stability of the edge Bloch
mode under time-modulation. To that end, we plot the Bloch modes for different amplitudes ¢
of the modulation. Here we set the modulation frequency 2 = 0.2 and the number of resonators
N = 41. The phase shifts, defined in (2.15), are given by ¢1 = 27/3, o = 47/3,¢3 = 0 for
the first trimer on the left and then repeated periodically. Figure 2 shows that the edge mode
is stable with respect to time-modulation while the other (non-localized) modes are sensitive to
time-modulations as illustrated in Figure 2b.
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(a) Edge Bloch modes under time-modulation for (b) A certain non-edge Bloch mode under time-
different modulation amplitudes. modulation for different modulation amplitudes.

Figure 2: Stability of the edge mode under time-modulation.

With approximation (3.3) at hand, we also would like to derive some useful properties in the
unmodulated case. First, in order to apply the general Floquet theory as outlined in Section 2.3,
we rewrite the second order Hill’s equation (2.12) as a first order one by setting

_ [ ¢@)
0=(40)

At = T 0), (35

All) = (—J\?f(t) I%N> '

We then obtain that

where

The following lemmas hold.

Lemma 3.4. Let X (t) be the fundamental matriz of the Hill equation (3.5). Then y*(0) is an
eigenvector of X (T') associated with the eigenvalue v

Proof. For each quasifrequency w, there exists y“(¢) such that
Yt +T) = Ty (1). (3.6)

Then we immediately have

O

Lemma 3.5. In the unmodulated case, the eigenvectors of X(T') are given by those of A. That
18, v is an eigenvector of A associated with the eigenvalue X if and only if v is an eigenvector of
X(T) associated with the eigenvalue e .

Proof. In the unmodulated case, the fundamental matrix is given by X (¢) = e, The rest follows
from Lie theory. O

10



Remark 3.6. In the unmodulated case, A is given by

0 Id
Acmp = (‘WC’ 0) :
Pr

where C' is the capacitance matrix of the system, which is proven to be symmetric positive
definite [3]. The eigenvectors of A come in pairs. In fact, (v +av)' are eigenvectors of A, where
v is an eigenvector of (§k,/p,)C with eigenvalue a® and T denotes the transpose. This is because

A <ilc}w> - (fﬁ: ) =+ (in) '

4 Localization of edge modes in supercell structures

4.1 Degenerate edge modes in supercell structures

In this subsection, we would like to introduce the so-called supercell structure. Defined similarly
as in 27|, a supercell consists of two trimers time-modulated with two opposite orientations.
Here, we consider all six disk resonators having the same radius R. A structure with L supercells
is defined as L such supercells lined up equidistantly. Mathematically, a supercell structure is

Figure 3: Illustration of a supercell structure with three supercells (L=3).

defined as a system of disk resonators centered at

o=, 3R(cos( ), sin(23)), e = 2.1 1 3reos3D),sin(5D),
c3 = (\f, %) + 3R(cos(%), sin(%)), c = (V3,1)+ 3R(cos(%r),sin(%r)), (4.1)
5 = (VB,1) + 3R(cos(3),sin(5)), s = (V3 1) + 3R(COS(HTW),sin(HTﬂ)).

A structure with L supercells is defined analogously as a system of disk resonators centered at

Ci+6j = Ci + .7(\/57 0)7 (42>

11



fori=1,...,6 and j=1,...,L — 1; see Figure 3.

Using the formulation of Bloch modes derived in the previous sections, we first prove the
existence of degenerate edge modes. Then we show numerically that under time-modulation,
these edge modes split into two, one localized on the left end side of the structure and the
other on the right end side. To do so, we first determine algebraically the capacitance matrix
corresponding to the L-supercell structure based on the symmetry of the structure. As seen in
Remark 3.6, the Bloch modes in the time-independent case are closely related to the eigenvectors
of the capacitance matrix.

Theorem 4.1. [26] (Symmetry of the capacitance matriz) Let D C R? be a system of N
resonators. If there exists a permutation o of the resonators associated with the isometry S:
R3 — R3 such that SD = D, then the coefficients of the capacitance matriz satisfy

Cg(i),g(j) = Cm‘. (4.3)

OBNO
YORNO

04

Figure 4: Illustration of a structure with one supercell (L = 1), where the resonators are enumerated from
left to right.

Example 4.2. For the case of one supercell, we can enumerate the resonators as in Figure 4.
The geometric structure is invariant under the permutations

01 =(12)(56), oo =(15)(26)(34) and o3 =(16)(25)(3 4). (4.4)
By Theorem 4.1, being invariant under ¢ implies that
Ci11=0C22,C55 =Cpp,C13=Ca3,C14 =C34,C15=Co6 and C15 = Cyjs. (4.5)

From this and the invariance under o4 and o3 of the unit supercell structure (i.e., with L = 1),
we conclude that the symmetric capacitance matrix reads

a ¢c kK d b h

c a k d h b

|k Kk e f d d
¢= d d f e k k|’ (4.6)

b h d k a c

h b d k ¢ «a



where a,...,k € R.
In [6], the asymptotic behaviour of the capacitance matrix and its matrix elements in the
dilute regime is described by the following theorem.

Theorem 4.3. For a given resonators system with equal sizes in the dilute regime
U B+57"z), (4.7)

the entries of the capacitance matriz have the following asymptotic behavior:

Ci’— a . . 4.8
? { 4Z§fo|+0( ), i#], 48)

where the scaling parameter v — 0 and y~!

the capacity Capg of B is given by

zj represents the position of each resonator. Here,

Capy = — /8 (S5) " xaplde (4.9)

with Sp being the single-layer potential associated with the Laplacian on 0B.

Note that z; =y~ !¢;,7 =1,..., N, where the ¢;’s are defined in (4.2).
The next result is our first main result in this paper. It shows that the approximate degen-
eracy of at least one of the eigenvalues of the capacitance matrix C.

Theorem 4.4. Let L denote the number of supercells and C' the corresponding capacitance
matriz. There exists in the dilute regime, up to an error of the order of vd, an eigenvalue A
with multiplicity two. Here, d is a small constant fixed by the distance between the centers of the
neighbouring resonators. Moreover, the corresponding eigenvectors are given by

-1 —1
1 1
v = On_4 and vy = On—4 , (4.10)
1 —1
-1 1

and we have ‘
(C - )\IdN)’UZ‘ = ’U(l;, 1= 1, 2,

where the entries of the error term ’Ug are of order O(vd).

Proof. Fix L and let N = 6L. Then, enumerate the resonators from left to right as in Figure 4.
Let C' denote the associated capacitance matrix. We note that the system of resonators has the
m-rotational isometry associated with the permutation:

N
T . N N
:H(J, N+1-j)=(1, N)-(2, N—1)...(57 5+1).
j=1
By Theorem 4.1, we obtain that
Cij = CN41—i,N+1—j- (4.11)
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Let w := Cvy. Then the jth entry of w is given by
wj = =Cj1+Cja+Cjn-1—CjN. (4.12)
Define A := w9 and compute for j = 1:

—w1 —A=—(-Cia1+Cia+Cin-1—Cin)— (=C21+ Coa+ Con_1 —CoN)
= (C11—Cs2) + (Cin —Can—1)
=01 N —Con+Cyn —Con-1+ 0>
= O(ydL™?),

(4.13)

where d = |z — 22]. In the first step, we have used the symmetry of C' and (4.11) to conclude
that C1 2 = Cy1 and Cy ny—1 = Cn2 = Co n. In the third step, we have estimated the quantity
C;j — Ci i, as follows:

—4m(Cij; — Cik) = - ?
o an— ! ) +0(+?)
S Ma—wl meml -l (1
2
Zi — Z Zi— Z
:’Y(’ j k’ ‘J k‘ —i—...)—l—O(’)/Q).

|z — 22 1z — 2P
Settingi =N,j=1,k=2o0ri=2,5 =N,k =N — 1 in the above estimate, we arrive at
C1n — Con = O(ydL™?) and Cony — Con—1 = O(ydL™?). (4.15)
Similarly, we can estimate the entries k =3,..., N — 3:
wp = —Cr1+Cra+ Cpy_1 — C .y =O(vd).

We remark that the above entries are often zero by symmetry. Finally, the estimations of wy_1
and wy can be derived in the same way as in (4.13) to be £\ + O(~d). Hence, we conclude that

Cvy = Mg + v(},
where the entries of v(% are of the order of vd. The same result holds for wvs. O

Remark 4.5. If the number of the supercells L is large enough, then the entries w; and wy can
be estimated to be £\ + O(v?) as in (4.13). The same holds for the last two entries wy_; and
WN .

Example 4.6. Taking L = 1, i.e., considering the unit supercell structure, the capacitance
matrix is given by (4.6). Hence, we can verify that

—a+c+b—nh
a—c—b+h
Cv = 8 =(a—c—b+h)u
a—c—b+h
—a+c+b—nh
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and
—a+c—b+nh
a—c+b—nh
Cvg = 8 =(a—c+b—h)va.
—a+c—b+h

a—c+b—nh

Define
AMi=a—c—b+h and N:=a—c+b—h,

and estimate
n=IX=XN[=2b—h| =O(y]z1 — 2l).

Hence, we obtain that
Cvg — Ave = nus.

This verifies Theorem 4.4 for L = 1.

Example 4.7. Here, we provide an example where I = 4 and illustrate our results numerically
in Figures 5a and 5b. We call edge modes the modes localized at the left and right edges of the
supercell structure. In Figure 5, using the multipole expansion method (see, for instance, [10,
Appendix C]), we show the edge modes corresponding to the vectors v; and ve defined in (4.10).
Because of the symmetry of the unmodulated structure, these edge modes are localized both on
the right and the left of the structure.

0.5 T T T T 0.5

L] L] L]
0.4 B 0.4 ® .
0.3 B 0.3 |
0.2 B 0.2
01 1 01
e L] L] L]
I Y Y > 'Y °
E 0r °® o.o° e®®%, 'O.o °q E 0 °® 0.00 0e®0® 00 0.0
-0.1 b -0.1
-0.2 - b -0.2
-0.3 - B -03 -
04T e ° 04 o R
05 ‘ ‘ ‘ ‘ 05 ‘ ‘ ‘ ‘
0 5 10 15 20 25 0 5 10 15 20 25
The serial number of the resonators The serial number of the resonators
(a) The first edge mode corresponding to v1 as in (b) The second edge mode corresponding to ve as in
Theorem 4.4. Theorem 4.4.

Figure 5: Edge mode simulations using the multipole expansion method verifying the results proved in
Theorem 4.4.

Remark 4.8. Asseen in Remark 3.6, if v is an eigenvector of the capacitance matrix C associated

with the eigenvalue A, then <:v> is an eigenvector of A, associated with the eigenvalue

_5/@

Pr

A

ILL:

Observe that the eigenvectors vy and vg of the capacitance matrix of the supercell structures
corresponding to the approximately degenerate eigenvalue A. They take their maximum or
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minimum values on the boundary of the structure. Hence, we refer to p as the edge degenerate
subwavelength quasifrequency and to vy and vy as the corresponding edge modes.

Remark 4.9. Now, we turn to Example 3.2. We first plot the bandgap structure of a supercell
repeated periodically along the z-axis. Then we set 2 = 0.2, ¢ = 0.2, and the phase shifts
for the unit supercell to be given by ¢1 = 27/3, 2 = 47/3,¢3 = 0,04 = 27/3,¢5 = 0, g =
4w /3. Note that in the unit supercell the first and second trimers are modulated with opposite
orientations. Figure 6 shows the Dirac degeneracies (at the symmetry points +m/L) and their
non-reciprocal openings due to time-modulations of this infinite periodic supercell structure.
This non-reciprocal bandgap opening by time-modulating the supercell structure is due to broken
time-reversal symmetry; see [1].

0.1¢
0.08f
R T ——
3 0.06 F~ e
> 0.06 e
g g
g E
o
&
E 0.04 é" 0.04 +
0.02 0.02+
0 L ) 0 . )
—n/L T /1 —n/L T /1
Quasiperiodicity « Quasiperiodicity a
(a) Dirac degeneracies for the unmodulated super- (b) Non-reciprocal bandgap opening by time-
cell structure. modulating the supercell structure.

Figure 6: Dirac degeneracies and their non-reciprocal openings due to time-modulations of an infinite
periodic supercell structure.

Remark 4.10. In Figures 7 and 8 we make an interface between two supercell structures by
applying a mirror symmetry. In both the unmodulated and modulated cases, we can see that
they are three edge modes, one in the middle and two on the side edges. By turning on the
time-modulations, all three edge modes are stable. In particular, the two side edge modes do
not split.
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Figure 7: Edge modes in mirror symmetric supercell structure in the unmodulated case.
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Figure 8: Edge modes in mirror symmetric supercell structure in the modulated case with © = 0.2 and
e=0.4.

4.2 Localization of edge modes in the time-modulated case

In this subsection, we prove that the degenerate edge eigenspace, under time modulation, splits
into two one-dimensional eigenspaces described by an analytical formula. We numerically verify
that these one-dimensional eigenspaces correspond to the left and right edge modes. By turning
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on the time-modulation with amplitude ¢, the first order Hill’s equation (3.5) becomes a Hill
equation with time-dependent coefficients:

dy(t)

dt
Applying Floquet theorem to the ODE (4.16), its fundamental solution can be written as

X(t) = P.(t)exp(F.t).

— A(t)y(t). (4.16)

Here, F. can be expanded in terms of € as follows:
F.=Fy+cF1 + €2F2 + 0(83).

We have proved in the last section that, in the dilute regime, Fyy has a degenerate eigenvalue
v with multiplicity 2. Denote the two-dimensional eigenspace by E,, = span{vi,vs2}. By
turning on the-modulation, E,, splits into two one-dimensional eigenspaces corresponding to the
eigenvalues:

Vw = 1 + eV + 2vy + O(£%),

vy = vy +evi + 2 + O(e?),
which are spanned by the eigenvectors w and ¢ given by

w = wy + cwy + 2wy + 0(53),

q=qo+eq +e°q+ O,
where

wo = Bf'v1 + B5vs € By, and  qo = Bivr + Blva € E,,. (4.17)
Our second main result is stated in the following theorem.
Theorem 4.11. The perturbation due to time-modulation of the edge degenerate eigenvalue v is
at least of order two in the modulation amplitude €, i.e.,
v’ =] =0.

Proof. Theorem 4.4 provides an (asymptotically) degenerate eigenvalue A of the capacitance
matrix. By Remark 3.6, the quasifrequencies in the static case for the ODE (2.4) are given by
the square roots of the eigenvalues of the capacitance matrix [3]. They have the same folding
number in terms of Definition 2.4. Hence, by Theorem 2.6 and the eigenvalue perturbation
theory (see Appendix A), the first-order term PFjP is a 2 x 2 zero matrix. This is indeed
because A; does not have constant Fourier coefficients as derived in (2.16). Thus we conclude
that the first-order perturbation is zero and therefore the perturbation due to time-modulation
of the edge degenerate eigenvalue v is at least of order two. O

The coefficients in (4.17) are determined as follows.

Theorem 4.12. Denote P the projection operation onto the eigenspace E,, and let B be defined

by
B = (PRGFP+PFEP)g,,

and G := (vI1d— Fy)~Y(1 — P). Then the following matriz equations hold:
51") <ﬂi" )
B ( = vy ,
By 2 \By
#)=4(%)
B(7) = (%)
B3/ 2\By
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Proof. The proof is given in Appendix A. O

Example 4.13. Here, we continue investigating Example 4.7 where L = 4. We implement an
algorithm to compute the Floquet matrix elements as in Theorem 2.6 and plug them into the
analytical formula given in Theorem 4.12 to determine wg and gy. Furthermore, we compute the
first-order perturbation in the eigenvectors wq and ¢; using equations outlined in (A.12). Setting
Wred = Wo + ewq, we plot it in Figure 9a against the Bloch mode wy,cc obtained by using the
multipole expansion method. Moreover, we do the same for ¢ in Figure 9b. The modulation
amplitude is set to be ¢ = 0.2, the modulation frequency §2 = 2 and the phase shifts as those in
Figure 6. As defined in (2.15), they are given by ¢1 = 27/3, o = 47/3,¢p3 = 0, p4 = 27/3, ¢5 =
0, ¢ = 4w /3 for the first cell and then repeated periodically as in (4.2). We emphasize that the
error term is due to higher-order effects in .

06 ® 0.6 | °
0.4 0.4 -

0.2 0.2 -

s R 5 |ee R
5 0 oo o, .oo.oo.ooooo’. 5 O ee®®000scsson, 00 o o
02t 02 b
04 | 04 b
06L8® . . . . ) 0.6 £ . . . . LI
0 5 10 15 20 25 0 5 10 15 20 25
The serial number of the resonators The serial number of the resonators
(a) The first edge mode comparison. (b) The second edge mode comparison.

Figure 9: Edge mode simulations using the multipole expansion method (in black) compared with those
predicted asymptotically by Theorem 4.12 (in red).

As shown in Figures 9a and 9b, the modes in the unmodulated case computed in Figures 5a
and 5b split under time-modulation into two unidirectional edge modes, each of them is localized
at one of the two edges of the structure.

4.3 Numerical simulation of the robustness of the edge modes

In this subsection, we discuss the robustness of the edge modes in the supercell structures with
respect to the modulation amplitude €. Using numerical simulations, we demonstrate stability
of the edge modes in the case of large N and small perturbations in the modulation amplitude
E.

Example 4.14. In this example, we set N to be 120, i.e., we consider a structure with 20
supercells. In Figure 10, we illustrate the localization effect as described in the previous sections.
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Figure 10: Edge mode simulations using the multipole expansion method with N = 120.

Example 4.15. In this example, we investigate the robustness of the edge modes when adding
an error term to the modulation amplitude € = 0.2. For each mean value p, we generate a
normally distributed random array e, with mean pu. We perform numerical simulations on the
supercell structure with modulation amplitude (0.2, ...,0.2)4e¢, to obtain the edge modes. After
repeating this 1000 times, we take the average of all the 1000 edge modes. We connect the values
in the visualizations to demonstrate the differences. Figure 11 shows that the edge modes we
observe are stable under small perturbations in the modulation amplitude.

08 0.8
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(a) The first edge mode localized on the left. (b) The second edge mode localized on the right.

Figure 11: Edge mode simulations using the multipole expansion method with Gaussian error term in the
modulation amplitude. The legend marks the different mean values of the error term.

A Eigenvalue and eigenvector perturbation theory up to second-
order

Assume that F = Fy + eF} + €2F, + O(e?) and Fy is diagonal with respect to the basis vectors
w1, ..., wy. We would like to expand the eigenvalues of F in terms of €. This is a typical problem
in perturbative quantum theory [43]. Similar formulas in quantum mechanical perturbation
theory can be found in textbooks such as [42]. The following derivation is reformulated to suit
our setting. We focus on the perturbation of degenerate points. Let fo be a degenerate point
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of multiplicity r and let wq, ..., w, be its associated eigenvectors. Without loss of generality, we
assume that (Fp);; = fo for i =1,...,r. We define the projection operator

P = <Idr 0) and let Q :=1Idy — P.

We remark that F{y commutes with P and ). Now, we fix an eigenvector vy € span{ws, ..., wy}
and expand v and f as follows
v =1+ vy + vy + 0(53),
f="fo+efi+ef2+O0().
We require first that vg = Pv, due to the normalization of v. From Fv = fuv, it follows that up
to O(g?)
Fov +e(Fy + eFy)v = fo,
QFoyv +eQVv = fQu,
Q(fId — Fy)v = eQVv and
Qu=¢((f1d = Fo)~'Q)Vw,
where V := F} +eF;,. Note that we should treat ((fId— Fp) Q) as 0|k, ®((f Id—Fo)*lQ)|EJgO,

where Ey, denotes the eigenspace associated with fo and E]Cco is its complementary. Similarly,
we obtain that

(A1)

PFyv+ePVv = fPu,

and therefore,
foPv+ePVv = fPuv, (A.2)

where we have used that PFyv = FyoPv = foPv. Now, we insert v = Pv + Qv into the second
term of the left-hand side of (A.2) and derive from foPv + PV (Pv+ Qu) = fPuv the following
two identities:

foPv+ePVPv+ePVQu= fPv and

) o (A.3)
foPv+ePV Pv+e“PV ((f Id — Fp) Q) Vv = fPu.
For the e%-term, we evaluate the expression at & = 0:
PV((f1d = Fo)'Q)Vvlezo = PFy ((fold = Fo)'Q) Fivg := PRiGFivg,  (A4)

where G = (fold — Fy)~'Q = diag(0,...,0,(fo — X)L, ..., (fo — \) 1) if we assume that
Fy = diag(fo, ..., fo,A2,...,\x). Hence, we can write that

P (fold +e(Fy +eFy) + e2(PFIGFy)) Pvo = fuo. (A.5)
With the so-called effective Hamiltonian:
H := PfoP +cPF,P + *P(F\GF, + F,)P, (A.6)

we can obtain r perturbed eigenvalues up to order €2, if we know the form of Fy and F.

Next, we derive the eigenvector perturbation. To that end, we seek a linear combination vg =
frwi + ...+ Paw, such that equation (A.5) holds. We can read off from the first-order in ¢ to
derive:

PF1P’UO = flv(). (A7)
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For the case where f; = 0, we look at the second-order to obtain:
P(FyGFy + F)Pug = fauvp. (A.8)
Furthermore, coming back to the equation:
(Fo 4 eFy + €2Fy) (vg + ev1 + €2v) = (fo +ef1 + €2 f2) (vo + ev1 + €2v2) + O(€3), (A.9)

we can derive from the first-order term that

Fovi + Fivg = fov1 + fivo, (A.10)
which is equivalent to
(F() - f()Id)Ul = —(F1 - flld)v(). (All)
This relates v1 and vg as follows
V1 = G(flld - Fl)vo. (A12)
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