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Abstract

The aim of this article is to advance the field of metamaterials by proposing formulas for the
design of high-contrast metamaterials with prescribed subwavelength defect mode eigenfrequencies.
This is achieved in two settings: (i) design of non-hermitian static materials and (ii) design of in-
stantly changing non-hermitian time-dependent materials. The design of static materials is achieved
via characterizing equations for the defect mode eigenfrequencies in the setting of a defected dimer
material. These characterizing equations are the basis for obtaining formulas for the material param-
eters of the defect which admit given defect mode eigenfrequencies. Explicit formulas are provided
in the setting of one and two given defect mode eigenfrequencies in the setting of a defected chain
of dimers. In the time-dependent case, we first analyze the influence of time-boundaries on the sub-
wavelength solutions. We find that subwavelength solutions are preserved if and only if the material
parameters satisfy a temporal Snell’s law across the time boundary. The same result also identifies
the change of the time-frequencies uniquely. Combining this result with those on the design of static
materials, we obtain an explicit formula for the material design of instantly changing defected dimer
materials which admit subwavelength modes with prescribed time-dependent defect mode eigenfre-
quency. Finally, we use this formula to create materials which admit spatio-temporally localized
defect modes.
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1 Introduction

In the classical setting, wave localization in space is typically constrained by the diffraction limit. Defects
on length-scales smaller than the wavelength have a negligible effect on wave scattering. However, recent
developments of subwavelength wave localization are able to overcome this barrier [4, 30, 21, 34, 26, 24, 19]
by making use of locally resonant periodic materials. Such systems are periodic systems of high-contrast
resonators which exhibit subwavelength resonant frequencies [10, 25]. They are typical examples of
metamaterials: materials with a repeating micro-structure that exhibit properties surpassing those of
the individual building blocks [22].

As first shown in [13], subwavelength band gaps can be found in any type of these periodic systems.
Introducing defects in a subwavelength band gap material can be used to trap or guide waves at sub-
wavelength scales. Throughout this paper, subwavelength resonant frequencies of a resonator structure
with a defect, which lie inside a subwavelength band gap of the unperturbed structure, will be called
subwavelength defect mode eigenfrequencies; see Definition 2.

In [11], the existence of subwavelength defect mode eigenfrequencies in point defect structures is
demonstrated. In [14], by showing that the defect modes in the case of a line defect in a crystal of
subwavelength resonators are not bound along the defect line, it is proved that the line defect indeed
acts as a waveguide; waves of certain frequencies inside the band gap are localized to, and guided
along, the line defect. However, there is a fundamental restriction of the practical applicability of these
localized /guided modes since the band-gap frequencies are exponentially close to the edge of the bulk
bands. Therefore, for structures to have physically achievable localization properties, their guiding
properties must be robust against imperfections of their design.

By taking inspiration from the field of topological insulators, it is shown in [9, 0] that systems of
subwavelength resonators can be designed to have spatial wave localization properties, at subwavelength
scales, that are robust with respect to random imperfections. Moreover, as recently shown in [5], the
scattering of time-harmonic waves by systems of high-contrast resonators with randomly chosen material
parameters reproduces the characteristic features of Anderson localization and its properties can be
understood by considering the phenomena of hybridization and level repulsion.

On the other hand, it has been proposed in recent years to add non-hermiticity into systems of
subwavelength resonators in order to achieve intriguing phenomena, such as nonreciprocal transmission
properties, unidirectional amplification [33, 18, 32, 29, 27, 3, 2, 1, 8, 20, 17]. This has been done by
either adding gain and loss in the material parameters [3, 32, 20] or by varying them in time. Time
variations of the material parameters could be either instantaneous as considered in this paper (see also
[23, 17, 18]) or periodically modulated [15, 28, 33, 31, 16].

The focus of this article is to furnish explicit and easy-to-implement formulas which allow the design
and construction of defected materials with prescribed defect mode eigenfrequencies. This is achieved
for up to two defect mode eigenfrequencies in a defected chain of dimers. The method for a more
general setting (arbitrarily finitely many defect mode eigenfrequencies in n-resonator periodic systems)
is also explained. The design of (static) defected non-hermitian materials that admit a certain defect
mode eigenfrequency provides the basis for the design of time-dependent materials that admit time-
dependent defect mode eigenfrequencies w(t) = w™ xt<o +w x¢>0, thus providing an approach to design
time-dependent non-hermitian materials. An application of the design of time-dependent non-hermitian
materials is the creation of simultaneous spatial and temporal localization of scalar waves at given (time-
dependent) defect mode eigenfrequencies w(t). In fact, this is achieved by choosing w(t) = w™ xi<0 +
wh x>0 with Im(w™) > 0 and Im(w™) < 0.

For the sake of clarity and presentation, we will consider a chain of periodically repeated resonator
dimers and introduce one to two defected resonators to the periodic structure. However, we would like
to emphasize that the choice of a chain with repeated dimers has only illustrative reasons and that the
same approach presented here can be used to consider a system of n resonators which are repeated with
some arbitrary lattice A C R?; see the two remarks at the end of Subsection 2.3.

Thus, for the sake of clarity, throughout this paper, we let Dy, Dy C [0,1) x R? be two disjoint smooth
simply connected domains and consider D} := D; 4 (m,0,0)” with ¢ = 1,2 and D := J,,,, D" U D3".
We will study subwavelength waves in the setting where the material parameters are of the form

p, 1<0,zeR3\D Kk, t<0,zeR3\D
im <0, z€DM im t<0,2zeDy
p(z,t) = Pi,m . ! and  k(z,t) = Nim o . , (1)
py  t>0, x€R3\D Kk t>0,2€R3\D
Pt t>0, xeDp Ky t>0, z€D



With pyy Pims Pis Pims Kb s Kims Ko s Kim € C. The associated wave equation with time-dependent

coefficients is given by

o 1 0 1

= —div, ——V, Ju(z,t) =0, z€R? tcR. (2)
Ot k(zx,t) Ot p(x,t)

In this setting, we aim to find solutions which are time-harmonic for negative and positive times. That

is, we want to find solutions u : R3 x R — C of the following form:

O H ®

v(z)e e+t ¢ >0,

where v : R3 = C and ws+ € C. Such solutions will be called quasi-harmonic. We will say that
a solution u is then spatio-temporally localized, if v(-,xa,23) € L*(R) for almost every (wq,73) € R
(spatial localization) and if for almost every choice of = € R3 the function u(x,-) is in L*(R) (temporal
localization). This is the case precisely when Im(w_) > 0 and Im(w4 ) < 0. In this setting it is possible to
split the problem into two parts: a static part and a time-transition part. We will first study v : R? — C
more closely and determine a setting in which v is spatially localized. In fact, as shown in Section 3, v
is the solution to the Helmholtz equation

Av(z) + wy

together with an appropriate boundary conditions for v(z) on 9D, where the constant (w.r.t. time t)
coefficients are given by £~ (z) = k(z,t)|i<0, p~(z) = p(x,t)|t<o and kT (x) = K(z,t)|t>0, pT(z) =
p(x,t)|1>0, respectively.

The methodology adopted in this paper is based on a discrete approximation of the spectral problem

obtained in the high contrast limit [4]. In a periodic material, e.g. assuming that the material parameters
p and k are periodic with respect to the lattice A = (1,0,0)TZ, that is, pim = pin and Kim = Kip
for all m,n € Z, and p; m/pp < 1, it has been shown in [4, 9] that the subwavelength spectrum can

be approximated in terms of the eigenvalues of the so-called generalized capacitance matriz C*, where
a € R/27Z. In a periodic structure the associated (Bloch) modes v € L}  are a-quasiperiodic, which in
this case means that (z1, 22, 23) — v(21, 22, x3) exp(—ia - x1) is A-periodic and thus v(x) is not square
integrable along the x1-direction. In order to achieve spatial localization, it is thus necessary to break the
periodicity of the system and to introduce defects in the periodic structure. One possibility to break the
periodicity is to change some of the p,, ;’s and &, ;’s. It turns out that the defect mode eigenfrequencies
associated to a defected structure with finitely many defects are related to the generalized capacitance
matrix C* of the periodic non-defected structure and the defect material parameters and locations [5].

Based on the characterization of the defect mode eigenfrequencies in the hermitian case (i.e., when all
the material parameters are real positive) first provided in [5], we derive several characterizing equations
for the defect mode eigenfrequencies of localized modes in the setting of single and double defects in
non-hermitian chains of resonator dimers; see Subsection 2.2. Using these characterizing equations we
succeed in showing numerically the existence of localized modes in defected non-hermitian chains of
dimers.

Changing perspective, we ask no longer whether a certain choice of resonator system with given
material parameters admits localized solutions, but we ask whether it is possible to introduce a defect
(by changing the material parameters of a single resonator) in a given resonator structure, such that
a given frequency w is a defect mode eigenfrequency of the defected system. The characterization
from Subsection 2.2 provides a basis for answering this question. In Subsection 2.3, we prove that the
answer to this question is indeed ‘yes’ for frequencies w which lie in the band gap of the Helmholtz
problem and which satisfy a mild technical condition. We are able to derive an explicit function w
Vel (w) which maps the frequency to the defect material parameters; see Theorem 2. Even more is true.
Theorem 3 provides a function (wy,ws) — (Vi (w1, ws), V! (w1, ws)) which maps a pair of frequencies
(w1, w2) to a pair of defect material parameters (Vldef (w1, ws), VQdef (w1,wa)), such that the material with
two defected resonators with material parameters given by Vldef (w1,ws2) and VQdef (w1,ws), respectively,
admits two defect mode eigenfrequencies given by w; and ws. We observe that the procedure to obtain
functions which map frequencies to associated defected material parameters reduces to solving polynomial
equations in the variables given by the defect material parameters. Indeed for n given frequencies, it
is possible to find n defect material parameters such that, generically, the given frequencies occur as



defect mode eigenfrequencies. In that case, the material parameters Vldef ..., Vdef satisfy a system of
n polynomial equations of degree n and as such, generically, have a solution. This makes clear that,
generically, it is possible to deduce similar explicit formulas as in Theorems 2 and 3, for up to four given
frequencies. For at least five given frequencies, generically, the system of equations can no longer be
solved explicitly, but needs to be solved numerically. For further details see the remarks at the end of
Subsection 2.3.

Having established spatial localization, in a second step, we analyse the time-dependent setting in
Section 3. We show that in order to admit quasi-harmonic solutions as in (3) it is sufficient and necessary
that p and k satisfies a temporal Snell’s law, that is, p~w™ = pTw™ and kTw™ = k~w~. This gives us
a one-to-one correspondence between materials M; and My such that the composite time-dependent
material M given by M; for times ¢t < 0 and by M5 for times ¢ > 0, admits solutions of the form (3). The
temporal Snell’s law describes time-refraction (see, for example, [18]) tailored so that any time-harmonic
solution of M7 will be refracted to a time-harmonic solution of M across the temporal boundary.

With these results at hand, we succeed to prove Theorem 5, which is in the same style as Theorems 2
and 3. Theorem 5 establishes an explicit and easy-to-implement function which maps a time-dependent
frequency w(t) = w™ xt<o0+w' Xxt>0 as in (3) to the material parameters of a defected instantly changing
material, such that w(t) occurs as a time-dependent defect mode eigenfrequency. In particular, it allows
to construct examples of spatio-temporal localization, by choosing Im(w™) > 0 and Im(w™) < 0, see
Theorem 6 in Section 3.3.

The paper is organized as follows. It is divided into a first part which treats the case of static
metamaterials in Section 2 and a second part which builds on the first and treats the case of time-
dependent instantly changing metamaterials in Section 3. In the first part, exact formulas characterizing
the defect mode eigenfrequencies are derived in Subsections 2.2.1 and 2.2.2 for a system of resonator
dimers with a single or a double defect. Then explicit formulas for the design of defected structures which
admit specified defect mode eigenfrequencies are obtained (Subsection 2.3). The results of Subsection
2.3 are generalized in Section 3 to the setting of instantly changing metamaterials with prescribed time-
dependent defect mode eigenfrequencies w(t) = w™ xt<o + w' Xx¢>0. To this end, in Subsection 3.1, the
occurrence of quasi-harmonic waves in instantly changing metamaterials is characterized in Theorem 4.
Then, Subsection 3.2 introduces the design of time-dependent materials which admit localized modes
with a prescribed time-dependent defect mode eigenfrequency w(t) = w™ xt<o+w ™ x¢>0. The main result
is presented in Theorem 5, which furnishes the basis for the design of instantly changing metamaterials
which admit spatio-temporally localized modes at given frequencies. This is addressed in Section 3.3 and
the central design and existence result is presented in Theorem 6.

2 Spatial localization

As outlined in the introduction, this section is the first step towards designing instantly changing mate-
rials with prescribed time-dependent defect mode eigenfrequency, which is the basis for spatio-temporal
localization. After having introduced the setting and necessary background in Subsection 2.1, we derive in
Subsection 2.2 characterizing equations for defect mode eigenfrequencies in non-hermitian infinite chains
of dimers with one or two defected resonators. These characterizing equations are numerically solved to
determine the defect mode eigenfrequencies of defected structures. We also observe that approximating
an infinite chain resonator dimers with a finite, truncated chain gives accurate approximations for the
defect mode eigenfrequencies. Then, in Subsection 2.3, we are able to use these characterizing equations
for the design of defected dimer systems which admit prescribed defect mode eigenfrequencies. That is,
given w, we derive explicit functions which map frequencies w to the defect material parameters of a
dimer system, such that w occurs as a defect mode eigenfrequency in the associated defected material.

2.1 Theoretical background and setting

In this work, we will consider disjoint resonators Dy, Dy C [0, 1) x R? repeated periodically with respect
to A = (1,0,0)7Z in R3, forming a chain of resonator dimers as depicted on Figure 1 (left). To be more
precise, let

Dy,Dy C [0,1) x R?  such that Dy N Dy =10



Background material R®\ D

Fundamental domain [0, 1) x R?

D1,Dy C [0,1) x R?

such that Dy N Dy =0

Resonator material D;" Bulk moulus &y

Density pp
Kb

Wave speed vy, := o

Periodic material

- /000000 - D:—U%ZD;”UD;”,(

Bulk moulus «}"

Density pi"

where D7 := Wave speed v :=

m
0| + D,
0

Figure 1: Notation convention for material parameters used in this paper.

m
Pi

Contrast parameter ;" := o

and define
m
D:= | J DI'uDy, where Dj*:= |0 |+D;
meZ 0

Furthermore, we associate to every resonator D" with ¢ = 1,2 and m € Z the material parameters p}*
and kI"; pp and kp will denote the material parameters of the background medium (as depicted in Figure
1 (right)). The respective wave speeds v]" in each resonator D] are then given by v* = \/k7*/p" and we
will denote by vy = \/kp/pp the wave speed in the surrounding background medium R3\D. The contrast
parameter associated to the resonator D]” will be denoted by 6" := pI" /p, and which will satisfy that
for some more general §

0" =0(6) as § — 0. (4)

K3

In the static case, we are interested in solving the wave equation

L o di lv (x,t) =0 eR® teR

——— —div, — u(z,t) = x
/{(1‘) at2 xr p(m) €T ) 9 9 )

for a time harmonic solution u(x,t) = v(x) exp(—iwt) in the subwavelength regime. That is, we are inter-

ested in parameterized solutions us(x,t) = vs(x) exp(—iwst), such that vs and ws depend continuously

on ¢ and such that vs # 0 for all § close to 0 and

ws —0asd— 0.

We call solutions (ws,vs) of this form subwavelength solutions. In that case, ws is called subwavelength
frequency and vs is called subwavelength mode. Solving the wave equation (2) is actually equivalent to
solving the following system of Helmholtz equations in v : R — C and w € C with Re(w) > 0:

Av+ %50 =0 in R®\ D,

Av—l—(v‘%zv:O in D", mezZ, i=1,2,

vl —v|- =0 on 0D, (5)
5F%|+7%|_:0 on 0D,

v(x1, 22, 23) satisfies the outgoing radiation condition as |z1| — oo.

Assuming that the material parameters p* and s]* are periodic, that is, assuming p]* = p! and
k" = k) for ¢ = 1,2 and for all m,n € Z, one can apply Floquet-Bloch theory and find quasi-periodic
solutions to (5). In this case, the case of periodic material parameters, the lattice of the structure is
given by A = Z(1,0,0)T, the dual lattice is given by A* = Z(27,0,0)T and the Brillouin Zone by
Y* = R/27Z x {0}%. For a € Y*, define the quasiperiodic Green’s function G*(z) as the Floquet
transform of the Green’s function G(x) associated to the Laplace equation

Au =0,

which is given in three dimensions by
1

" dmla|

G(z) =



Hence, G is defined as
GY(z) = Z G(x)e ™™,
meA

The associated single layer potential to G¢ is then

Splel(w) = | Gz —y)ely)doly), =€ R?,
and is known to be invertible from L?(0D) onto H'(dD) with H'(0D) being the usual Sobolev space;
see, for instance, [12].

Definition 1 (Quasiperiodic generalized capacitance matrix). Let o € Y*—{0}. Let D1,...,Dn C R? be
N resonators which are repeated periodically with respect to some lattice A C R®. Define the quasiperiodic
capacitance matrix C* = (Cf}) € CN*N qs

Cg=- [ () an i, 5=,
oD,

where xpp, is the indicator function of OD;. Then the generalized quasiperiodic capacitance matrix
C™ = (Cgy) € CV*N s given by

o _ 00 0
e B

A (6)

where |D;| denotes the volume of D;.

The subwavelength frequencies of the system of N resonators are given by the eigenvalues of the
generalized quasiperiodic capacitance matrix up to an error of order O(6); see [4]. Thus, a priori, the
quasiperiodic capacitance matrix only describes subwavelength phenomena in the infinite periodic setting.
However, it has been proven in [5] that the quasiperiodic capacitance matrix also helps to understand
localized modes in defected structures with finitely many defected resonators.

More precisely, assume that for finitely many D™ the material parameters are not given by §;v2 but
by 6;v?(1+ 27) for some 2" € C; an example being depicted in Figure 2. For m € Z, denote by X, the
diagonal matrix with the diagonal entries given by

Definition 2 (Localized mode and defect mode eigenfrequency). Using the notation from the beginning
of this chapter and being in the setting of a defected material, where the material parameters §;v2 of
finitely many resonators DI have been replaced by §;v%(1 + ) for 2™ € C, we consider the Helmholtz
problem (5) and assume that (ws,vs) is a subwavelength solution. We call vs a localized or defect mode
if (ws,vs) satisfies

/|v5(x1,x2,x3)|2dx1 <00 for a.e. (xo,13) € R?
R
ws & U o(CY),
acY <\ {0}
where o(C*) denotes the set of eigenvalues of C*. In that case, ws is called defect mode eigenfrequency.

The first condition formalizes the localized nature of the subwavelength solution, whereas the second
condition formalizes the defect nature. We have the following result from [5, Proposition 3.7].

Theorem 1 (Defect mode eigenfrequencies). Assume that x* # 0 for finitely many m € A and 1 <
i < N. Let w € C and assume w € J,cy-0(C*) for all a € Y* —{0}. Then w is a defect mode
eigenfrequency associated to the above defected material if and only if

det(Id —XT (w)) =0, (7)

where 1d is the identity matriz and X is the block-diagonal matrix with entries X,, and T is the infinite
block Toeplitz matrix given by

1

T(Wmn =T"""(w) = 7@ -

otn=m)eo (e _ 2 1q) da. (®)
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Figure 2: Illustrative example of the introduction of finitely many defected resonators with the notation convention
used in Section 2.1.

Since X has only finitely many non-zero values, it follows that the determinant in equation (7) reduces
to a determinant of a finite dimensional matrix and is thus well-defined.

Furthermore, we would like to note that this theorem serves as the basis of the following paper.
Although [5] is mainly concerned with the hermitian case, that is, real-valued material parameters, the
theorem holds in the general non-hermitian case of complex material parameters. This is the setting in
which this theorem will be heavily used in this work. Most of the results obtained in this paper rely on
its characterization of the defect mode eigenfrequencies.

2.2 Characterization of defect mode eigenfrequencies

In this section, characterizing equations for defect mode eigenfrequencies in defected structures will be
derived. To this end, we will study three different settings, the first being a PT-symmetric chain of
spherical resonator dimers (i.e., identical spheres with material parameters complex conjugate to each
other as shown in (9)) and with a single defected resonator DY in which the wave speed v} has been
replaced with its complex conjugate v{. The characterizing equation for the defect mode eigenfrequencies
in this setting is the result of Lemma 1. Next, we consider the setting of a general chain of dimers with a
single defected resonator DY with wave speed /V e/ /§?, the respective result can be found in Lemma 3.
Finally, we characterize the defect mode eigenfrequencies in a defected chain of dimers with two defected
resonators DY and DJ; see Lemma 4. Finally, these results are used in Subsection 2.3 in order to design
defected materials with prescribed defect mode eigenfrequencies.

2.2.1 PT-symmetric periodic system of resonator dimers with a loss defect

In this section, we will study phenomena in the setting of a P7T-symmetric chain of equally sized,
spherical, disjoint resonators and introduce a loss (respectively, gain) defect by conjugating the mate-
rial parameter of the resonator DY. This setting will significantly simplify the characterizing equation
obtained for the defect mode eigenfrequencies.

V=a+ib

Figure 3: Setting and notation convention used in Lemma 1.

We suppose the material parameters of the periodic material to be given by

+ib, ifj=1
52 =T ’ 9
(43) {a—ib, if j = 2. ©)

As depicted in Figure 3, in order to study defected non-hermitian materials, we will replace the
material parameter of a single resonator by its complex conjugate thus creating a loss/gain defect as
depicted in Figures 4a and 4b.



«++ O0000OCO0O0O0O0OI0O00O| ---
(a) Non-hermitian periodic material with gain defect.

-+ 0O00000000O0000O ---

(b) Non-hermitian periodic material with loss defect.

Figure 4: Non-hermitian periodic structure without defect. Red indicates material parameters equal to a + ib
whereas blue indicates material parameters equal to a — ib. The proportions are precisely those used in the
numerical simulations: length of the fundamental domain L = 1, radius of the spherical resonators 0.15, positions
of the resonators at (0.25 + Z,0,0) and (0.75 4+ Z,0,0).

In this case, the generalized quasiperiodic capacitance matrix defined in (6) takes the form

co_ (@ + b 0 o (ot ib 0 Cii(a) Chra(a)
- O a_lb @ 0 a_lb C12(a) Cll(a) ’
In the case of a single loss defect in the zeroth fundamental domain, we obtain that there is precisely
one non-zero block X in the block diagonal matrix (X,,;)mez = X, which is given by

—2ib
>0

XO _ a+1b
0 0

and the relevant part of the Toeplitz matrix T (w) in (7) reduces to

1
Tw)o =T = —— [ C*C*—w?Id) da,
Y| Jy-
where Id denotes here the 2 x 2 identity matrix.
The following lemma holds.

Lemma 1. The defect mode eigenfrequencies in the above setting are given by solutions w € C\
Uaey o (C?%) to the equation

0= / wt —2(a —ib)(C¥)11w? + (a — ib)? det(C%)

. 1
Wt — 2a(C%) w2 + |(a + ib) |2 det(C?) da (10)

Proof. From Theorem 1, we know that whenever w € C\ Uyey~0o(C%), then w corresponds to a defect
mode eigenfrequency if and only if it satisfies the equation

det(Id = X7 (w)) = 0.

Since only one resonator is modified, this reduces to the equation

1—X5(T)u =0. (11)
Then we compute
(CO‘(CO‘ - w2 Id)il)ll
. 1 a+1ib 0 011(04) 012(04) (a — ib)Cll(a) — w? —(a + ib)Clg(a)
~ det(C* — w?1d) 0 a—1b) \Ci2(a) Ci1() —(a+i)Cia(a)  (a+ib)Cr(a) —w?) ),
B (a + ib)
~ det(Co — w?1d)
_ (a + ib)
~ det(C™ — w?1d)
~ (a+1ib)(—Cr1(@)w? 4 (a — ib) det(C™))
 wt—2a(C) w2 + |(a + ib) |2 det(Ce)

(—Cru(a)w?® + ((a — ib)Cr1(a)” = (a — ib)|Cr2()*))

(—Ch1(a)w? + (a — ib) det(C*))




Putting this into the determinant formula (11), we obtain that

_ —2ib 1 /o 911
0_1+a+ib|Y*| Y*C (C* —w?Id)” "da
_ . . _ 2 s «
14 2ib 1 (a+ib)(—C11()w? + (a — 1b) det(C ))da

a+ib|Y*| Jye wt—2a(C%)11w2 + |(a + ib)|? det(C*)

/ w* —2(a — ib)(C¥)11w? + (a — ib)? det(C%) J 0
= .
- wt—2a(C*)11w? + |(a + ib)|? det(C?)
a=1,b=0.6 a=1b=15
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Figure 5: As an application and with the notation from Lemma 1 two simulations of two different PT -symmetric
materials with loss defect are depicted. The geometric structure is described in Figure 4b. The heatmap describes
the absolute value of the right hand side of the equation (10), in red is indicated a discretization of the continuous
spectrum of the infinite material (199 discretization steps). This discretization of the Brillouin zone was then
used to compute the heatmap. In blue is indicated an approximation of the defect mode eigenfrequency, when
using a finite material with 200 fundamental domains to approximate the defected infinite material.

Simulations of two different PT-symmetric materials with loss defect are depicted in Figure 5. In this
figure, the predicted defect mode eigenfrequencies of a truncated finite structure is also depicted and one
sees that a finite structure is a good approximation for the exact prediction in the infinite structure. This
gives an example where the spectral approximation theory developed in [7] for finite but large hermitian
chains of resonators applies to the non-hermitian case.

All numerical results in this paper are obtained by the following way. The generalized quasiperiodic
capacitance matrix is computed by using a multipole approximation for the single layer potential [13,
Appendix C]. The remaining numerical computations mainly rely on evaluations of the integrals, which
occur in the different characterizing equations. These are computed using the end point rule with
constant step sizes.

The following observation will transform Lemma 1 into the corresponding lemma for a gain defect.
Conjugation of the material parameters gives a bijection between the set of PT-symmetric materials with
loss defect and the set of PT-symmetric materials with gain defect. Thus, conjugating the material pa-
rameters in the equation of Lemma 1 transforms the equation (11) for loss defects into the corresponding
equation for gain defects, proving the following lemma.

Lemma 2. Let D1, Dy C [0,1) x R? be two equally sized spherical resonators, which are repeated peri-
odically with A = (1,0,0)TZ and let the A-periodic material parameters be given by

55(0)? = a—ib, ifj=1,
a+ib, ifj=2.

Assume that the resonator DY is defected and has its material parameter given by §1(v1)2 = a+ib. Then,
the frequencies w of the defect modes in this setting are given by the solutions to the following equation

0= / wt —2(a +ib)(C*)11w? + (a + ib)? det(C%)
Sy wt —=2a(C) w2 + |(a + ib)|2 det(C)



2.2.2 General periodic system of resonator dimers with a single or a double defect

In this section, we drop the PT-symmetry assumption on the periodic material without defect, but treat
the case of general, disjoint resonators Dy, Dy C [0, 1) x R? with general, periodic material parameters V;
and V5, respectively. Furthermore, any constraints on the defect material parameters are lifted, allowing,
in the next section, to design defected materials with prescribed defect mode eigenfrequencies.

Figure 6: Notation convention of Lemma 3.

Considering first a single defected resonator, we obtain the following result.

Lemma 3. Let Dy, Dy C [0,1) x R? be a pair of disjoint resonators which is repeated periodically with
respect to A = (1,0,0)TZ. Set the material parameters as

(51(’01)2 =V e C,
(52(1)2)2 =V e (C,
as depicted in Figure 6. Denote by Y* := R/27Z x {0}? the associated Brillowin zone and by C®
the associated capacitance matriz. Assume that the resonator Dy of the zeroth cell is defected and its
material parameter is given by Vldef € C. Then, w € C\ Uyey~0o(C?) is a defect mode eigenfrequency of
the Helmholtz problem (5) if and only if it satisfies
1 det(C*) — w2C
et(C*) — wCfy de.
[Y*| Jy+ det(C* — w?1d)

0=Vi+ (V' —w) (12)

Proof. Again, from Theorem 1, we know that whenever w € C\ Uyey+0(C?%), then w corresponds to a
defect mode eigenfrequency if and only if it satisfies the equation

det(Id —XT (w)) = 0.
Since only one resonator is modified, this reduces to the equation
1—X3(T)u =0.

Then we compute

(€ (C™ — w?Id) 1)y = <ca (det(C*)(C*) ™" — w? Id)>

det(C* — w?1d)
1
<det(C“ —w?1d)
det(C%) — w?CP
" det(Co — w?1d)’

11

(det(C*)1d w2ca)>
11

and put this into the determinant formula to arrive at

1 det(C*) — w2C?,
0=1+X] Ld
TR0y ). der(ce —wria)
1 det(C*) — w2CY,
=1+ W /-1 Ld
M/ )\Y*| e det(Co —w?1d) "
which is equivalent to
1 det(C*) — w?C¢
0=V + (Vi —v, g
1+ 1)|Y*| e det(Co —w?1d) "
as desired. O

10
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Figure 7: As an application example of Lemma 3, two simulations of two single defects are depicted. The radius of
the spherical resonators is given by R = 0.15, the centers of the resonators Dy and Dy are located at (0.25,0, 0T
and (0.75,0,0)T, respectively. The periodicity lattice used is A = (1,0,0)TZ. The periodic material parameters are
given by Vi = a+1ib and Vo = a —ib. The heatmap describes the absolute value of the right-hand side of equation
(12), n red is indicated a discretization of the continuous spectrum of the infinite material (199 discretization
steps). This discretization of the Brillouin zone was then used to compute the heatmap. In blue is indicated an
approximation of the defect mode eigenfrequency, when using a finite material with 200 fundamental domains to
approximate the defected infinite material.
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Similarly, in the setting of two defected resonators which lie in the same fundamental domain, we
obtain the following characterization of the defect mode eigenfrequencies.

Lemma 4. Let Dy, Dy C [0,1) x R? be a pair of disjoint resonators which are repeated periodically with
respect to A = (1,0,0)7Z. Set the material parameters as

51(01)2 =V e (C,

52(1]2)2 =: V5 € C,
and denote by Y* := R/27Z x {0}? the associated Brillouin zone and by C* the associated quasiperiodic
generalized capacitance matrixz. Assume that the zeroth cell is defected and its material parameters are

given by Vldef and V2d€f. Then, w € C\ Uyey+0(C?*) is a defect mode eigenfrequency of the Helmholtz
problem (5) if and only if it satisfies

1 1 [
[Y*| Jy- det(C* — w?1d)

- Vi 0 def ._ 1def 0
v._<0 V) v ._(0 et )

Proof. Applying the formula for the inverse of a 2 x 2-matrix to the matrix (C® — w?Id)~!, one obtains

that
_ 1 VoCsy  VACH
a 2Id 1_ 2422 1b12) QId
(€ =)™ = e —orta) [(—Vzcsa vicg,) ¢

1
~ det(CY — w21d)

0 = det (V + (vier —v) det(C) Id —w?C”] da> ,

where

[det(C*)(C*) ™! —w?1d] .

Putting this into the equation

1
Y*[ Jy

0 = det <Id —(viely -1 _14) coC — w? Id)lda> ,

we get

1 1
[Y*| Jy« det(C* — w?1d)

0 = det <Id —(viefy =1 _14) [det(C*)Id —w?C®] da) :

11



Then pulling out V' yields

1 1 [
Y*] Jy. det(Co — w?1d)

0 = det <V — (Ve —y) det(C*)Id —w?C®] da) :

which proves the lemma. O

Remark. The results in Subsection 2.2.2 do not rely on the fact that a chain of dimers is considered.
That is, in the above two lemmas, Lemmas 3 and 4, the sublattice A = (1,0,0)TZ can be replaced with
any 1,2 or 3-dimensional sublattice of R® without changing the results and the characterizing equations.

Both results will help us in the next section to design defected materials with defect modes at given
defect mode eigenfrequencies.

2.3 Material design of defected resonator dimer systems with prescribed
defect mode eigenfrequencies

This section applies the characterization of defect mode eigenfrequencies in defected periodic materials
to the question whether it is possible to create defects which admit localized modes at a given defect
mode eigenfrequency w. It turns out that the answer to this question is, under mild assumptions, ‘yes’;
see Theorem 2. Even more is true. In fact, it is possible to create a double defect that admits two
localized modes u; and ug at given defect mode eigenfrequencies w; and we, as it is shown in the proof
of Theorem 3. We conclude with a remark on realizing n frequencies as defect mode eigenfrequencies in
a material with n defects.

Theorem 2. Let D1, Dy C [0,1) x R? be a pair of disjoint resonators which is repeated periodically with
respect to A = (1,0,0)77Z. Set the material parameters as (see e.g. Figure 6)

(51(1)1)2 =V, € (C,
82(v2)? =: V3 € C,
and denote by Y* := R/27Z x {0}? the associated Brillouin zone and by C* the associated quasiperiodic

det(C*)—w?CP .
mda, that 18,

e a_w2a
W:{we(C\ U J(Ca);/*((MdaO}.

Q€Y * Y

generalized capacitance matriz. Let W be the set of zeros of fY*

Then, the following map ¥ : C\ (U,cy~ 0(C*)UW) — C associates to each w a choice of defect material
parameters V4F (w) (for the resonator DY) such that w occurs as a defect mode eigenfrequency, when in

the above periodic structure a defected fundamental domain is created with the defect material parameter
given by V4¢F (w). The map U is defined by

v C\ (Uaey* o(C*)U W) — C
w — Vel (w),

where V3 (w) is given by the following

1

T det(Co)—w2C§y
v Jy- det(C"—w? 1) 4

Vdef ((JJ) = V1 1

Proof. This result directly follows from Lemma 3 and is obtained by a straightforward computation from
equation (12). O

An illustration of the result stated in Theorem 2 can be found in Figure 8. There, the map
w + V(W) is plotted and the resulting values V %/ (w) are validated by a comparison between the
desired defect mode eigenfrequency w and the defect mode eigenfrequency wappros Obtained when one
approximates the defected material with a truncated, finite material.

Similarly, given two frequencies wy and ws, we succeed to produce defect parameters Vld of a
double defect, such that w; and ws are the eigenfrequencies of two localized modes ui,us. The precise
result is stated in the following theorem.

ef Vv2def

12
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(a) Plot of the map x — VS (w(x)), where w(x) = 1—0.4i+ (b) Comparison between w(z) = 1 — 0.4i + 0.2 exp(27iz)

0.2 exp(27iz). On the left is the real part of V4! (w(z)) and (blue) and the approzimated defect mode eigenfrequency

on the right is the imaginary part. (red) obtained by a finite approzimation of the material with
defect V4l (w(z)) and 100 fundamental domains.

Figure 8: Material design of a defected chain of resonator dimers that admits w as a defect mode eigenfrequency.
With the notation from Theorem 2, the following material parameters are chosen as follows: Vi =1+ 0.6¢, Vo =
1.0 — 0.61, the radius of all the spherical resonators is given by R = 0.15 and the locations of the centers of the
two resonators D1, D2 in the fundamental domain [0,1) x R? are given by (0.25,0,0) and (0.75,0,0), respectively.
The considered defect mode eigenfrequencies are given by {w = 1—0.4i4+0.2exp(2miz) : x € [0,1)}. In this figure,
the z-axis of all the plots is parameterized by x € [0, 1).

Theorem 3. Let D1,Dy C [0,1) x R? be a pair of disjoint resonators which are repeated periodically
with respect to A = (1,0,0)TZ. Set the material parameters as

(51(1)1)2 =V eC,
62(02)2 = ‘/2 S Ca
and denote by Y* := R/27Z x {0}? the associated Brillouin zone and by C* the associated quasiperiodic

generalized capacitance matriz. Then, the following map ¥ : (C\ U, cy - U(CO‘))Q\W — C? associates to
each pair of frequencies (w1,w2) a choice of defect material parameters (Vldef (w1, w2), VQdef (w1,ws2)) such
that wy and we occur as defect mode eigenfrequencies, when in the above material a defected fundamental
domain is created with the defect material parameters given by Vldef (w1, ws) and V;lef (w1, ws) for the two
resonators DY and DY, respectively. The map ¥ is given by

U: (C\Uyey-0(C))\W — C2

(w1, w2) — (V%] (wy, wa), Ve (wi, wa))

where (V2 (w1, ws), Vi (w1, ws)) and W are given by the following. Let Iy1(w), I12(w), Io1 (w), Ina(w)
be defined as follows:

1 det (C*) — wCP 1 —wC§,y
Iy (w) = Lo (w) =
() v )y det (@ w2 1) 12() v )y det (@ — w2 1)
1 _ o 1 a) «a
IQl(UJ) chl dOé7 IQQ(W) det (C ) wc22 da’

T Y*] Jy. det (Co — w?1d) V¥ Jy. det (C* — w?1d)

o= () 1)

13



Then, W is given by

or

W =< (w1, we) € ((C\ :
o U Vi (w1, ws) = Vi) det(I(w)) + Vilpa(w) = 0

2 Ill(wl)det(I(WQ)) —Iu((,dg)det(l(wl)) =0
O(CO‘)>
acY™ (

and V2 (wy,ws), V¥l (w1, ws) are given by

? def .
Vit o w2) = Vi - lpi E- ¢, Vi(wi,w)=Va[1— Vi + Ip (w) (V] V1)
2 ' (VS = Vi) det(I(w)) + Viloa(w)

with

_ det((w1)) — det(I(ws)) + Taa(w1) 11 (w2) — Toa(wa) 11 (w1)
Iy (wo) det(I(wq)) — I11(wy) det(I(w2)) ’
g= 122(0-)1) - 122(0-12) .
I1(w2) det(I(w1)) — T11(wr) det(I(w2))

Proof. From Lemma 4, we know that w is a defect mode eigenfrequency if

1 1
[Y*| Jy- det(C* — w?1d)

A wer (V0
v (5 0)s v (D)),

That is, if the following equation holds for w = w; and w = wa,
0 =det (V + (VI —V)I(w)),

= (Vi + (V' = Vi) L (@) (Vo + (V' = Vi) Iaa (w)) = (Vi = Vi) (V") = V) Thp () T ()
= X1X2 det(I(w)) + Xl‘/lel(OJ) + X2V1I22(w) + Vl‘/z,

0 = det (v + (Vier —v) [det(C*)Id —w?C?] da) :

where

where X; = Videf — V; with 4 = 1,2, then w; and ws are defect mode eigenfrequencies, simultaneously.
The function ¥ is obtained by deducing from the above equation the parameter X5 as a function of w and
then equating Xs(wq) = Xs(ws) to obtain an equation for X; (without X3) from which an expression
for X (w1) = X1(w2) can be deduced.

One obtains

V(i 4+ In(w)Xh)
Xl det(I(w)) + V1I22(w) ’

Xo(w) =

and therefore, equating Xs(wq) = Xa(w2) gives
(Vl + Ill(wl)Xl)(Xl det(I(wg)) + VlIQQ(CUQ)) = (Vl + Ill(wg)Xl)(Xl det(I(wl)) + V1]22(w1)).

This is a quadratic equation in X; which can be solved with standard formulas to obtain the result of
this theorem. O

Remark. We would like to remark that the question whether n given frequencies (w1, ...,wy) can si-
multaneously occur as defect mode eigenfrequencies in a periodic structure with n defects and what the
defect material parameters would be, can be answered by solving n polynomial equations for a com-
mon root. Namely, looking at equation (7), identities for the corresponding defect material parameters

Vldef, ..., V2 are obtained by solving the system
det(I — XoT%(w1)) =0, ..., det(I — XoT°(wy,)) =0, (13)

where Xg is a diagonal matriz with (Xg)s; = Videf —V;.b This system is a set of n polynomial equations

in n variables and as such, generically, has a solution in C™. This implies that n generic frequencies can

1If the locations of the defects are not in the same fundamental domain of the lattice, then one needs to consider the
associated submatrix of 7 (w) (see equation (8)). This particularly occurs when the number of defects is higher than the
number of resonators in the fundamental domain. This adjustment in the system of equations (13) does however not change
the polynomial nature of the problem and the reasoning in this remark remains valid.
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(a) Plot of the map = +— P(wi(z),w2(z)) = (b) Comparison between wi(z),wa(z) (red) and approwi-
(V1def(w1(w):w2(x)):Vzdef(wl(x):WQ(x))); where wy(z) = mate defect mode eigenfrequencies (blue) associated to a
1 — 0.4i + 0.2exp(2miz) and wo(z) = 1 — 0.4i + finite approzimation of the material with double defect

0.2exp(2mi(z + 7/2) — 0.2). On the left are the real parts Vldef(wl (z), wa(x)), VQdef(wl (z),w2(x)) and with 100 funda-
of Vldef (w1 (), w2 (x)), V;ef (w1(z),wa(x)) in blue and red, m™mental domains.

respectively and on the right are the imaginary parts in blue

and red, respectively.

Figure 9: Material design of a chain of resonator dimers with a double defect that admits wi,w2 as defect mode
eigenfrequencies. With the notation from Theorem 3, the material parameters are chosen as follows: Vi =
1+ 0.6i,Vo = 1.0 — 0.6¢, the radius of all the spherical resonators is given by R = 0.15 and the locations of
the centers of the two resonators Dy, Dy in the fundamental domain [0,1) x R? are given by (0.25,0,0) and
(0.75,0,0), respectively. The considered defect mode eigenfrequencies are given by {(w1(z),w2(z)) : = € [0,1)}
with w1 (z) = 1.2 — i+ 0.2 exp(2mix) and wa(z) = 1.2 — i + 0.2 exp(2mi(z + 7/2) — 0.2). In this figure, the z-axis
of all the plots is parameterized by x € [0,1).

be realized as defect mode eigenfrequencies in a chain of resonator dimers with n defects. Closed form
solutions, as presented in Theorems 2 and 3, would be possible for up to 4 frequencies. For more than 4
frequencies, the common roots need to be found numerically.

Remark. As in Subsection 2.2.2, the results in Subsection 2.3 do not rely on the fact that a chain of
dimers is considered. That is, in the above two Theorems, Theorems 2 and 3, the sublattice A = (1,0,0)TZ
can be replaced with any 1,2 or 3-dimensional sublattice of R® without changing the results and the
characterizing formulas.

3 Instantly changing materials

The aim of this section is to develop a way to design instantly changing materials which admit prescribed
time-dependent defect mode eigenfrequencies. Furthermore, this will allow the design of materials with
spatio-temporally localized modes. To this end, we will first analyze the existence of quasi-harmonic
solutions in the presence of instantly changing material parameters. Then, these results are used to
design materials with prescribed time-dependent defect mode eigenfrequency. As an application of this
material design, materials which admit spatio-temporally localized modes will be treated.

3.1 Quasi-harmonic waves in instantly changing materials

Here, we consider the wave equation with space- and time-dependent materials parameters

g 1 0 ) 1 ,
(atﬁ(%t)at—dlvxp(x’t)vx)u(m,t)—o, reR’, tekR, (14)
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Figure 10: Illustration of the type of time-dependent material used in Section 3.

with p(z,t) and k(z,t) being of the form

p~(x) fort <O, Kk (z) fort <0,
1) = d 1) = 15
ple.1) {p*(m) for t > 0, and - (z,t) kt(z) fort>0, (15)

where p~(z), p*(z) and k™ (), x"(z) are C*-valued functions on R3. In this setting, we are interested
in what we call quasi-harmonic solutions.

Definition 3 (Quasi-harmonic modes). A non-zero solution u(x,t) of the wave-equation (14) is called
quasi-harmonic if it is of the form

u(z,t) = v(z) exp(—iw(t)t), (16)

where v : R — C is independent of the time variable and w(t) has the form

{w‘ fort <0,

w(t) = (17)

wt  fort>0,

for wm,wT € C. In this case, w(t) is called time-dependent frequency of u(z,t).

We will see that quasi-harmonic solutions only occur if wtpt = w ™ p~ and w™ k™ = wtk™. That is,
quasi-harmonic solutions only occur if p and & satisfy a type of temporal Snell’s law

wht  pm kT

)

w-  pt &k
where w takes the position of the angle of incidence, p the refractive index and s the phase velocity.
Proposition 1 (Temporal Snell’s law). In the above setting and under the assumption that a non-zero

quasi-harmonic solution u(x,t) with wt,w™ # 0 emists, then the following relation is satisfied by w™,w™,
p=,pT and K, kT

vE 2 (18)

Remark. If wt # 0 and w™ # 0, then Snell’s law in particular implies that k*(z) = %/{’(x) and

w
p(x) = “xpT(x) for all z € R3, where “= is constant in space.
Proof. Assume u(x,t) = v(z) exp(—iw(t)) is a non-zero quasi-harmonic solution with w™,w™ # 0. Since
the time-derivative is continuous, it follows
1
lim ———u
t.0 k(x,t) Ot (

which in this case is simply given by

x,t) = x,t),

tl\% K(x,t) &u(

wo o wt
k= Kkt
Then, putting the ansatz (16) into equation (14) and considering the associated Helmholtz problem
one obtains that, for ¢t < 0,

(w™)? 1
— ~0
L) + ol
and for t > 0 ,
(w™) 1
—v(z) =0
> L o) + )
Since - = ‘:—i by the first equality, it thus follows that pTw™ = p~w™. O
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Since the material parameters p and k are given as in equation (15) and since we are interested in
quasi-harmonic solutions, it is possible to solve the wave equation (14) by solving the following associated
Helmholtz problems for negative and positive times ¢:

K (z)
p~(z)

Av + w? v=0forv:R*— Cand w e C,

and

+
Av+w2n+(m)v20forU:R3—)(Candwe(C,
pt(z)

and then using a solution (v(z),w) for negative or positive times as an initial condition for positive or
negative times, respectively. This approach leads to the following theorem.

Theorem 4. Consider the above setting and assume that a non-zero solution v : R3 — C of the Helmholtz
problem

Kk (x
o

~

v =0 in R3,

Av + (w™)? @

~—

exists. Then, v(z)exp(—iw™t) : R3xR_.g — C corresponds to the restriction of a quasi-harmonic solution
u(z,t) of the wave equation (14) if and only if p and k satisfy the temporal Snell law (18).

Remark. Fquivalently, given a solution (v(x),w™) to the a Helmholtz problem

+ ((E)
A’U+ w 2 v=201n Rg.

Then, v(z)exp(—iwTt) : R® x Rsg — C corresponds to the restriction of a quasi-harmonic solution
u(x,t) of the wave equation (14) if and only if p and k satisfy the temporal Snell law (18).

Proof. Assume that v(x)exp(—iw™t) : R® x R.o — C is the restriction of a mode of the form u(z,t) =
v(z) exp(—iw(t)t), where w(t) = w™ for t < 0 and w(t) = w™ for ¢ > 0. Then Propositions 1 implies
that p and & satisfy the temporal Snell law. Conversely, if p and x are as above and satisfy the temporal
Snell’s law, then u(z,t) = v(x) exp(—iw(t)t) defines a solution to (14) and its restriction to the negative
time domain is given by v(z) exp(—iw™t) : R? x R.o — C. O

These general results allow to develop a material design theory for subwavelength quasi-harmonic
solutions with prescribed time-dependent defect mode eigenfrequency in the next section.

3.2 Design of instantly changing defected dimer systems with prescribed
time-dependent defect mode eigenfrequencies

As in Subsection 2.1, we will consider disjoint resonators Dy, Dy C [0,1) x R? repeated periodically with
respect to the lattice A = (1,0,0)7Z in R3, forming a chain of resonator dimers. The resonator domain
is then given by

m
D:= | DyuDy, where D":=|{0|+D;.
MEZL 0

Similarly as before, we associate to every resonator D]* with 1 = 1,2 and m € Z the time-dependent
material parameters pf"(t) and &"(t), and to the background medium the time-dependent material
parameters pp(t) and kp(t). Moreover, we suppose that the resonator material parameters are periodic
with respect to the lattice A, except for the resonator DY, which might have different material parameters.
That is, we assume that

ri () = w7 (1), pi"(t) = pi’ (1),

for m,n € Z and (m,1),(n,i) # (0,1). In order to stay in the scope of Section 3.1, we assume that
KI(t), ko (), pi™(t) and pp(t) are constant for negative times and constant for positive times, but may
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have a jump at time ¢t = 0. We will call time-dependent materials of this type instantly changing
materials. We will adopt the following notation:

(2.1) k"(t) for x € D™ for some m € Z,i = 1,2,
k(x,t) =
kp(t) for z &€ D,

p(t) for x € DI for some m € Z,i = 1,2,
pz,t) =
pp(t)  for x & D.

The time dependent contrast parameter associated to the resonator D™ will be denoted by 6™ (t) :=
P (t)/pp(t) and which we will assume satisfies for some general parameter §

0" =0(6) as § — 0, (19)

?

uniformly in ¢t € R, m € Z, i = 1,2. In the setting of instantly changing high-contrast materials, the
following definition will be useful.

Definition 4 (Subwavelength quasi-harmonic solution). We will call a quasi-harmonic solution u(x,t) =
v(z) exp(—iw(t)t) of the time dependent wave equation (14) a subwavelength quasi-harmonic solution if
(v(x),w™) and (v(z),w™) are subwavelength solutions to the associated Helmholtz problems. If further-
more v(x) is a localized or defect mode, we call w(t) the time-dependent defect mode eigenfrequency of

v(z).
Lemma 5. Let k(x,t) and p(z,t) be defined as above and consider the wave equation (14). If the wave
equation (14) admits subwavelength solutions for negative times and if

b (2, t)]r<o = K2, t)]r>0,

1
3 p(x,t)|t<o = p(z,1)|¢>0,

for some constant b € C* which is independent of §, then the wave equation (14) admits quasi-harmonic
subwavelength solutions.

Proof. The proof is a direct consequence of Theorem 4. Let (v(x),w™) be a subwavelength solution to
the Helmholtz problem for negative times. Then

(2.1) v(x) exp(—iw~t) fort <0,
u(z, t) = ,
v(z) exp(—iw™t) for ¢ >0,

is a quasi-harmonic subwavelength solution of (14) if and only if w* = bw™. O

Having clarified the behavior of subwavelength quasi-harmonic solutions to the wave equation of an
instantly changing material, we will present a way to design metamaterials which admit quasi-harmonic
subwavelength solutions of prescribed time-dependent defect mode eigenfrequency. This result then lays
the basis for the construction of instantly changing materials which admit spatio-temporally localized
quasi-harmonic subwavelength solutions.

Theorem 5. Let D and D" be defined as at the beginning of this section and use the same notation as
in Theorem 2 which will describe the material for t < 0. Then there exists a map ® which associates
to a pair of frequencies (w™,w™) the defect material parameter Vldef and the constant b from Lemma 5,
such that w(t) = xt<ow™ +Xxt>ow™ is the time-dependent defect mode eigenfrequency of a quasi-harmonic
subwavelength solution u(x,t) = v(z)exp(—iw(t)t) of the associated instantly changing material. More
precisely, let Vi, Vo be as in Theorem 2

P: C\ (Upey-oC)UW) xC* — CxC

(W_7w+) — (VldEf(W_)ﬂb)a

where VI (w™) = W(w™) as in Theorem 2 and b = wtjw™. If we let Vi, Vo, V! be the material
parameters fort < 0 and b*>Vy, b* Vs, bQVldef be the material parameters fort > 0, then this system admits
a quasi-harmonic subwavelength solution u(x,t) of the form

w™ ift <O,
wt ift>0.

u(z,t) = v(z) exp(—iw(t)t) with w(t) = {
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Proof. The result is a combination of Theorems 2 and 4. Using Theorem 2, one obtains the defect
parameter V;*/ (w™) such that w™ occurs as a defect mode eigenfrequency. In order to construct a time-
dependent structure which admits u(x,t) as a solution, it follows from Theorem 4 that the only possible
choice of compressibility and density for positive times is given by x™ = bs™, p™ = p~ /b, respectively.
Thus, if the material parameters for positive times satisfy
iV i \—
@y (e = Yl V) et )~ (@) )2 formezi=12,
(o)™ (pv)

that is, if the material parameters for positive times are given by b2V1,b2V2,b2V1def , then w(t) is a
time-dependent defect mode eigenfrequency of the associated instantly changing material. O

3.3 Spatio-temporal localization

In this section, the results from Theorem 5 will be used to design (and thus show existence of) materials
which admit spatio-temporally localized modes. The following definition will clarify what we understand
by a spatio-temporally localized mode.

Definition 5 (Spatio-temporal localization). We call a quasi-harmonic solution u(z,t) = v(x) exp(—iw(t)t)
to the wave equation (14) spatio-temporally localized, if v(z) is a localized mode and if for almost every
x € R the function t — u(x,t) is square integrable.

The following characterization will help for the design of instantly changing materials which admit
spatio-temporally localized modes.

Proposition 2. Let u(x,t) = v(x) exp(—iw(t)t) be a quasi-harmonic solution to the wave equation (14)
of an instantly changing material given by (15). Then, u(x,t) is a spatio-temporally localized if and only
if v(x) is a localized mode of the associated Helmholtz problem for negative and positive times and if
Im(w™) > 0 and Im(w™) < 0.

Proof. Let u(z,t) = v(z)exp(—iw(t)t) be spatio-temporally localized. Then, v(z) is a localized mode
and for almost every z € R? the function ¢ — v(z)exp(—iw(t)t) is square integrable. This is precisely
the case when t — exp(—iw(t)t) is square integrable, which occurs precisely when Im(w™) > 0 and
Im(wt) < 0. Conversely, if v(x) is a localized mode and Im(w™) > 0 and Im(w™) < 0, then u(x,t) is
spatio-temporally localized. O

This proposition allows us to finally state the following design and existence result for spatio-temporal
localization.

Theorem 6 (Design for spatio-temporal localization). Assuming the same setting and notation as in
Theorem 5. Denote by H C C the upper half-plane of the complex numbers given by H := {r e C:
Im(x) > 0} and denote by H the lower half plane. Let

(w™,wh) eH\ < U a(C“)UW) x H.

acY™

Then, there exists an instantly changing material that admits w(t) = xi<ow™ + Xezow™ as a time-
dependent defect mode eigenfrequency associated to a spatio-temporally localized quasi-harmonic sub-
wavelength solution u(x,t).

More precisely, let V! (w™) := &1 (w™,wt) and b= ®y(w™,w") and let Vi, Va be as in Theorem 2.
If we let V7, V27V1def to be the material parameters for t < 0 and b2V17b2V2,b2V1d€f to be the material
parameters fort > 0, then this system admits a spatio-temporally localized quasi-harmonic subwavelength
solution u(x,t) of the form

w” ift <0,
wt ift>0.

u(z,t) = v(z) exp(—iw(t)t) with w(t) = {

Proof. This is a straightforward combination of the results of Proposition 2 and Theorem 5. O
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4 Concluding remarks

In this paper, we have derived closed formulas for the design of defected metamaterials which admit
specified defect mode eigenfrequencies. This has been achieved both in the setting of static metamaterials
and in the setting of instantly changing metamaterials. Our results do not rely on the fact that a chain
of resonator dimers is considered. That is, in Lemmas 3 and 4, the sublattice A = (1,0,0)7Z can be
replaced with any 1,2 or 3-dimensional sublattice of R? without changing the results. The characterizing
equations from Lemmas 3 and 4 are the basis for the derivation of exact formulas for the design of a
defected structure that admits a given frequency w or a given frequency pair (wy,ws) as defect mode
eigenfrequencies (see Theorems 2 and 3). It is important to note that the same procedures as for
Theorems 2 and 3 are possible for three and four prescribed frequencies and three and four defected
resonators, respectively. For more than four frequencies the system of equations (13) cannot be generally
solved as in Theorems 2 and 3, but has to be solved numerically in order to obtain the defect material
parameters.

Having developed a method to have exact formulas for the metamaterial design of defected materials
with prescribed defect mode eigenfrequencies, we have used our findings to obtain in Section 3 similar
results in the setting of instantly changing materials with prescribed time-dependent defect mode eigen-
frequency w(t) = w™ x1<o + whxt>0. To this end, in Section 3.1, we have characterized in Theorem 4
the occurrence of quasi-harmonic waves in instantly changing materials. After having established the
material design of static materials with prescribed defect mode eigenfrequencies in Theorem 2 and char-
acterized the occurrence of quasi-harmonic solutions in time-dependent materials in Theorem 4, we have
presented the design of instantly changing materials which admit localized modes with a prescribed time-
dependent defect mode eigenfrequency w(t) = w™ Xt<o + wT xt>0. The result is presented in Theorem 5.
The design in Section 3.3 of instantly changing materials which admit spatio-temporally localized modes
results as an application of this Theorem. The main finding is presented in Theorem 6.
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