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Abstract

We solve the wave equation with periodically time-modulated material parameters in a
one-dimensional high-contrast resonator structure in the subwavelength regime exactly, for
which we compute the subwavelength quasifrequencies numerically using Muller’s method.
We prove a formula in the form of an ODE using a capacitance matrix approximation.
Comparison of the exact results with the approximations reveals that the method of capac-
itance matrix approximation is accurate and significantly more efficient. We prove various
transmission properties in the aforementioned structure and illustrate them with numerical
simulations. In particular, we investigate the effect of time-modulated material parameters
on the formation of degenerate points, band gaps and k-gaps.

Mathematics Subject Classification (MSC2000): 35J05, 35C20, 35P20, 74J20

Keywords: wave manipulation at subwavelength scales, unidirectional wave, subwavelength
quasifrequency, space-time modulated medium, metamaterial, non-reciprocal band gap, k-gap

1 Introduction

Numerous papers have tackled the problem of understanding and manipulating wave propaga-
tion in two- and three-dimensional systems with subwavelength resonant structures |5, 24, 31].
Systems of subwavelength resonant structures are of particular interest due to their ability to
manipulate waves at subwavelength scales in two- and three-dimensional materials [26-28]. Such
media are made up of a background medium and highly contrasting inclusions, which we call
subwavelength resonators. The fact that these inclusions are highly contrasting leads to subwave-
length resonances, frequencies at which the resonators interact with incident waves with wave-
lengths of possibly larger magnitudes [22]. This kind of structure appears in various application
areas. Subwavelength resonances in highly contrasted structures can be found, for instance, in
elastic media [20, 29|, in plasmonic particles [15, 17-19], Helmholtz resonators [16, 27| and in
dielectric high-index particles [14, 32]. The plethora of applications of subwavelength resonances
make this topic of more general scientific interest.

Wave propagation through a two- or three-dimensional structure with highly contrasting
resonators is modelled by a high-contrast Helmholtz problem |[7]. It has been shown that the
high material contrast within the structure is a key assumption for the existence of resonant
behaviours at subwavelength scales [9, 33]. The way the aforementioned Helmholtz problem
is approximately solved is to use single-layer potentials based on the fundamental solution of
the Laplace problem [10]. Specifically, single-layer potentials are used to derive the so-called

*This work was supported in part by the Swiss National Science Foundation grant number 200021-200307.
"Department of Mathematics, ETH Ziirich, Rémistrasse 101, CH-8092 Ziirich, Switzerland
(habib.ammari@math.ethz.ch, jinghao.cao@sam.math.ethz.ch, liora.rueff@sam.math.ethz.ch).



capacitance matriz, which is used to approximate the differential equations in terms of a discrete
eigenvalue problem [5].

Analogously to the two- and three-dimensional cases, the wave propagation in a one-dimensional
structure is modelled by a Helmholtz problem [22]. However, we note that layer potential tech-
niques cannot be applied to the one-dimensional setting. Thus, we must derive a distinct method
to approximately solve the one-dimensional problem, which has previously been done for the fi-
nite one-dimensional case in [22]. Therefore, the results obtained in higher dimensions are not
bound to hold true in the one-dimensional case, which motivates this work. Here, we seek to
find a capacitance matrix approximation to the subwavelength quasifrequencies for which the
quasi-periodic one-dimensional problem attains a non-trivial solution; see Definition 3.2. Using
such discrete approximation we shall be able to reproduce a number of phenomena induced by
time-modulated material parameters in higher dimensional structures.

Many intriguing phenomena have been shown in two- and three-dimensional high-contrast
metamaterials, however, not in the one-dimensional setting. The interest in the one-dimensional
case has recently risen because, in contrast to higher-dimensional cases, interactions between the
resonators in one-dimensional systems only imply the nearest neighbors. The capacitance matrix
formalism used for analysing systems of subwavelength resonators in one dimension corresponds
to the tight-binding approximation for quantum systems while in three dimensions some corre-
spondence holds only for dilute resonators [8]. Consequently, the one-dimensional case connects
the field of high-contrast metamaterials to condensed-matter theory better.

Relevant recent works which focus on one-dimensional subwavelength resonators are [22] and
[1]. While [22] presents the mathematical theory for the case of finitely many resonators aligned
in one dimension, [1] considers the existence and characterization of topologically protected edge
modes arising from defects in the periodicity of a chain of subwavelength resonators. Further
relevant research has been conducted for the case of one-dimensional chains of resonators con-
tained within a three-dimensional background medium in [6, 7]. Moreover, in [30] the authors
considered topological photonic materials in one dimension, but they look at the consequences
certain topological properties have, but not at the formation of band gaps and non-reciprocity.

This paper particularly introduces periodically time-modulated material parameters in a
quasi-periodic system of resonators, which is a natural extension to already known behaviours
in one-dimensional subwavelength structures. The analogue setting in higher dimensions has
been well-studied in [2-4, 13]. We aim to investigate the formation of band gaps, which is
a regime of subwavelength frequencies with which waves are unable to propagate through the
medium, and they exponentially decay instead [4]. It has been proven in higher dimensions
that the time-modulation of the material’s density leads to the emergence of band gaps [4]. On
the other hand, the time-modulation of the material’s bulk modulus leads to k-gaps [4]. The
so-called k-gaps are known as band gaps in the momentum variable [13|. Additionally, time-
modulated material parameters induce non-reciprocity of waves propagating through two- or
three-dimensional materials [4, 13, 23, 36]. This non-reciprocity can be used to replicate spin
effects from quantum systems [3, 13, 35] and to show that the unidirectional guiding phenomenon
is not particular to quantum systems [25, 34]. The understanding of the coupling between time-
modulated material parameters and the occurrence of band gaps, k-gaps and non-reciprocity is
meaningful to the field of metamaterials. In this paper we aim to prove these three observances
in the case of a one-dimensional periodic structure.

We start by providing an overview of the problem setting and introduce the governing equa-
tions in the form of a modified Helmholtz equation with suitable boundary conditions in Section
2. We particularly assume quasi-periodicity of the problem and the material parameters to be
periodically time-modulated, which makes a new contribution to the understanding of subwave-



length resonance phenomena in one dimension. In Section 3 we introduce a scheme to solve the
governing equations exactly in order to find the subwavelength quasifrequencies, for which we
make use of the Dirichlet-to-Neumann approach. In Section 4 we provide a brief explanation of
Muller’s method - the root-finding algorithm used to solve the modified Helmholtz equations.
In Section 5 we shift our attention to a further novel contribution of this paper, which consists
of the introduction of a capacitance matrix approximation of the subwavelength quasifrequen-
cies. We prove that such a discrete approximation is a suitable replacement for the numerical
scheme solving the wave problem exactly. Lastly, we move on to apply the capacitance matrix
approximation to investigate the formation of band gaps, k-gaps and degeneracies and analyze
the reciprocity of the wave propagation in Section 6. We summarize our results in Section 7.

2 Problem formulation and preliminary theory

2.1 Problem formulation

We seek to solve the one-dimensional wave equation on a domain composed of contrasting ma-
terials. In this section, we first introduce the setting, which we shall consider in the remainder
of this paper. Moreover, we define the material parameters to be time-dependent and assume
quasi-periodicity.

We consider the case of a one-dimensional system of periodically reoccurring chains of N
disjoint subwavelength resonators D; := (x; ,z; ), where (xjt)lgig ~ are the 2N boundary points
of the resonators satisfying :UZ+ <z, forany 1 < ¢ < N — 1. We denote by (mii)z‘eN the
infinite sequence defined by m;i N = acfE + L, where L € Ry is the period of an infinite chain of
resonators. Furthermore, we denote the length of the i-th resonator D; by ¢; := a:j —x; , and
the length of the gap between the i-th and the (i + 1)-th resonator by £;(;; 1) := 7, — :v:r Note
that we will use the convention {11y = Ty, — :va =L - :c} + 27 throughout this paper.
We refer to Figure 1 for an illustration of the hereby introduced setting.
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Figure 1: An illustration of the one-dimensional setting for N = 3 resonators in the unit cell.

In what follows, we denote by Y := (0, L) the periodic unit cell and by

N
D = |_| (wz_,xf) (1)

the union of the NV resonators in the unit cell. With this notation, the region within R which is
taken up by the resonators, is given by

D+LZ:={x+kL :zcD, keZ} (2)



2.2 Time-dependent material parameters

We assume that the material parameter distributions are periodic in x with period L and in ¢
with period T := 27/Q and are given by

D D
N A CU RS (N ®)
keii(t), x € Dy, pepi(t), x € D;.

Here, p and k represent in acoustics the density and the bulk modulus of the material, respec-
tively, and €2 is the frequency of the time-modulations of the material parameter distributions.
We define the contrast parameter and the wave speeds by

5::&, UO::M@, Ur::\/@, (4)
o PO Pr

respectively. Typically, the most interesting regime of the frequency of modulations of p;(t) and

ki(t) is Q = O(6Y/2), i.e., of the same order as the static subwavelength resonances [13]. This

allows strong coupling between the time modulations and the response time of the structure.
We aim at finding w = O(6'/2) such that the wave equation

(182 _o. 1 9
k(x,t) 0t2 Oz p(x,t) Ox

u(z, t)e*i‘“t is T—periodic,

)u(m,t)zO, z €R, teER, 5)

has a non-trivial solution wu(z,t) which is essentially supported in the low-frequency regime.
By substituting the time-harmonic wave field u(z,t) = R(v(z, t)e“") into the wave equation
(5), we obtain

n(i,t) <—iw+ ;)20(37,75) - 8(1 (p(tl,x)aaxv(x’t)> =0, zeR, teR. (6)

Due to the assumption that u(z,t)e™“! is T-periodic with respect to time ¢, we write the
Fourier series expansion

u(z,t) = et Z O ()€, (7)

n=—oo

Note that any L2-function wv,(z) can be decomposed into a superposition of Bloch waves as
follows:

w/L )
Un (.I') = / L Un, (J?, O‘)ew@ da, (8)

where « is the so-called momentum and v, (x,«) is L-periodic in z. The function v,, is defined
by
oo
Un(z, ) := Z vp(z — mL)e @M vy e 7, (9)

m=—o00
Thus, we can write

X /L . ,
u(z,t) = et Z / O (, @)el ™ dov ™, (10)

w/L

n=—oo



Inserting the expansion (10) into the differential equation (6), we conclude that for any n € Z,
Uy, must satisfy

_WWA_( 8)( 1 ( a)A>_
(@) Up, 1a+8w D) 1a+8x ) =0, zeR, teR, VneZ, (11)

x +— Up(x, ) is L—periodic.

Recall that we have assumed the chain of N resonators to be repeated periodically with
period L. Therefore, we study the one-dimensional spectral problem in the unit cell (0, L) for
the quasiperiodic function vy, (z, @) := O, (2, a)el®®:

2 polw + nQ)? . N
(5 + m) m=0 i DAL 7o)
d2 * pr(w + nQ)Q Kk : N - .t
) i:n—’_Tvi,n:O mn |_J(.’L’Z ,{L’Z-),
Un|_ (xzi) = U, (mzi) forall 1 <i< N, (12)
3|, @) = 6 (o) forall 1 <i < N,
dv? d
Rl (a:+) = 5ﬂ (a:+) forall1<¢ <N,
dx v dz [ V'
where we use the notation
wly (z) = S_}léfrslww(:c +s). (13)

The functions v;,(z, @) and v}, (z, @) are defined in each resonator D; through the convolutions

00
v;n(wv Oé) = Z Ti,mvn—m(xa a), 'U;Z(IL', a) =

m=—0o0

% —|—1nQ Z Eim(w~+ (n—m)Q)vp_m(z, a),
T (14)

where 7; , and k;,, are the Fourier series coefficients of 1/p;(t) and 1/k;(t). Furthermore, we
define the wave number outside and inside the resonators corresponding to the n-th mode through

0 0
S R T L (15)

Vo Ur

respectively. We assume that the time-modulations of p; and k; have finite Fourier series in each
resonator D;, that is,

M

M
1 inQt 1 inQt
= rine "t — = kine 16
pi(t) n:Z:M i,n Ki(t) n:Z:M i,n (16)

for some M € N satisfying M = O ((5‘7/2), for some v € (0,1) [13]. Note that the solution to

(12) is invariant under scaling. Hence, we can assume the solution to be normalized. As wu is
continuously differentiable in ¢, we have

1
|lvnlle = o <n> as n — 0o, (17)



where || - |2 denotes the L2mnorm on (0,L). Due to folding (see Definition 5.1), we need to
specify the subwavelength quasifrequencies in terms of the oscillations in their associated modes
[13]. As said before, the subwavelength quasifrequencies are those associated with Bloch modes
essentially supported in the low-frequency regime as § — 0. Therefore, we shall assume that
there exists some M, = M,(d) € N such that

fe'e) M,
MQ =0 and > oalla= > loallz +o(1), (18)
n=—oo n=—M,

as 0 — 0, where the sequence of functions (vy,)nez is a nontrivial solution to (12). As we will see
later, we can assume without loss of accuracy that M, = M.

In order to perform some numerical and analytic analysis in this regime, we adapt the
Dirichlet-to-Neumann approach of [21, 22| to the one-dimensional, quasi-periodic and time-
modulated case to solve (12).

3 Exact solution

In this section we seek to solve the modified Helmholtz problem (12) exactly. We first present a
characterization of the solution to the exterior problem and then to the interior problem. Lastly,
we use the Dirichlet-to-Neumann map to derive a system of equations based on the boundary
condition.

3.1 Exterior problem

In this section we seek to characterize the Dirichlet-to-Neumann map of the Helmholtz operator
on the domain (0, L) with the quasi-periodic boundary condition.

We denote the Sobolev space of quasiperiodic complex-valued functions by HJ, ,(R). We
also denote by C2V: the set of quasi-periodic boundary data f = ( fi:t)ieZ such that
i:iN — eiaLfi:I:7 (19)

where f;7 (resp. f;) refers to the component associated with z;" (resp. with ;). The space of
such quasi-periodic sequences is clearly finite-dimensional, specifically it is of dimension 2N.

The following lemma from [22] provides an explicit expression for the solution to the exterior
problem on R\ (D + LZ).

Lemma 3.1. Assume that k" = (w+n€)/vo, for some fized n € Z, is not of the form mm [l 1)
for some non-zero integer m € Z\{0} and index1 < i < N. Then, for any quasi-periodic sequence

(F5)1<icn € TN there exists a unique solution v§,, € H], o(R) to the exterior problem:

((f; + (k:”)2> v}, =0  inR\(D+ LZ),
V(@) = fi forall1<i<N, (20)
V¢ (@ + L) = e (z) inR\(D+ LZ).
Furthermore, when k™ # 0, the solution v;‘{n reads explicitly
v () = altelf"® 4 gre= T if ¢ e (2, Tiq), Vi € Z, (21)



where, for fited n € Z, o and B are given by the matriz-vector product

[ai} _ 1 ek T, —e_ikn’”? {fr}
Brl T 2isin(k"lp0)) kel | Lf

Proof. Identical to [22, Lemma 2.1]. O

n

(22)

_ eiknx;rl

Definition 3.1. For any k" € C, for fixed n € Z, which is not of the form mm/¢;(;;1) for some
m € Z\{0} and 1 < i < N —1, the Dirichlet-to-Neumann map with wave number k" is the linear
operator TF"e . C2N:e 5 C2N:@ defined by
dvfn .
dr (xz ) ’
1<i<N

Using the exponential Ansatz presented in Lemma 3.1 to solve (20) gives rise to a closed form
definition of the Dirichlet-to-Neumann map, which we introduce in the following proposition.

T h<ien] == (i (23)

where v}, is the unique solution to (20).

Proposition 3.2. For fited n € 7Z, the Dirichlet-to-Neumann map T*"® admits the following
explicit matriz representation: for any k™ € C\{mm/l;;y1) : m € Z\{0},1 < i < N — 1},

f = hsien, TH U] = (TF 1 f) h<icn is given by
M kn.COS(k"ZN(z\wl)) _ k™ —iaL]
Tkn’a _ sm(k"EN<N+1)) . sm(k”@N(N_H))
Tkn,a%# AM ()
1 B Ak (523)
Tk",a - n
Tk”,a{ﬁ{\kl AR (Un_yN)
N k™ iaL k" cos(k™Un(n1))
L sin(k"n (N 11)) sin(k" 4N (N 11))
(24)
where for any £ € R, A" (£) denotes the 2 x 2 symmetric matriz
_k"lcos(knf) _ k"
AR = | RO R |- (25)
sin(k™{) T sin(knd)
Proof. Identical to |1, Proposition 3.3]. O

To this end, we have found a way to solve the exterior problem explicitly for some given
boundary data, as stated in Lemma 3.1. Moreover, we have proved an explicit matrix repre-
sentation of the Dirichlet-to-Neumann map in Proposition 3.2, which we will make use of when
dealing with the Neumann boundary condition of (12) in order to solve the interior problem.

3.2 Interior problem

Having dealt with the exterior problem in the previous section, we now focus on the solution of
the interior problem. We can formulate the interior part of problem (12) using the Dirichlet-to-
Neumann map, which leads to

d2 . (w + Q)2 o .
@’U@n p(l<‘:)’l)i7n =0 in D + LZ,
d n
+ av;(xf, a) = 6T v, ]F for all i € Z, (26)

v (z + L, a) = Ly, (2, ) for almost every x € D + LZ,

I

1

Iy

N



for n € Z. Recall that v}, and v}, are the convolutions defined by (14).
We now recall the definition of a subwavelength quasifrequency [13].

Definition 3.2. Any frequency w®(d) € [—§2/2,§/2) for which the v,’s satisfying (26) are not
all trivial and the corresponding
o0
u(2,t) = O N7 (2, @) (27)
n=-—00

is essentially supported in the low-frequency regime, i.e., there exists M, such that (18) holds,
is called a subwavelength quasifrequency. Moreover, u® is called a subwavelength Bloch mode
associated to w®(d).

Next, we state the following lemma, which provides us with the solution to the interior
problem upon using an exponential Ansatz. The idea behind this lemma is taken from [1] and
adapted to the time-modulated setting considered in this paper.

Lemma 3.3. The subwavelength quasifrequencies w to the wave problem (26) are approzimately
satisfying as § goes to zero the following truncated 2N x 2N coupled system of non-linear equa-
tions:

M,

Y rimG W)

m=—M,

n—m
a; }
n—m

b;

— ST Y (w) H =0, V—M,<n<M,

br
1<i<N i Y 1<i<N

(28)

for some M, € N such that M,Q — 0 as 6 — 0 and a non-trivial (af,b})1<i<n,nj<r,- Here,

Tk" 2 denotes the Dirichlet-to-Neumann map, which is a 2N x 2N matriz defined by (24) and
we have used the following notation:

G" ™ (w) = diag (gl."’m(w))lgigN, V'™ (w) = diag (Vl-n’m(w))lgSN,
(29)
eik?vgn’m)mi— e—ik;‘yi("’m)mi_ eik?'yg"’m)xi_ e—ik?'yi(n’m)mi_

G (w) = k™™ |

oikpy Mt ik e oikry et kgl |
(30)
where
w+(n—m)Qk;
7 = L (31)

w + nf? Tim

Furthermore, the subwavelength Bloch modes to (26) correspond approximately to the solution

a7 b7

4 L<i<N’ where the superscript T denotes the transpose, through the formula

.m . (n,m) .m . (n,m)
Up_m(2) = @l MeFr T prmme ik ey g (z7,2), (32)

and al = b =0 for all 1 <i < N and |n| > M,. This allows us to introduce a 2N (2M, + 1) X
2N (2M, +1) matriz A*(w, d), which is such that we can define the following system of equations:

Vo
A (w,0)w=0, w:=| vg |, V= [Zd . (33)
. 1 - 1<i<N
L VM, |




Then, for given & small enough, the subwavelength quasifrequencies are approximately the char-
acteristic values of A*(w,?).

We present the proof to a more specific formulation of Lemma 3.3 in Section 3.3.

Remark 3.3. For fixed N, the size of the matrix A* depends solely on the number M, of
dominant Fourier modes v, in the Fourier series of v. The number of non-zero off-diagonals in
the matrix A* depends on the number M of considered Fourier coefficients of 1/p;(t) and 1/k;(t).
Hence, we can choose the number of non-zero modes v,, to be exactly the same as the number of
Fourier coefficients of 1/p;(t) and 1/k;(t). We have numerically checked that taking M, higher
than M does not change the values of the subwavelength quasifrequencies for § small enough.
Figure 2a shows that for increasing M, the time it takes to solve (33) for w increases. Moreover,
Figure 2b confirms that the resulting error between the value of w obtained through Lemma 3.3
and through the capacitance matrix approximation, as discussed in Section 5.1, does not depend
on M,. Therefore, the earlier stated assumption M, = M is accurate for § small enough.

50 X 0.0106

/ 0.0104

IS

S

.
.

0.0102

w
S
N

0.0100

Run Time [s]
Relative Error

N

o

\
\

-
i 0.0098

10 X

0.0096

My My

(a) The time it takes to solve (33) for w depending on (b) The relative error between the approximate solution
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The run time increases with increasing M, . in Section 5.1, and the w obtained through solving (53).

Figure 2: For M =1 with fized values for N, v; p, kim, 6, Q, we increase M, and measure the run time
and resulting relative error.

3.3 Explicit choice of M
We now assume that p; and x; are specifically given by

1 1

K; (t) :

= 4
1+ e4ic08 (O + i)’ (34)

(t) = ’
pi(t) 1+4¢€,,cos (U + ¢pi)

for all 1 <4 < N, where €,;, €x; are the amplitudes of the time-modulations and ¢, ;, ¢, ; the
phase shifts. This means that we can set M = 1 with the Fourier coefficients defined as follows:

< ,e_i¢p,i £ .eid’p,i

Ti—1:= e 5 , Tioi=1, m1i= 7“12 , (35)
£ .e_i(bn,i I .ei¢'n,i

k‘i,fl T L 5 , ki,(] =1, k‘@l = 7}{’@2 (36)

Having an explicit definition of the material parameters p and K we now want to reformulate
Lemma 3.3 such that it corresponds to p;(t) and x;(t) defined by (34).



Lemma 3.4. If M, = M =1, then (28) reduces to the following 2N x 2N coupled systems of

non-linear equations:
an+1 n—1

a
716" (w) {b%wrl

o1
e
b;

+ri,oQ"(w) [ o +ri,1g”_1(w) {

1<i<N 1<i<N (37)

= 0T x V™ (w) {Zn} :

i~ 1<i<N

for =1 < n < 1, where the matrices G" ™ (w) and V"™ (w) are defined by (29). Moreover,
A*(w, ) is the 6N X 6N matriz given by

A (w, )
A*(w, 6) == | A%w,d) |, (38)
Al(w, 6)

where the matrices A=, A%, and Al are defined by

A N w,0) = [(I‘ogflfo(c«J) - 57"“_1’0‘]/7170) r_ G-t 0} ; (39)
A(w,8) = [11G° (w)  (roG°O(w) — T VO 0(w)) 141G+ (w)], (40)
Al(w,8) == [0 1G (W) (rog'Ow) — 6T VI0(w))] (41)

with vy, := (Tin),<;<y being the vector of the n-th Fourier coefficients in each resonator. Con-
sequently, we obtain the following system of equations:

V-1

A (w, ) w=0, w:i=|vy |, v,:= {Zﬁl

. (42)
Vi 1<i<N

Proof. Any solution v, to (26) can be written as (32), and the boundary condition of (26) reads,
forall 1 <i< N

(n,m)

(nom) pn—m & n—m _,—ivy, Rk o maiy ™™ kP
= b MeT i) =0T Y ale v

1
Hi D kT (a?fme”i
m=—1
(nm)n
n.,—iy, Etz 1 _
+b7, (] ’yl ] . — O,

(2
which can be written as (42) by evaluating it for n = —1,0, 1. O]

Remark 3.4. We have now found a characterization of the subwavelength quasifrequencies w®(4)
through the solution of the interior problem, as stated in Lemma 3.4. The definition (38) of the
matrix A*(w,d) was done for a specific choice of p;(t) and k;(t), and hence, also M. However,
the matrix A*(w, d) can equivalently be defined for any choice of material parameters and M.

4 Muller’s method

We solve problem (12) with the help of Muller’s method. In particular, we use Lemma 3.3 to
construct a 2N (2M + 1) x 2N (2M + 1) system of equations A*(w, J)w = 0, which provides the
correct coefficients af' and b} of the n-th mode v, in each resonator D;. We seek to find the
subwavelength quasifrequencies w®(d), which are those values of w for which the interior problem
(26) admits a non-trivial solution. Note that these are exactly the values of w for which A*(w, J) is

10



non-invertible, i.e., det (A*(w,d)) = 0. Therefore, we define the function f(w) := det (A*(w,?))
whose zeros we must find, for a fixed §. In order to find the zeros of the non-linear function
f(w), we use Muller’s method upon three initial guesses per root. For a detailed explanation of
Muller’s method we refer the reader to [10, Section 1.6]. One of the reasons for using Muller’s
method to solve the root-finding problem is that, unlike other root-finding algorithms, Muller’s
method is well-suited for complex-valued problems [10, Section 1.6].

Muller’s method requires the definition of three initial guesses to find a zero of f(w). In
our numerical computations we make use of the already known definition of the capacitance
matrix C§,;. in the static case [1], as further explained in Appendix A. Namely, we compute
the eigenvalues AY*, 1 < ¢ < N, of the static generalized capacitance matrix Cg,;. and employ
the asymptotic approximation from [22]

wi' & o /AfS, V1 <i <N (43)

To initialize Muller’s method we use (43) and two perturbations of this value.

By the definition of Muller’'s method we need to supply the algorithm with three initial
guesses in order to find a zero of f(w), which is not trivial. Furthermore, the run time of
Muller’s method grows exponentially in N, as illustrated in Figure 3b. Therefore, we seek to
introduce an alternative characterization of the subwavelength quasifrequencies w®, for which we
do not require the exact solution of (26). In view of this, we introduce a discrete approximation
of (12) in Section 5.1.

5 Capacitance approximation and asymptotic analysis

5.1 Capacitance matrix formulation

By fixing an a € Y* := (—n/L, /L], we seek subwavelength quasifrequencies w of (12). Follow-
ing the proof of Lemma 4.1 outlined in [13], we can obtain the following result.

Lemma 5.1. As § — 0, the functions v;n(x, a) are approzimately constant inside the resonator:

v} (T, O‘)‘(xj—,xj) = ¢jn 4 O(61/2), (44)
For simplicity of notation, we define for any smooth function f : R — R the following;:
Ton, (1) 1= G| @)= 3] @) (15)
In view of this notation, we observe that
N N
Iop, (i) = Top, | D_cinVP | =D ¢inCE (46)
j=1 J=1

where V* and the capacitance matrix coefficients C7} are defined as in the static case [1]; see
Appendix A. On the other hand, we can insert the transmission conditions in (12) to obtain

1 (dvf, B dv;,, 4
+ —
1o df,
=-5/ dxé (z,a)dx (47)
1 [% p, 0)?
_ L[ e DT ) de



Therefore, Iop, (v}, (2, @)) reads

M o
Ipp,(vi,) = 5’: Z Tim(w 4 (n —m)Q)? / U pem (T, @) d. (48)
' m=—M T
Equating (46) and (48) yields
N M zF
ZCj,an‘j = (5:; Z Tim(w + (n —m)Q)? / V; e (T, @) dz + O (5(1_7)/2> . (49)
Jj=1 r m=—M Z,;

Following the same argument laid out in [13] and using the same notation, we arrive at the
following result.

Theorem 5.2. Assuming the material parameters are given by (3), as 6 — 0, the quasifre-
quencies in the subwavelength regime are, at leading order, given by the quasifrequencies of the
ordinary differential equation:

MO () B(E) + " (t) =0, (50)
where M“(t) = %Wl (t)C*Wa(t) + W3(t) with Wi, Wa and W3 being diagonal matrices defined

as
\V KiPg \ Ri
= -0, ‘/'/ s = s
| D;| (W) i

(W) = Vhi d _ri (51)

fori=1,...,N.

Our numerical results presented in Figure 3 corroborate our analytically proven claim that
the capacitance matrix approximation is an efficient and effective alternative to the exact com-
putation of the subwavelength quasifrequencies using Muller’s method.

->¢- Muller's Method X
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" (Real Part) (b) We compare the time it takes Muller’s

method to solve the root-finding problem
(a) The relative error corresponding to this result is given by errres = with the time it takes the capacitance ap-
0.0101. proximation to solve the problem.

Figure 8: Comparing the results obtained with Muller’s method and the capacitance matriz approximation
for 6 = 0.0001, Q@ = 0.05, ¢, =¢, =0,v9 =1, v, = 1, ¢p; = b,y = /i, with each resonator being of
length €; = 1 with equal spacing £;; = 1.

To compare the results obtained by Muller’s method wf* .., and the capacitance approxi-
mation wf.,,, we consider the relative error defined by
« (e
Hwi,muller - wi,capHC

ErTre] = max max 52
rel a€|—-n/L,x/L] i=1,....N HwiojmullerH(c ’ ( )
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where || - ||c denotes the complex euclidean norm. Closer investigations on the obtained error
revealed that if I(wf') = 0, Muller’s method is unable to exactly recover this. Thus, the error
between 3(wi,per) and S(wf'e,,) may be higher than expected. However, this is due to the fact
that Muller’s method is unable to exactly determine a non-zero purely real root.

5.2 Asymptotic analysis

To conduct some asymptotic analysis, we assume the modulation amplitudes of p; and k; to be
the same over all resonators, i.e., €,; = €4 = ¢, for all 1 < ¢ < N. To analyze the reciprocity
properties of the wave transmission we make use of asymptotic Floquet analysis developed in
[12] and we closely follow [4]. Firstly, assume that the matrix M“(¢) in (50) is analytic in e,
whence, we can expand M®(t) as follows [4]:

MO(t) = ME + eMP(t) + -+ + " M2(t) + .. ., (53)

for small € > 0. If p;(¢) and k;(t) have finitely many Fourier coefficients, we can assume that the
series (53) converges for any || < g, for some gy > 0 [3, 12]. Note that we omit the superscript
« in the remainder of this section for the sake of convenience. Next, we rewrite the second order
ODE (50) into the first order ODE |[4]

0 IdN}

Vo =awyo. A=, (54)

dt

where Idy is the NV x N identity matrix. By Floquet’s theorem, the fundamental solution of
(54) can be written as X (t) = P(t)ef", for some matrices P(t) and F [37]. As a consequence of
M (t) being analytic in e, we can write [4]

A(t) = Ay +€A1(t) + - +€nAn(t) + ...,
P(t)=Py+ePi(t)+ - +e"Py(t) + ..., (55)
F:Fo—l-&TFl—i-"'—l—EnFn—l—....

The coefficients Ag and Py are not time-dependent, as they correspond to & = 0, which represents

exactly the static case. Due to the T-periodicity of the material parameters, A(t) is T-periodic
and, thus, A;(t) are also T-periodic, for all j > 1. Hence, we may write [4]

oo
iQ
Aty =Y Ameimt (56)
m=—00
We now aim to derive asymptotic expansions of the eigenvalues f = fo+¢f +... of Fin €.

Assume the first coefficient A in the expansion of A(t) to be diagonal. Then, according to [4],
we have

m1
FOZAQ*IQ (57)
mn

with m; being the folding number of (Ag)q;, which is defined as follows.

Definition 5.1. Let w4, be the imaginary part of an eigenvalue of the matrix Ag. Then, we
can uniquely write wa, = wp +mS, where wy € [—/2,Q/2). The integer m is called the folding
number [4].
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We are specifically interested in investigating perturbations due to the modulations at a
degenerate point fy of Fy, which can be obtained through folding, for which we make use of the
following lemma from [3].

Lemma 5.3. The following holds:
— (40 o _
o (Fy);; = (A )jj, forallj=1,...,N;

e Forl # j, we have

(Agmrml)> . if (Fo)j; = (Fo)u,
(F1)j = ’ 0 Amy. . (58)
((Fo)u — (Fo)j5) m;@ iQm+((Aol)13]—l(A0)jj , otherwise.
Proof. The first claim is proved in [3, Lemma 4.3| and the second one in [3, Lemma 4.4]. O

As a direct consequence of Lemma 5.3 we can state the following theorem and corollary.

Theorem 5.4. Let fy be a degenerate point of F' with multiplicity r. Then, F has associated
eigenvalues given by fo +cfi; + O(e?), where f;, fori=1,...,r, are the eigenvalues of the r x r
upper-left block of I with entries

(Fl)lk = (Agml_mk))lk, Vl, k= 1, i (59)

where my denotes the folding number of the l-th eigenvalue of Ag.

Proof. This theorem is proved in [3, Theorem 4.7]. O]

Corollary 5.5. If the degenerate points are of order r = 2 and Ago) = 0, then the eigenvalues f

of F' associated with the degenerate point fy are given by

fio = fo£e\/(F1)12(F1)a1 + O(£?). (60)

Next, we seek to compute the first-order perturbation of the quasifrequencies. Note that
Corollary 5.5 characterizes the perturbation of the quasifrequencies for which the non-zero Fourier
coefficients of Ay are used. Therefore, we need to compute the non-zero Fourier coefficients of
M. As proved in [4, Theorem 5|, the following asymptotic expansion of M holds if p;(t) and
ri(t) are modulated as defined in (34) with e,; = €.; =¢, forall 1 <i < N:

Lyj + eLyj (cos (2t + ¢p1) — cos (U + ¢p5)
My = —3 ((:208 (Qt + dpey) + cos (U + ¢ry))) + O(?), 1 # 7,
Ly +€(% —L”) CcOs (Qt—i—(ﬁmﬂ +O(62), l=j.

Note that the quantity 2e+/(F1)12(F1)21 provides some information about the size of the band
gap and in order to compute the coefficients of Iy we need the definition of M;;.
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6 Physical interpretation and numerical simulations

The numerical results presented in this section are obtained for p;(¢) and x;(t) defined by (34),
where we vary the parameters €,;, €4, @p,i, ¢r,i. Note that €,; = e,; = 0 corresponds to the
static case. In the upcoming notation we omit the subscript 1 < ¢ < N of a parameter, if we
assume the parameter to be constant over the resonators D;, 1 <7 < N.

Having studied the effect of small periodic perturbations of the material parameters on sub-
wavelength quasifrequencies analytically in Section 5.2, we now want to validate these results
numerically. We use the capacitance matrix approximation in order to conduct some numeri-
cal experiments under different conditions. We seek to analyze the so-called band structure of
the material, which describes the quasifrequency-to-momentum relationship of the propagating
waves [4]. We are especially interested in the occurrence of band gaps and k-gaps as a con-
sequence of time-modulated material parameters. By definition, band gaps are the regimes of
quasifrequencies with which waves cannot propagate through the material. Instead of propagat-
ing, waves with quasifrequencies in band gaps will decay exponentially. Previous work [11]| has
proven the occurrence of subwavelength gaps in three-dimensional high-contrast material.

0.014

0.012

0.010

0.008

53‘
0.006 =1 lyy =1 lyy =2
0.004 =1 fr=1 =1
0 iR n o L=65
----- - - B - b ——y - = >
0.002 — Re(wf) 05 15 25 35 45 55 75 85
0.000 [m(w’a)
-0.4 -0.2 0.0 0.2 0.4
a
(a) We consider a setting with 6 = 0.0001, Q = (b) Assume that the resonators in the unit cell are each
0.03, v =1, v, = 1. We assume the material parame- of length €1 = b2 = 3 = 1 with spacing l12 = lo3 =
ters p and k to be static, i.e., e, = €5 = 0. 1, l34 = 2. This leads to L = 6.5 and aczi
0.014
0.012
0.010
. 0.008
3
=1 fy3 =1 la=1
0.006
0.004 & =1 fr=1 =1
0 D D, ~D; " L=6
----- - ————-- ———— - ——————
0.002 — Re(wf) 0.5 15 2.5 3.5 4.5 5.5 6.5 7.5
0.000 m(wf)
—-0.4 -0.2 0.0 0.2 0.4
a
(c¢) We consider a setting with 6 = 0.0001, Q = (d) Assume that the resonators are each of length £, =
0.03, v =1, vy = 1. We assume the material parame- {2 = €3 = 1 with spacing {12 = fa3 = €34 = 1. This
ters p and k to be static, i.e., e, = €5 = 0. leads to L = 6 and xli

Figure 4: Subwavelength quasifrequencies for three resonators repeated periodically in the static case. The
figures on the right-hand side illustrate the setting corresponding to the mumerical results shown in the
left-hand side figures.
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Moreover, we want to understand the effect of time-modulation on the reciprocity of wave
transmission properties. The reciprocity of wave transmission is defined as follows.

Definition 6.1. We say that a wave propagates reciprocally if for each « in the space Brillouin
zone Y*, the quasifrequencies of the wave problem (5) at « coincide with the quasifrequencies at
—a [4].

Note that in [3] it is proved that time-modulating the densities in a two- or three-dimensional
resonator structure breaks the time-reversal symmetry of the wave propagation, which we now
want to investigate in one dimension. Specifically, it has been shown in higher dimensions that
time-modulating p turns degenerate points of the folded band structure into non-symmetric band
gaps [4].

It becomes apparent from Figure 4c¢ that there is a degenerate point at o = 0 if the gap
size between each resonator is equal, which can be treated equivalently to the case of N = 1
resonator in the unit cell.

0.0150

0.014
0.0125

0.012
/ \
0.0100 7 <
0.010
0.0075
0.008 L
8. S
3 3
0.0050 0.006
000251 N e, 0.004
0.002
0.0000 - 4 — Re(wf) — Re(wf)
Im(w®) 0.000 Im(@®)
—0.0025
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
a a
(a) Assume that p is time-modulated. We consider (b) Assume that k is time-modulated. We consider
three resonators repeated periodically each of length three resonators repeated periodically each of length
Zl = 52 = 63 =1 with spacmg 512 = 623 = 17 534 = 2. 61 = 82 = f3 =1 with spacing 612 = 623 = 1, 634 = 2.
0.0150
0.014
0.0125
0.012
0.0100
00101 K|
0.0075 0.008
5. e
3 3
0.0050 0.006
0.0025 _..--"""""n.,. 0.004
0.0000 0.002
— Re(wf)
% o ""h
-0.0025 R —— ! © Im(wf) 0.0001 o
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
a a

(c) Assume that p is time-modulated. We consider (d) Assume that k is time-modulated. We consider
three resonators repeated periodically each of length three resonators each of length {1 = o = €3 = 1 with
£1 = [2 = 43 =1 U)Zth spacmg 612 = 523 = 1634 =1. spacmg 512 = £23 = [34 =1.

Figure 5: Subwavelength quasifrequencies for three resonators repeated periodically in the time-modulated
case. We consider a setting with 6 = 0.0001, Q = 0.03, v = 1, v, = 1. We set the amplitudes for the
respective modulations to be e = 0.2 with phases ¢1 = 0, ¢ = w/2, ¢3 = w. The green lines mark the
band gaps and k-gaps.

Comparing Figure 4 with Figure 5, it becomes apparent that modulating p in time turns
degenerate points into band gaps and modulating x in time turns degenerate points into k-gaps.
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Furthermore, measuring the size of the band gaps and k-gaps shows that the gaps forming in the
regime o < 0 do not have the same size as the gaps forming in the regime o > 0. This means
that the wave transmission is non-reciprocal in the time-modulated case. The following theorem
holds true in higher dimensions [3].

Theorem 6.1. If only the material density p is time-modulated, then there is a non-reciprocal
band gap opening around the degenerate point.

Proof. The proof valid in higher dimensions is still valid in one dimension due to the equivalent
ODE characterization given by (50). O

The following theorem has been proven in higher dimensions in [4, Theorem 8|, but can
equivalently be proven in the one-dimensional case.

Theorem 6.2. If only the material bulk k is time-modulated, then at a degenerate point with
multiplicity 2, one of the two Bloch modes is exponentially decaying and the other is exponentially
increasing over time. The momentum gaps where waves exhibit this exponential behavior are
called the k-gaps.

Proof. Similar to the proof of |4, Theorem §|. O
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00025 S .. 000251 Ll N e, /
0.0000 s T T . . g )
¢ I - 4

RN Re(wll-‘() 0.0000 E2ilideoe Re(wll_-l)
~0.0025 R g © Imwf) —00025] e Im(w?)
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
a a
(a) We consider three resonators each of length {1 = (b) We consider three resonators each of length {1 =
fz = 53 =1 with spacing 512 = 623 = 534 =1. ZQ = €3 =1 with spacing élz = 623 = 1, £34 = 2.

Figure 6: Subwavelength quasifrequencies for three resonators in the time-modulated case. We consider
a setting with 6 = 0.0001, 2 = 0.03, v =1, v, = 1. We set the amplitudes for both time-modulations to
be € = 0.2 with phases ¢1 =0, ¢o = 7/2, ¢3 = w. The green lines mark the band gaps and k-gaps.

Figure 6 shows the resulting quasifrequencies if both p and x are time-modulated. It can be
observed that under these time-modulations, wave transmission is non-reciprocal.

7 Conclusion

In this paper we have provided the mathematical foundation to solve the quasi-periodic Helmholtz
equation in one dimension with periodically time-dependent material parameters. We presented
a discretization of the problem (12), which led to a scheme solving the interior problem exactly
up to a negligible numerical error induced by Muller’s method.

Furthermore, we have introduced a novel capacitance matrix approximation to the subwave-
length quasifrequencies in one dimension assuming the problem to be quasi-periodic and the
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material periodically time-modulated, which is equivalent to the approximation formula valid
in higher dimensions [13]. This approximation formula is advantageous because it recovers the
quasifrequencies in the subwavelength range much more efficiently. Based on the capacitance
matrix, the subwavelength quasifrequencies can be approximated by the formula wf* ~ v;/A$0,
for all 1 < ¢ < N, where A\{* are the eigenvalues of the generalized capacitance matrix C*. We
have showed in Figure 3b that approximating the subwavelength quasifrequencies with the help
of the capacitance matrix is indeed much faster than computing them with Muller’s method.
This observation is especially true for large values of N. We have also showed numerically that
the relative error is around 0.01, which reassured the capacitance matrix approximation to be
very efficient and effective.

Our numerical analysis led to the conclusion that under time-modulated material parameters,
the wave transmission is non-reciprocal, which aligns with the asymptotic analysis in Section 5.
Moreover, it became apparent that periodic time-modulations in the p;’s lead to the formation
of band gaps, while periodic time-modulations in the x;’s lead to the formation of k-gaps.

A Capacitance matrix approximation to the static problem

In this section, we recall results from [1] regarding the capacitance matrix approximation to the
static problem.

Definition A.1. Consider the solution V,* : R — R of the following problem:

~Lye =y, (0, L)\D,

V¥(x +mL) = elomLVa(z), meZ.
The corresponding capacitance matrix is defined by

dve dv®

static,ij = Té (z;) — T; (z}) (62)
- +
1 1 1 1
=—7 %g-nt ( + ) 0ij = 5 ——0i(j+1)
-1y Li-vsi  LiG+y) CiG+1)
e—iaL eiaL
— 010iN — 010jN —, (63)
NN+ NN+
or equivalently by
r 1 + L _L _ e—iaL ]
EN(NH)l li2 . l12 . . IN(N+1)
~ 7 v s Y
;.éatic: . (64)
. . 1
IR
__elel | 1 ]:_ o 1
IN(N+1) {n_yN AN Inven d

The following asymptotics of the band functions hold.

Proposition A.1. The first N subwavelength band functions are approximately given by

w® = /3¢ + O(6) (65)
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as 6 — 0, where X' are the eigenvalues of the generalized capacitance matriz

« — VQL—l a

static static*

Here, V := diag((v;)) and L := diag((¢;)).
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