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Abstract. The recent development of subwavelength photonic and phononic crystals shows the
possibility of controlling wave propagation at deep subwavelength scales. Subwavelength bandgap
phononic crystals are typically created using a periodic arrangement of subwavelength resonators,
in our case small gas bubbles in a liquid. In this work, a waveguide is created by modifying the sizes
of the bubbles along a line in a dilute two-dimensional bubbly crystal, thereby creating a line defect.
Our aim is to prove that the line defect indeed acts as a waveguide; waves of certain frequencies
will be localized to, and guided along, the line defect. The key result is an original formula for the
frequencies of the defect modes. Moreover, these frequencies are numerically computed using the
multipole method, which numerically illustrates our main results.

Keywords. Bubble, subwavelength resonance, subwavelength phononic crystal, subwavelength
waveguide, line defect, weak localization

1. Introduction

Line defects in bandgap photonic or phononic bandgap crystals are of interest due to
their possible applications in low-loss waveguides. The main mathematical problem of
interest is to show that the spectrum of the defect operator has a non-zero overlap with
the original bandgap. Moreover, it is also of interest to understand the nature and location
of the defect spectrum. For previous works regarding line defects in bandgap crystals we
referto [11,13-16, 18,23,24].

In this work, we consider a line defect in a phononic bandgap crystal consisting of
gas bubbles in a liquid. The gas bubbles are known to resonate at a low frequency, called
the Minnaert frequency. The corresponding wavelength is larger than the bubble by
several orders of magnitude [1,30]. Based on this, it is possible to create subwavelength
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bandgap crystals, which operate at wavelengths much larger than the unit cell size of
the microstructured material. One of the main motivations for studying subwavelength
bandgap materials is to manipulate wave propagation at subwavelength scales. A second
motivation is for their use in devices where conventional bandgap materials, based on
Bragg scattering, would create infeasibly large devices [28,33]. Mathematical properties
of bubbly phononic bandgap materials have been studied in, for example, [1,4,6-8,12], and
subwavelength phononic bandgap materials have been experimentally realised in [25-27].

Wave localization due to a point defect in a bubbly bandgap material was first proven
in [4]. In [3], where some additions and minor corrections to [4] were made, it is shown
that the mechanism for creating localized modes using small perturbations is quite differ-
ent depending on the volume fraction of the bubbles. In order to create localized modes in
the dilute regime, the defect should be smaller than the surrounding bubbles, while in the
non-dilute regime, the defect has to be larger. Based on this, in the case of a line defect, it
is natural to expect different behaviour in these two different regimes. This suggests that
different methods of analysis are needed in the two regimes. In this paper, we will mainly
focus on the dilute regime, taking the radius of the bubbles sufficiently small.

If the defect size is small, i.e. if the size of the perturbed bubble is close to its original
size, then the band structure of the defect problem will be a small perturbation of the
band structure of the original problem [5, 9]. This way, it is possible to shift the defect
band upwards, and a part of the defect band will fall into the subwavelength bandgap.
However, because of the curvature of the original band, it is impossible to create a defect
band entirely inside the bandgap with this approach.

In order to create defect bands which are entirely located inside the subwavelength
bandgap, we have to consider slightly larger perturbations. In this paper, we will show
that for arbitrarily small defects, a part of the defect band will lie inside the bandgap.
Moreover, we will show that for suitably large perturbation sizes, the entire defect band
will fall into the bandgap, and we will explicitly quantify the size of the perturbation
needed in order to achieve this. Because of this, our results are more general than previous
weak localization results since we explicitly show how the defect band depends on the
perturbation size.

In order to have guided waves along the line defect, the defect mode must not only
be localized to the line, but also propagating along the line. In other words, we must
exclude the case of standing waves in the line defect, i.e. modes which are localized in
the direction of the line. As discussed in [22, 23], such modes are associated with the
point spectrum of the perturbed operator which appears as a flat band in the dispersion
relation. Proving the absence of bound modes in phononic or photonic waveguides is
a challenging problem; for example in [32] this was proven by imposing “hard-wall”
Dirichlet or Neumann boundary conditions along the waveguide, while in [20] the absence
of bound modes was proven in the case of a simpler Helmholtz-type operator. In this
paper, we use the explicit formula for the defect band to show that it is nowhere flat, and
hence does not correspond to bound modes in the direction of the line.

The paper is structured as follows. In Section 2 we discuss preliminary results on
layer potentials, and outline the main results from [6]. In Section 3 we restrict to circular
domains and follow the approach of [3,4] to model the line defect using the fictitious
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source superposition method, originally introduced in [34]. In Section 4 we prove the
existence of a defect resonance frequency, and derive an asymptotic formula in terms of
the density contrast in the dilute regime. Using this formula, we show that the defect
modes are localized to, and guided along, the line defect. In Section 5 we compute the
defect band numerically, in order to verify the formula and also illustrate the behaviour
in the non-dilute regime. The paper ends with some concluding remarks in Section 6. In
Appendix A, we restrict ourselves to small perturbations to derive an asymptotic formula
valid in the non-dilute regime. In Appendix B we outline the fictitious source superposi-
tion method in the case of non-circular domains.

2. Preliminaries

2.1. Layer potentials

Let Y2 = [~1/2,1/2)? C R? be the unit cell and assume that the bubble occupies a
bounded and simply connected domain D C Y2 with dD € C!** for some 0 < s < 1. Let
I'% and ¥, k > 0, be the Green’s functions of the Laplace and Helmholtz equations in
dimension 2, respectively, i.e.,

i
M y) = = He (klx = yD). k>0,

Fo(x,y)ziln|x—y|, k=0,
2
where Hél) is the Hankel function of the first kind and order zero. Here, the outgoing
Sommerfeld radiation condition is used to select the physical Helmholtz Green’s func-
tion [5].

Let $K : L2(0D) — H|}

loc

(R?) be the single layer potential defined by

SE[p1x) = /;D T* (e ))p(n) do(y).  x € R2.

Here, Hléc (R?) denotes the space of functions that, on every compact subset of R?, are
square integrable and have a weak first derivative that is also square integrable.

We also define the Neumann—Poincaré operator JCf)’* : L?(0D) — L?(dD) by

0

K5 p1x) = /BD aTr"(x,yy/;(y)do(y), x € aD.

The following so-called jump relations of § g on the boundary dD are well-known (see,
for example, [5]):

d *
shiolle = sbigll-e gosble) = (57 + x5 )i
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Here, d/0v denotes the outward normal derivative, and |+ denote the limits from outside
and inside D. In two dimensions, we have the following expansion of the Green’s function
for the Helmholtz equation [5]:

i 1 .- '
— Holklx =y = —In|x = y[+ne + (b In(k|x = y]) + cj) (klx — y )
j=1
where In is the principal branch of the logarithm and

1 i (—1)/ 1
— —(nk+y-2) -5 ph="__
=gk vy =2 =0 b= e

ir <1
Cjzbj y—ln2—7— -,

n
n=1

with y being the Euler constant. Define, for ¢ € L?(dD),

S5190) = Splg1) + e g
Then the following expansion holds:
Sk = 8§k + O(k?Ink). @2.1)

We also introduce a quasi-periodic version of the layer potentials. For a € [0, 27)2,
the quasi-periodic Green’s function I'%* is defined to satisfy

(Ay + K% (x, y) = Z S(x —y —n)e'"®,  x,yev,

neR2

where § is the Dirac delta function. The function I'*F is a-quasi-periodic in x, i.e.,
e texT 0k (x y) is periodic in x with respect to Y.
S . &
We define the quasi-periodic single layer potential Sg by

S50 = [T de ). xR
It satisfies the following jump formulas:
551811+ = 55 191l
isg’k[qs] = (i%l + (JC,S"‘”‘)*)[¢] on aD,

9
v
where (K;a’k)* is the operator given by
—a,k\* J o,k
(Kp ) l) = [ o =T (1. y)¢(y) do(y).
ap OVx

We recall that $5° : L2(dD) — H'(3D) is invertible for o # 0 [5].
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2.2. Floquet transform

A function f(x;) is said to be a-quasi-periodic in the variable x; € R if e77**1 f(x1) is
periodic. Given a function f € L?(R), the Floguet transform in one dimension is defined
as

FlAIxra) =Y fxr —m)e' ™, (2.2)

meZzZ

which is a-quasi-periodic in x; and periodic in . Let Y = [—1/2, 1/2) be the unit cell
and Y* :=R/27xZ ~ [0, 27) be the Brillouin zone. The Floquet transform is an invertible
map ¥ : L?(R) — L2(Y x Y'*), with inverse (see, for instance, [5,21])

7 = 5 [ g

2.3. Bubbly crystals and subwavelength bandgaps

Here we briefly review the subwavelength bandgap opening of a bubbly crystal from [6].

Assume that a single bubble occupies the region D specified in Section 2.1. We denote
by pp and k}, the density and the bulk modulus inside the bubble, respectively. We let py,
and «, be the corresponding parameters outside the bubble. We introduce

Vw = VKw/Pw, Vb = VKkp/Pp, kuw=w/vy, kp=w/vp

as the speed of sound outside and inside the bubbles, and the wavenumber outside and
inside the bubbles, respectively. Here, w corresponds to the operating frequency of the
acoustic waves. Let € = | J,cz2(D + n) be the periodic bubbly crystal. Define, for
x € R?,

P(x) = ppre(x) + pw(l = xe(x)), Kk(x) = kpxe(x) + kuw(l = ye(x)),

where ye is the characteristic function of €.
We assume that there is a large contrast in the density, that is, the density contrast §
satisfies
§=pp/pw L 1. (2.3)

Recall that under (2.3), there exists a subwavelength resonance of the bubble in free
space [1].
In the following, we shall also make the assumption stated below.

Assumption 2.1. Without loss of generality, we assume that
Uy = vp = 1.

In this case we have kj, = ky, = @. Assumption 2.1 only serves to simplify the expres-
sions. The methods presented in this paper indeed apply as long as the wave speeds outside
and inside the bubbles are comparable to each other.
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The wave propagation problem inside the periodic crystal can be modelled as

k(x)V - (LVU(X)) +w?v(x) =0, xeR2 2.4
p(x)

We denote by A the set of propagating frequencies, i.e., the set of @ such that w? is in
the spectrum of the operator

1
—kV - -V.
0

Denote by Yy = Y x R the unit strip and recall that Y2 = [—1/2,1/2)? is the unit
cell of the crystal. Applying the Floquet transformation, first in x-direction and then in
Xx,-direction, equation (2.4) can be decomposed first as

k(x)V - (LVv(x)) +w?v(x) =0, xe€VYj,

) p(x) (2.5)
e "*1 %1y is periodic in x1,
where «; € Y*, and then as
1
K(x)V - (—Vv(x)) +w?v(x) =0, xeY?
p(x) (2.6)

e 'y is periodic in x,

where @ = (a1, 02) € Y* x Y*. We denote by Ao, the set of w such that @? is in the
spectrum of the operator implied by (2.5) and by Ag, the essential part of this spectrum.
It is known that (2.6) has non-trivial solutions for discrete values of w:

0=of =0y <---,
and we have the following band structure of propagating frequencies for the periodic

bubbly crystal €:

Ao, = [ min a)fo”’“z), max a)f‘x"‘“)] U [ min a)éal’az), max a)gx"‘“)] U---,
arEY* ar€Y* arEY* ar€Y *

Aoz[O, max w‘f]u[ min_ i, max a)g]u
Q€Y *XY™* Q€Y * XY * Q€Y * XY™

In [6], it is proved that there exists a subwavelength spectral gap opening in the band
structure. Let us briefly review this result. We look for a solution v of (2.6) which has the
following form:

o sekeipe] inY2\ D,
SpP[y®]  in D,
for some densities %, y* € L2(dD). Using the jump relations for the single layer poten-
tials, one can show that (2.6) is equivalent to the boundary integral equation

A% (@, §)[®?] = 0, 2.7)
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where
Skb _Sot,k (pa
AY(0,8) = D D : ¢“::( a)'
(-%1 F I =8(AT + (K*)¥) ¥

Since it can be shown that @ = 0 is a characteristic value for the operator-valued
analytic function A (w, 0), we can conclude the following result by the Gohberg—Sigal
theory [5, 19].

Lemma 2.1. For any § sufficiently small, there exists a characteristic value of = wf (3)
to the operator-valued analytic function A% (w, 8) such that w$(0) = 0 and w$ depends
on § continuously.

The next theorem gives the asymptotic expansion of w{ as § — 0.

Theorem 2.1 ([6]). For o # 0 and sufficiently small §, we have

ScapDa
0¥ = [ — 2% 4 0(5%?),
' D]

where the constant Capp, , is given by

Cappq = —((S5") xsn]. xop)-

Here, (-, -) stands for the standard inner product of L*>(0D) and yap denotes the char-
acteristic function of aD.

Let w} = max, of. The following theorem expresses the fact that a subwavelength
bandgap opens in the band structure of the bubbly crystal.

Theorem 2.2 ([6]). For every & > 0, there exist §o > 0 and & > w{ such that

o] +¢&,6] C [maxa)f,mina)g] for 8 < 8.
(4 o

3. Integral representation for bubbly crystals with a defect

3.1. Formulation of the line defect problem

In the following, we will consider the case when all the bubbles are circular disks. This
gives a convenient presentation, and makes the problem similar to the point defect prob-
lem studied in [3,4]. In Appendix B, we will outline the analysis in the case of non-circular
bubbles.

Consider a perturbed crystal, where all the disks along the x;-axis are replaced by
defect disks of radius R; with 0 < R; < R. Denote the centre defect disk by D, and let

zfd:(U Dd—i—(m,O))U( U D—l—(m,n))

mezZ meZ
neZ\{0}
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Fig. 1. Illustration of the defect crystal and the material parameters.

be the perturbed crystal, depicted in Figure 1. Moreover, lete = R; — R <0,e € (—R,0)
be the perturbation of the radius. Define
pd(x) = ppxe, (x) + pw(l = xe(x), ka(x) =kpye(x) + kw(l = xe, (x)).
The wave propagation problem inside the periodic crystal can be modelled as
1
kg (x)V - (
pd (x)

We denote by A, the set of propagating frequencies in the line defect crystal, i.e. the set
of w such that @? is in the spectrum of the operator

Vu(x)) +wu(x) =0, xeR2 (3.1

1
—kqgV - —V.
Pd
Since the defect crystal is periodic in the x;-direction, we can use the Floquet trans-
formation to decompose (3.1) as

1
ka(x)V- (pd @)

e %1 ¥y is periodic in x1,

2 _
Vu(x)) + o u(x) =0, xeYs, (3.2)

where o7 € Y* and Y; again denotes the strip Yy = [—1/2,1/2) x R. We will denote
by A4y, the set of w such that w? is in the spectrum of the operator implied by (3.2) and
by Af;fal the corresponding essential part of the spectrum.

In the strip Yj, the perturbations p; — p and x; — k have compact support. Since the
essential spectrum is stable under compact perturbations [17,31], it can be shown that the
essential spectra A, and A‘;;fal coincide.

In this paper, we want to show that introducing the line defect creates a defect band
w®(0r1) ¢ Ao,q,- Moreover, we want to show that & can be chosen such that w®(a1) ¢ Ao
for all «; € Y*, which means that any Bloch mode is localized to the line defect. We also
want to show that w®(@1) is not contained in the pure point part of Ay o,, which means
that there are no bound modes in the defect direction.
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3.2. Effective sources for the defect

Here we describe an effective sources approach to the solution of (3.2) in the strip. The
idea is to model the defect bubble D; as an unperturbed bubble D with additional fic-
titious monopole and dipole sources f and g. This method was originally introduced in
[34] and then it was applied in [3, 4] for a point defect in a bubbly crystal.

Let us consider the following problem:

1 2
V.—vi+Zi=0 in Y\ €,
Pw Kw
1 2
V.—vi+ Zi=0 nY,ne,
Pb Kp
o (3.3)
Uly —Ul- = fOmo on dD + (0,m), m € Z,
1 ou 1 ou
L B = g0m,o ondD + (0,m), m € Z,
pw V|, pp OV |_
e~i*1¥17 is periodic in xy,

where f and g are the source terms and §,,,, is the Kronecker delta function. Note that
the sources are present only on the boundary of the central bubble D.

We denote the solution to the original problem (3.2) by u and the effective source
solution (3.3) by #. We want to find appropriate conditions on f and g in order to achieve

u=1i in(Ys\D)UDy. (3.4)

Then u can be recovered by extending # to the whole region including D \ Dy with
boundary conditions on dD and dD,. The conditions for the effective sources f and g,
which are necessary in order to correctly model the defect, will be characterized in the
next subsection.

3.3. Characterization of the effective sources

Here we clarify the relation between the effective source pair ( f, g) and the layer density
pair (¢, ¥) defined in (3.5) below.

First, we observe that away from the central unit cell Y2, the equations (3.2) and (3.3)
satisfy the same geometric and quasi-periodic conditions. Thus, in order for (3.4) to hold,
it is sufficient for u and # to coincide inside the central unit cell ¥ 2.

Inside Y2, the solution # can be represented as

_ {H +8kely] inyY2\ D, 45)

S’ [l in D,
for some pair (¢, ¥) € L2(dD)2, where H satisfies the homogeneous equation

(A +k2)H =0 in Y? and is chosen to make # satisfy the quasi-periodic condition.
In (3.5), the local properties of & around dD are given by the single-layer potentials,
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while H accounts for the quasi-periodic condition. From the jump conditions given in
Section 2.1, the pair (¢, V) satisfies

¢ Sy _sku (<p) _ ( Hlap — f )
eA)D (‘g[/‘) * (askh/av|_ _Saskw/avh_) w aH/aU|3D _g . (36)

Similarly, inside Y2, the solution u can be represented as
[ H+ 585 [ya] inY2\ Dy,
k .
SDbd [(pd] mn Dd )

where

kp kw
fd 5p —Sp (fﬂd) ( Hlyp, )
AD (Wd) (askb Jov|— —88Skw/8v|+) 3H/3U|aod s (3.7

and H is defined analogously to H. 5
Now, having the two solutions coincide inside (Y2 \ D) U Dy is equivalentto H = H
together with the conditions

sk ’ [pa] = $Kp] in Dy, (3.8)
s"w [Va]l = S5 [y] inY2\D. (3.9)

Assuming D is a disk, the above equations were solved in [3,4], and we state the results
in Proposition 3.1 below. First, we introduce some notation. Since D and Dy are circu-
lar disks, we can use a Fourier basis for functions in L?(dD) or L2(dDy). For n € Z,
define the subspace V,, of L2(dD) as V,, := span{e!”?}. Then define the subspace Vi, ,
of L?(dD)? as

Viin .= Viua xVu, m,n €.

Similarly, let V¢, be the subspace of L?(dDy)? with the same Fourier basis. Then it
can be shown that the operator 4p in (3.6) has the following matrix representation as an
operator from Vy,;, to Vit

(‘A’D)an _)Vm/n/

()R ( J(kp RYH" (kp R) —Jn(kyy RYH" (ko R)
:5mn5m’n’

2 \kpJy(ky RYHD (kp R —8ky Ju(ku RY(HSVY (K R)
Similarly, the operator #p , in (3.7) is represented as follows:
(ADd)Vn(fn_)V,g/n/

(—i)an(Jn(kde)Hé”(kde) —Jn(kw Rg)H (ke Ry) )

= 817070’
2 \kpdL(ky Ra)HP (ky Rg)  —8k Jn(kw Ra) (HV) (ke R
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In [3,4], the following proposition was shown.

Proposition 3.1. The density pair (¢, ) and the effective sources (f, g) satisfy the rela-

tion
(A5 — AD) (;’j) = (g) , (3.10)

where the operators 1 : L?(0D)?> — L?(0Dy)? and P, : L>(dD)* — L?(3Dy)? are
defined by

Hy (ky R) 0
R (1)
(J)I)V —yd = 8mn8m/n’ H, (kde)
mn m'n’ Rd Jn (ku) R)
In (kw Rd)
Jn(kw Rd)
Tn(kw R)
(:PZ)an_)V;z/m = 8mn8m’n’ o J,: (kw Rd) ’
Jn(kw R)
and A3, is defined as
A 1= (P2) VAp, P 3.11)

3.4. Floquet transform of the solution

In view of Proposition 3.1, we can identify the solutions u and #%. In this section, we
derive an integral equation for the effective source problem (3.3). This problem is already
quasi-periodically reduced in the x;-direction, with quasi-periodicity ¢ . For some quasi-
periodicity o, € Y*, we set o = (1, or2) and apply the Floquet transform to the solution u
in the x,-direction as follows:

u® = Z u(x — (0, m))e' ™,
mezZ

The transformed solution u“ satisfies

1 o CU2 o . 2 n
Vi—Vu*+ —u*=0 inY*\ D,
Pw Kw
1 2
Ve—Vue + 2y =0 inD,
Pb Kb
u*|y —u®l- = f on dD,
1 ou® 1 ou®
—_ ] —— =g ondD,
pw OV | pp OV |_
ey ® js periodic.




H. Ammari, E. O. Hiltunen, S. Yu 2290

The solution u® is a-quasi-periodic in the two-dimensional cell Y2, and can be repre-
sented using quasi-periodic layer potentials as (see [9, Section 8.2.1])

S5 [Ya]l inY2\D,
ut =137 el ' (3.12)
Sy’ l¢al  inD.

where, similarly to (2.7), the pair (¢, ¥%) € L?(3D)? is the solution to

o A Sy’ -sp* (wa) - (_f)
A% (w, 8) (1//05) = (_%1 +J(£b’* —8(%1 +(K5a,k)*)) v - —8)

Since the operator A% is invertible for small enough § and for w inside the bandgap [6],

we have ;
(pa _ o -1
(1//01) = A%(w, ) (_g). (3.13)

The solution u to problem (3.3) can be recovered by the inversion formula as

1
u(x) = — f u©@192) (x) da,. (3.14)
2w Y*
Now, by the same arguments as those in [3, 4], we obtain the following proposition.

Proposition 3.2. The density pair (¢, V) and the effective source pair (f, g) satisfy

Y _ i (e1,2) -1 —f
(1/[)_(271/;]*,;4. ©.6) daz)(_g), (3.15)

for small enough § and for v ¢ Ao g, inside the bandgap.

3.5. The integral equation for the layer densities

Here we state the integral equation for the layer density pair (¢, ). The following result
is an immediate consequence of Propositions 3.1 and 3.2.

Proposition 3.3. The layer density pair (¢, V) € L?(0D)? satisfies the integral equation

Ms,&,al(w) (:i) . (I + (% L* A“(a),S)_l daz)(ﬁgD(a},(g) - AD(G),(S))) (:Z)

0
= (O) (3.16)

for small enough § and for v ¢ Ag g, inside the bandgap.

This integral equation resembles the one for a point defect found in [3,4]. However,
this similarity is not obvious, and can be seen as a consequence of the cancellation of H
in Proposition 3.1.

The significance of Proposition 3.3 is as follows. If we can show that there is a char-
acteristic value @ = w? of M55 inside the bandgap, i.e. if there is a non-trivial pair

(¢, ¥) such that M55 (w®)( fZ) = 0, then w? is a resonance frequency for the defect
mode.
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4. Subwavelength guided modes in the defect

Here, we will prove the existence of a resonance frequency w = w®(a;) inside the
bandgap of the unperturbed crystal at or;. We will give an asymptotic formula for M8
in terms of § in the dilute regime. Moreover, we will show that the defect band is not
contained in the pure point spectrum of the defect operator, and for perturbation sizes &
larger than some critical g¢, the entire defect band is located in the bandgap region of the
original operator.

4.1. Asymptotic expansions for small §

In this section, we will asymptotically expand M&%®1 in the limit as § — 0 and with @
in the subwavelength regime, i.e., @ = O(+/§). Throughout this section we assume that
a # (0,0). We begin by studying the operator (A% (w, §))~!.
Define ¥, as
Vo = (S5) " [xop).

Since we know that (%I + (JCBO”Or)*) [Vo] = Yo, we can decompose this operator as

31+ (Kp™) = Pa+ Q.

where

{(xop.°)

CapD,a
is a projection on V. Then it can be shown that Q4[] = 0 and QX[xap] = 0, where
Q. is the adjoint of Q.

For small § and for @ = O(~/3) inside the corresponding bandgap, the operator

A% (w, §) can be decomposed as

Sh —-$p” 0 0 0
AY(w,8) = b b 3( ) 5( ) 0(5%).
@.5) <_;1+J<g’* 0 ) 0 r,) o 0.) O

Define the operators

Sh —Sp* 0 0
Ay = b bl 4 =1—5A—1( )
0 (_%ng’* 0 ) ! 0 \0 Py

The motivation for defining these operators is given in Lemmas 4.1 and 4.2 below. Intro-
ducing these operators enables the explicit computation of (4%)~!. We will compute the
asymptotic expansion of these operators for small w and §.

P, =—

Va

Lemma 4.1. The following results hold for Ap and A;:
(i) Forw #0, Ag : L>(dD) — L?(3D) is invertible, and as  — 0 and § — 0,

A_l = ( 0 _ﬂl(?)g;ZuDz,ir)lwan + O(wlnw))
! = ) .
—(SpOTM 0 ey, +0(2)
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(i) Forw # 0%, Ay : L>(0D) — L*(dD) is invertible, and as  — 0 and § — 0,

@92 (xop,(PH™D
Al_l = <I _w;)Rlnw aDcaPD.oz XD + O(IHW))
0 (P! + O(w)

)2

where P- = I — (‘”wz) Py,

Proof of (i). We easily find that
1 ok —1
B e G G T
which is well-defined since —1 7 + K% : L2(dD) — L?(dD) is invertible for w # 0 [5].
2 D

From the low-frequency expansion of Sg’w [5], and using the Neumann series, we have

Sy =S+ 0@ = (S5O + 0(?). (4.2)

Using the Fourier basis, the operator —% I + Kg’* can be represented as [6]

(_%[ + Kg,*)VmeVn

= bun (=5 + T HD @R OR) + (DY @R 0R)) ).

Using standard asymptotics we can compute

—R72a)2(2m;w +InR)+ O(w3lhw), n=0,

(_ll + ch’*) = {
2 D Jv,—»V, 1
—5 + O(w), n # 0.

-1

Hence the operator (—%I + J{g*) can be written as

1 1

_ 1
1 w,*
Ly pxenyTh o . o[—). @3
(=21 + K57 JTR3a)2(2nnw+lnR)<XaD Vo> + (a)lna)) “-3)

Moreover, we deduce from (2.1) that S3[yap] = 2Ry, + RIn R) xop + O(0w? Inw),
and so

sEspb +xp) =By o(S). s

Combining (4.1)—(4.4) proves (i). ]

Proof of (ii). Using the definition of A1, and the expression for Ay, we can compute

{ )
Ay =1-96 (0 _nR)-g’(t}uDzlna)XaD + 0(w1nw)>
0 Ve +06)
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Recall the asymptotic expression of @* given in Theorem 2.1:

6 Ca
0¥ = | =P o532 4.5)
R2

We then find that

I (0%)? (XBD")XBD + 0(&)

w?2RInw Capp 4 Inw
A1 = .

0 - @2 p 1 O)

w2

Define >
pr=q- )

——P,.
o wz

For @ small enough, A; is invertible precisely when P(j- is invertible, i.e. when w # w®*.
Moreover, we have

@2 (xop.(Pg)'[])
Al_l — <I _wszlnw 3DCapD’a Xop + O(ﬁ) )
0 (P3)™' + O(w)

This proves (ii). ]
Lemma 4.2. For w # w%, and as w — 0 and § — 0, we have
(A% (w,8))" ! = AI_IAO_I(I + 0(9)).

Proof. We have already established the invertibility of A¢ and A;. Using this fact, we
have

A% (@.8) = Ag — § (8 I‘J)a) s (g QOO,) + 08

= Ay (1 — 845" (g 19) — 843! (8 QO ) + 0(82))

= Ao A, (1 — A7 4! (8 5 ) + 0(52)) )

Because Q) yap = 0, we have

SAT A (8 Qoa) — 0(5).

Consequently,
(A% (@,8) 7 = AT 45 T + 0(9) " = AT A5 + 06)),

where the last step follows using the Neumann series. ]
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Next, we compute the operator A%, — +Ap. Using Proposition 3.1 and equation (3.11),
we have

(‘A’f))vmn _)Vm/n/

(=i)xR [ @R HP(@R)  —Jh(@R) H" (0R ) 7248,
= Smnmn 2 , ) 1)y J5(@R)
wJ(wR)H,  (wR) —S$wJ,(wR)(H,") (wRd)J,;n(wRd)

Consequently,

(AD = AD)Vn— Vi

(1)
H,El)(a)R) _ Jn(wR)Hy " (wRg)

(—=i)nRJ,(wR) [0 T (@Ry)
= mn St —————— (1) Ty @R)(H") @R 4)
0 Sw((Hy"Y (@R) — 2etgmm Jied))
Introduce the notation
c 0 Ej

Using the asymptotic expansions of the Bessel function J,(z) and the Hankel function
H ,5 D (2), for small z, straightforward computations show that

(=i)nR Jy(wR)
2 Jn(wRy)

R
Sm.n (R In— 4+ O(w lna))), n=0,
Ry

- R R2In!

Moreover, we have

(E{)Vm—Vy = Smon (HMD(0R) Jn(WRg) — Jn(@R) HY (wRy)),

. . (=D7RI(@R) v o I (wR)(Hé“)/(wRd))
(ED 1y = g RO &o((ﬂn Y (@R) ),
2
_ Sm.n (8(1 — %) + 0(8w? lna))), n=0, @7
_ 2 ,
Smn O (8), n#0.

We are now ready to compute the full operator M&5-21,

Proposition 4.1. The operator M&5% (w) has the form

8,8,01 _ I M (w)
M () = (o I +j\40(a)))’ (4.8)
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where the operators My(w), My(w) : L?(dD) — L?(dD) depend on €, 8, a1. Moreover,
asw — 0,8 > 0and w ¢ Ao, we have

R2) (XaD»')

__L 1y—1/¢a,0y—1 e _
Mo(w) = 2 /Y*((P“) (5p7) E1+8(1 R?l TR2(w? — (w*)?)

+ O(w).

'(/’a) day

Proof. The expression of M3 given in (4.8) follows from (3.16) and (4.6). Combining
Lemmas 4.1 and 4.2, we find that

(A% (@,8) 7" =
@2 (xop,(PH) ' SHFH'L) (xap ) 1
wZ(Dme CaPD,aD X3D+O(ﬁ) _nR3(w2—a(Da)°‘)2)lanBD+0(w1nw)
—(PHTSE) T+ 0(w) — e Ve + 0(3)
Combining this with equations (3.16), (4.6) and (4.7) yields the desired expression
for My(w). [

Remark 4.1. It is clear that = w® is a characteristic value of M*%1 if and only if
w? is a characteristic value for I + M. We have thus reduced the characteristic value
problem for the two-dimensional matrix operator M&%®1 to the scalar operator I + M.

4.2. Defect resonance frequency in the dilute regime

The following theorem is the main result of this paper. Again, we say a frequency  is in
the subwavelength regime if = O (/).

Theorem 4.1. For § and R small enough, there is a unique characteristic value w®(ay)
of M&5 (w) such that w® (o) ¢ Ao, and w®(ay) is in the subwavelength regime.
Moreover, for aq # 0,

(1) = @ + O(R* +§),

where @ is the root of the following equation:

(S (%)= a2
14 In— 4|1 —/ ———— day = 0. 4.9)

28 Ry " R2) ) 2n Jye 02— (0%)2

Proof. We seek the characteristic values of the operator I 4+ M,. We consider the dilute
regime, i.e. where R is small. As shown in [6], in this case we have

S#m=%m+mmq&¢m+mﬁwm 4.10)

where Ry (x) = I'*%(x) — I'%(x). In particular,

Capp R?
— SO(,O -1 - _ plod 1) .
Vo = (Sp7) " [xap] v el e
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We will compute M) in the Fourier basis. It is known that [5]
R
s9 SV, = —Omn——, 0,
( D)Vm Va m,n 2|n| m 7é

which gives
2|n
(559 Wt = a4 OR).  m #0.

Moreover,
2 R2 _
5m’nm+0(ﬁ), n=0,

11 _
(P) s, = {Sm,n, n£0.

In total, we have on the subspace Vj,
U+ Mo) L 0’ R R R? 1/ @
= n— —— ) )— — 2 da
0/Vo=Vo 28 Ry RZ )21 Jy« w? — (0%)? 2

R2
o\ — .
+ (lnR +w)

Moreover, if n # 0, then

R2|n\ )
(I + Mo)v,,—v, = 5m,n(R—) + O(R" +w), n#0.

2|n|
d

In summary, the operator I 4+ My can be written as
[ + My(w) = M (0) + O(R? + 0),

where the limiting operator M (w) is a diagonal operator in the Fourier basis, with non-
zero diagonal entries for n % 0. We conclude that @ = @ is a characteristic value for
M (w) if and only if the diagonal entry at n = 0 vanishes at ® = @, i.e. if

&2R2 . R R2\\ 1 (@%)>
1 et (1= ))— [ =2 _de, =0 411
+( 2% "Ry +( Rfi))Zn /Y B2 — (02)2 7 “1D)

Next, we show that equation (4.11) has a zero @ ¢ Agq, satisfying ® = O(~V/$). Set

)2
l(w,0) = L/Y Ldaz.

27 Jyx w? — (w®)?

Then equation (4.11) implies

»? R21 R +(1 R? +—1 0 (4.12)
w| —In— - — =V .
28 Ry R 1(®,01)
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For a fixed a; € Y*, define w* = @™ which is the edge of the first band in Ag g, .
Observe that 1/1(w, 1) is increasing in w, and

1 w?
lim —— =0, lim — = —,
w—o* I(w,01) w—oo [(w,a1)  wf
where »? is the average
2 a2
wy = — w®)* day.
P=y ) @
In the dilute regime, we can compute
25 1
12 2
= — O 8 = )
@) ="mr " ( +R)
so as w — w*, the left-hand side of (4.12) tends to
In Rd R2
—— + 0@+ R).
In R RZ, + 06+ R)

Since R; < R, the leading-order term is negative. On the other hand, as w — oo, the
left-hand side of (4.12) tends to oco. Since the left-hand side of (4.12) is increasing, this
equation has a unique zero @ = @. It can be verified that this zero has multiplicity 1.
Moreover, @ satisfies & = O(V/§).

Now, we turn to the full operator / + Mo(w). Since I + My(w) = M (o) +
O(R? + w), by the Gohberg—Sigal theory [5,9, 19], close to @& there is a unique char-
acteristic value w® of the operator I + My (w), satisfying

w® =& + O(R? +6).
This concludes the proof. ]

Remark 4.2. If R; > R, i.e. for larger defect bubbles, similar arguments show that any
subwavelength frequency w®(a1) € Agq, \ Ao, satisfies (4.9) in the dilute regime.
However, it is easily verified that this equation has no solutions @ > @* when R; > R.
The conclusion is that we must reduce the size of the defect bubbles in order to create
subwavelength guided modes in the dilute regime.

4.2.1. Absence of bound modes in the line defect direction. In this section, we will show
that the defect band is not contained in the pure point spectrum of the defect crystal.

Lemma4.3. For (ay,02) € Y* X Y™, ap # 0, the partial derivative of the quasi-periodic
Green'’s function,

ad
—1*0(0),
8061

is zero precisely when oy = 0 or o) = 7.
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Proof. From the spectral form of the Green’s function [5],
ei(a+2nm)~x

r*%(x) = — _—,
(x) mgz;z la + 27 m|?

it can be easily shown that
o+ 2nm
Vo I'%%(0) = _
* © Z o + 2 m|*
meZ?2

By symmetry of the summation, we find that
d
—T*%0) =0
8a1
ifandonlyif ¢y = O oro; = m. [
Proposition 4.2. For § and R small enough, and for ay # 0, 7, the characteristic value

w® = w(ay) satisfies
dw®

80[1

#0
Proof. To simplify the computations, we introduce the following notation:
R? R 1 R?
a=—In—, b=—[1-—],
478 Ry 2 R(Zi
X = X(Oll) = (132, y = y((){l,()tz) = (60

a)Z.

Then equation (4.9) reads

(ax+b)[ Y doy, = 1.
y*Xx—)

r— Ox r— Oy
Denote x’ = Dy and y' = Ml.Then

Iy ’
ax// Y day — (ax + b) M dap, =0,
yxX—y v+ (x—y)
or equivalently
XA+ B =0,
where
A:a/ Y doy — (ax + b) %daz,
yxX—)y y* (x —)
y/

B = (Clx+b))€/;,*mda2.
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First, we show that A # 0, which implies that the zeros of x’ coincide with the zeros of B.
We have

Aza/ ) day — (ax + b) deaz
y* X —)Y yx (x —y)
ay(x —y)—(ax +b)y / y(ay + b)
= dao, = — | =2 da, <0,
[* (x — ) 2 ye (x—y2 7

since y(ay + b) > O forall (a1, a0) € Y* x Y*.
Next, we show that the leading order of B vanishes exactly at the points &y = 0 and
o = m. Using (4.5) and (4.10), we have

/_8 a2
y—aal(w)

=0 2 o E 4
"~ da; \R2In R + 27 R3R,(0) In R

4w R3§ 0 R3
= — R (0) + O — +8%).
(2R + 27K Ry (0))2 ey @@+ (lnR + )

Since Ry = I'*? — I'°, using Lemma 4.3 we conclude that for § and R small enough and
a7 # 0,7, ¥ is non-zero for any «,. Hence B is non-zero, which concludes the proof. m

Proposition 4.2 shows that the defect dispersion relation is not flat, except for local
extrema at ; = 0 and oy = 7. Thus, the defect band is not in the pure point spectrum of
the defect operator, and corresponding Bloch modes are not square integrable in the line
defect direction.

4.2.2. Bandgap located defect bands. In this section, we will demonstrate that it is pos-
sible to position the entire defect band inside the bandgap region, using a suitable choice
of ¢. Recall that e = R; — R. As before, let

I(w,01) = L/Y ﬂdaz.

21 Jy+ 0?2 — (w%)?

Lemma 4.4. The minimum
min w®(ay)
ajEY*

is attained at a1 = og withog — 0as R — 0 and § — 0.

Proof. If ag # 0, it follows from Theorem 4.1 that the minima of w®(«;) and /(w, 1)
are attained at the same point &g € Y *. Moreover, from the expression of / we see that the
minimum of »@1:%2) s also attained at ;. Using Lemma 4.2, for every fixed i, # 0 the
minimum of Capp, , is attained at &y = 0, so by Theorem 2.1 the minimum of w@192) jg
attained at a; = g with g — 0 as § — 0. Since @9 =0 (see [6]), this is true for all
ap € Y™ [ ]
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Proposition 4.3. For R and § small enough, there exists an ¢ such that for any oy € Y'*
we have

o®(ar) ¢ No.

Proof. We want to show that

min 0®(a;) > max w“.
a1 EY* a€eY *xY*

From [10] we know that
o* ;= max o“
aeY *xY*

is attained at @ = o* = (7, 7). Using Theorem 4.1, we conclude that if w®(a;) = w* for
some &1 # 0, this oy satisfies the equation
R?> InRy 1

- _ = R).
RZ IR I(w*, o) +0WE+R)

For small enough R and §, the right-hand side is positive, while the left-hand side ranges
from 0 to o0 for ¢ € (—R, 0). Moreover, /(w, «;) is continuous for &y in a neighbour-
hood of 0. Hence, for each «; € Y*, we can find a solution £(c) to this equation. Define

g = arlnea;(* E(oy).
With the choice ¢ = &g, for every fixed o; # 0 we have w®(«1) ¢ Ag for R and § small

enough. Moreover, since w®(«) is continuous, by choosing & > g¢ the statement holds
for any ay € Y*. |

Remark 4.3. In practice, since I(w, 1) is continuous for o in a neighbourhood of 0,
we can approximate &g as the root to the equation

R? InRy 1
R; InR I(w*,0)

for R and § small enough.

5. Numerical illustrations

5.1. Implementation

5.1.1. Discretization of the operator. The operator M%%1 (w) was approximated as a
matrix M (w) using the truncated Fourier basis e_iNe, e_i(N_l)e, ... e"NP We refer to
[3,4] for the details of the discretization. The integral over Y * in (3.16) was approximated
using the trapezoidal rule with 100 discretization points. The characteristic value problem
for M5%%1 (@) was formulated as the root-finding problem det M(w) = 0 and solved
using Muller’s method [5].
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5.1.2. Evaluation of the asymptotic formula. The integral over Y * in (4.9) was approxi-
mated using the trapezoidal rule with 100 discretization points. Again, the equation was
numerically solved using Muller’s method.

5.2. Dilute regime

Figure 2 shows the unperturbed band structure and the defect band for «; over the Bril-
louin zone [0, 27r]. The material parameters were chosen as kp = pp = 1, kyy = py, = 5000,
R = 0.05 and ¢ = —0.2R. It can be seen that the entire defect band is located inside the
deep subwavelength regime of the bandgap. Moreover, the defect frequencies computed
using the asymptotic formula agree well with the values computed by discretizing the
operator MES Also, we see that the defect band is not flat. In summary, these results
show that the defect crystal supports guided modes in the subwavelength regime, localized
to the line defect.

3.5
Unperturbed
3L - — - Asymptotic formula | |
o Discretized operator
2.5F q
3
g o2 .
15}
=}
g5k g
=
<5
1k 4
0.5+ 4
b8 -0 o O ©-0-00-0-0-0-00-06-0 —aa —c 4
0 L
0 ™ 27
Quasi-periodicity ay
0.31 T
Unperturbed
— — - Asymptotic formula
L o9_q ymp ]
0.3 - o S o Discretized operator
.
2 )
0.29 - e X i
/
\
3 2 N
2 0.28 - J:4 N 4
g e *
El , N
g0.27F 2 _ 1
= o X
= g o_
0.26¢ o~ o3
0.25 - E
0.24
0 T 2m

Quasi-periodicity oy

Fig. 2. Dilute case. The first two bands of the unperturbed crystal (left) and magnification of the
first band and the defect mode (right). The defect band is computed using the asymptotic formula
(4.9) (red dashed) and by discretizing the operator M5 (red circles). The crystal bubble radius
was R = 0.05and ¢ = —0.2R.
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5.2.1. Computation of defect modes. The defect modes were numerically computed by
approximating the integral in (3.14) using the trapezoidal rule. To compute u(®1-%2) in
this equation, the pair (¢, ¥) was numerically computed as the kernel of M&%®1 (©?) and
u(@1:92) was computed using (3.10), (3.12) and (3.13).

Figure 3 shows the defect Bloch eigenfunction corresponding to oy = 7/2, with the
same material parameters as in Figure 2. The figure clearly shows that the eigenfunction
is localized to the defect line and quickly decays away from the line.

0.4
0.2
0
0.2
0.4
0.6
0.8
-1

r-axis
(a) Two-dimensional plot.
1

5 050

3

o

=]

&

=1

&

) 0

0.5 I I I I .
-15 -10 -5 0 5 10 15

y-axis

(b) One-dimensional plot along the y-axis.

Fig. 3. Real part of the defect Bloch eigenfunction for ¢y = /2 in the dilute case. Each peak
corresponds to one bubble, and the defect line is located at y = 0.

5.2.2. Computation of g¢. In this section, we numerically compute the critical perturba-
tion size, where the entire defect band is located in the bandgap. The critical perturbation
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-0.14
Asymptotic formula
— — - Discretized operator
-0.16
~
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I5g
o 018
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8022
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-0.24
-0.26 I I I I I I I I
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Bubble radius R

Fig. 4. Critical defect size &g, i.e. the smallest defect size where corresponding defect band is
entirely located inside the bandgap, as a function of the crystal bubble radius.

size was computed in two ways: by solving (4.13) for the leading order term, and by solv-
ing the root-finding problem w®°(0) = w* where w® was computed by discretizing the
operator M&5-21

Figure 4 shows ¢ for different R in the dilute regime. The material parameters were
chosen as k5 = pp = 1 and ky, = py, = 10000. The values obtained from the asymptotic
formula and by discretizing the operator agree, with a smaller radius R giving a smaller
error. Quantitatively, for R in this regime, we require a decrease of the bubble size by
around 14% to 26% in order that the defect band be located inside the bandgap.

5.3. Non-dilute regime

Here we compute the defect band in the non-dilute regime, in both cases ¢ < 0 and
& > 0, corresponding to smaller and larger defect bubbles, respectively. Theorem A.l
in Appendix A shows that there is a defect frequency w? in the bandgap for small ¢ > 0
but not for small ¢ < 0.

5.3.1. Larger defect bubbles. Figure 5 shows the band structure in the non-dilute case
with & > 0. The material parameters were chosen as kp = pp = 1, kyy = py = 5000,
R = 0.4 and ¢ = 0.45R. As expected from Theorem A.1, there is a defect band above the
first band of the unperturbed crystal. Moreover, it is possible to position the entire band
inside the bandgap.

5.3.2. Smaller defect bubbles. Figure 6 shows the band structure in the non-dilute case
with ¢ = —0.6 R. The material parameters were chosen as kp = pp = 1, kyy = pyw = 5000,
R = 0.4 and ¢ = 0.45R. In this case a defect band is present inside the bandgap. Here ¢
is quite large, in contrast to Theorem A.1 which is only valid for small ¢.
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Fig. 5. Non-dilute case. The first two bands of the unperturbed crystal (left) and magnification of the
first band and the defect mode (right). The defect band was computed by discretizing the operator

MES:21 The crystal bubble radius was R = 0.4 and ¢ = 0.45R, corresponding to a non-dilute case
with larger defect bubbles.

6. Concluding remarks

In this paper, we have for the first time proved the possibility of creating subwavelength
guided waves localized to a line defect in a bubbly phononic crystal. We have shown that
introducing a defect line, by shrinking the bubbles along the line, creates a defect fre-
quency band inside the bandgap of the original crystal. An arbitrarily small perturbation
will create a non-zero overlap between the defect band and the bandgap, and we have
explicitly quantified the required defect size in order to position the entire defect band
inside the bandgap. Moreover, we have shown for the first time that the defect band is
not contained in the pure point spectrum of the perturbed operator. This shows that we
can create truly guided modes, which are not localized in the direction of the defect. In
the future, we plan to study more sophisticated waveguides, with bends and junctions.
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Fig. 6. Non-dilute case. The first two bands of the unperturbed crystal (left) and magnification of the
first band and the defect mode (right). The defect band was computed by discretizing the operator

MES21 The crystal bubble radius was R = 0.4 and ¢ = —0.6R, corresponding to a non-dilute
case with smaller defect bubbles.

Moreover, we also plan to study waveguides in phononic subwavelength bandgap crys-
tals with non-trivial topology, rigorously proving the existence of topologically protected
subwavelength states in bubbly crystals.

Appendix A. The resonance frequency of the defect mode for small perturbations

Here we derive a formula for the resonance frequency of the defect mode in the case of
small ¢, following the approach of [3,4]. The strength of this approach is that it is valid in
both the dilute and non-dilute regimes. We begin by reformulating the integral equation
(3.16) in terms of the effective sources ( f, g) instead of the layer densities (¢, ). The
following proposition is a restatement of Proposition 3.3.
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Proposition A.1. The effective source pair ( f,g) € L*(dD)? satisfies the following inte-
gral equation:

£,6,a1 f .
MES (@) (g) :

(I+(A§)(w’8)_AD(w’8))%/Y* A(al,az)(w’(g)lda2) ({g:)

0
= (O) , (A.1)

for small enough 8 and for v ¢ Ao g, inside the bandgap.

In this section, we derive an expression for the characteristic value w® of M55 (w)
located slightly above w® for both the dilute and non-dilute regimes.

Let us first analyse the operator fY*(A“)_l da. Since w® is a simple pole of the
mapping w > A%*(w)~! in a neighbourhood of w®, according to [5], we can write

o

AY () = + R*(w), (A.2)

w — w%

where the operator-valued function R¢(w) is holomorphic in a neighbourhood of w®, and
the operator £* maps L2(dD)? onto ker A% (w®, §). Let us write

ker A% (w*) = span{W¥*},  ker (A% (0*))* = span{®*},
where * denotes the adjoint operator. Then, as in [2,5], it can be shown that
(Qa")wa

£ =
(@, 75 A

pe)’

w=w%

where again (-, -) stands for the standard inner product of L2(dD)2.
Hence the operator M%%®1 can be decomposed as

1 £
MESC () = [ + (A5 — AD) 5~ / das
T

Y* W — Wy
1
Af — Ap)— Ry das.
+'( D D)2ﬂtﬁw o A2
Note that the third term on the right-hand side is holomorphic with respect to w.
Denote * = (o1, ) and * (1) = @™ Using similar arguments to those in [10]

and the fact that each bubble is a circular disk, we can prove the following result on the
shape of the dispersion relation close to o*.

Lemma A.l. For afixed oy € Y*, the characteristic value w* attains its maximum over
ap atay = 7, i.e. at o = a*. Moreover, for ay near , we have

0% = 0*(a1) — yes(@) (2 — 1) + o((a2 — 7)?).

Here, cg(a1) is a positive function of oy and §.
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The operator [y m da, becomes singular when w — w®. Moreover, since we
want to compute the defect band inside the bandgap of the periodic problem at «;, we
can assume o is inside this bandgap. Consequently, the singularity occurs as w — w*.
Let us extract the singular part explicitly. Denote A* = A©@1™) &* = d@17)  and
£* = £@17) Moreover, denote by B; a bounded function with respect to @ in V. Then,
by Lemma A.1, we have

1 plar,a2) $* [om 1
5; '—:—TEJZS a2==§—- 1 — 2da2+lh(w)
o 7w Jo w—or+Lesten(@—n)
£* 2 I
= —  [——Darct B
27 | @—o")es(an) arc"“‘(\/2( ) )+ 1)
i*
= %—Bzﬁvl

2(w—w*)cs (o)
We therefore get
1
Ma,&,al — AL *y A *)) L * RE
(w) =1+ 2(a)—w*)c§(oe1)( b(@") —Ap(@*)L" + R (w)

for some R°(w) = O(e) which is analytic and bounded for w close to w*. We look for
characteristic values w = w¢ of M®%%1 (w), i.e. values such that there exists some W& % 0
with M52 (w)We = 0. Expanding this equation, we have

1 (Af — Ap) (™)™
et (@7 AT V)
Then, multiplying by ®*, we obtain

€

(®*, UF) + RE(0)WF = 0.

- wE ! (@, (A% — Ap) (@) T*) R
<QI>’\p>(1+¢2(w€—w*)c5(oq) (@*, LAx| _  w¥) )+<¢,ﬁ(w)\P>—o

Since R¢(w) = O(g), it follows from the above equation that (®*, W) # 0. Therefore,
choose W¢ such that (®*, W*) = 1. This gives

£ = o 4 1 1 ((CIJ*, (AH — AD)(a)*)\I!*))Z
2esan) (1+ (0% RE@U2\ " (or, Lax| ) )

(A3)

iw:w*

In order to derive a more explicit expression, we will consider the asymptotic limit as
8 — 0. As in [3,4], we have the following lemma.

Lemma A.2. The following results hold:
(i) When § — 0, we have

<q>*, diA*(w*,8)\IJ*> = 2nw* ne*R> + 0(V5),
w

which is positive for § small enough.
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(ii) For a fixed &, when § — 0 we have
(@7, (A (@7, 8) — Ap (", 5)W™) = Seln o™ (Rl[Veer 22 )
+ O(e§ + &*§1né),

—2Capp 4+)

where Yo+ = (Sg*’o)_l[)(ap] and Capp, o« = —(Va=, xop). For small & and §, this
expression is positive for ¢ < 0 if R is small enough, or ¢ > 0 for R close enough
to 1/2.

Combining equation (A.3) and Lemma A.2, we obtain the following result.
Theorem A.1. Assume that § is small enough and the pair (R, €) satisfies one of the two
assumptions
(1) R small enough and € < 0 small enough in magnitude (dilute regime),

(i1) R close enough to 1/2 and € > 0 small enough (non-dilute regime).

Then there exists one frequency value w® (1) such that the problem (3.2) has a non-trivial
solution and w®(ay) is slightly above w*(a1). Moreover, as § — 0 we have

f(a1) = 0 (1) +

I 8e(RIVar 2205, — 2CaDp o) 2
2¢s(ay) 2rw* (o) R3

2
+ o(_gln*f + gws), (A4)

where a* = (ay, ).

Remark A.1. It is easily verified that equation (4.9) evaluated for small ¢ coincides with
equation (A.4) evaluated for small R.

Appendix B. Characterization of the effective sources for non-circular bubbles

Let now D be a general simply connected domain with D € C!. In this section, we will
restrict to the case of small size perturbations ¢ < 0. Define the defect bubble Dy € D as
the domain with boundary

0Dg = {x + evx | x € dD},

where v, is the outward unit normal of dD at x € dD. We will need some results given
in [2]. First, we introduce some notation. Define the mapping p : 0D — dD4, p(x) =
X + evy. Let x,y € 0D and let X = p(x) € dD; and ¥ = p(y) € dD4. Define g :
52(3D) — L2(0Dy), q(¢)(X) = ¢(p~ (X)), and for a surface density ¢ on 9D, define
$ = q(@) on dD,.

We also define the signed curvature 7 = 7(x), x € dD, in the following way. Let
x = x(t) be a parametrization of dD by arc length. Then define t by

2

Wx(t) = —TVy.
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Observe that 7 is independent of the orientation of dD. The following results are given
in [2], but adjusted to the case where ¢ < 0.

Proposition B.1. Let k > 0. Let ¢ € L2(dD) and let x, y, X, 7. ¢ be as above. Then
85, pIBI®) = SEIB1(x) + e(=11 + K5™)[p](x) + o(e), (B.1)
85, 161(%) = SE[9](x) + e(Kf + KpH)[Bl(x) + SF 4] (x) +0(e).  (B2)
S50, [B1(xX) = SHIPI(x) + (=31 + Kp)[pl(x) + eSp[rl(x) + 0(e).  (B.3)
Proposition B.2. Let ¢ € L2(dD) and let x, y,X, 7, ¢ be as above. Then
K B1®) = X5 g1(x) + eXE[p)(x) + o(e). (B.4)

where JC{‘ is given by

KE = K5 [16)(x) — T(0) K5 [pl(x) + —[¢]( ) — SD[¢]( xX) = K285 (x).

8T2

Here 3T2 denotes the second tangential derivative, which is independent of the orienta-

tion of aD.
We also state the following result which is given, for example, in [29].

Proposition B.3. For x € dD and k > 0 we have

9D}
= 218100 = (51 + K5 S5 (=31 + KE)[#1x)

= (—L1 + KE)SH AT + K580

As in Section 4, we consider the defect problem (3.1), modelled by the fictitious
sources as in (3.3). Observe that Proposition 3.2 is valid even for non-circular bubbles. To
derive the analogue of Proposition 3.1, we again study equations (3.8) and (3.9), i.e.,

S5 lpa) = S§'l¢]  in Dy,
SpUlval = Sp*ly] inY2\D.

Since w is in the subwavelength regime, ky, is not a Dirichlet eigenvalue. Together with the
uniqueness of the exterior Dirichlet problem, we conclude that it is sufficient to consider
these equations on the boundaries. Using the notation above, this means

o ledl = S50 plel. Sty [Wal = SprIvl.
Using the expansions (B. 1)—(B.3), we find
SK g7 0al + (KK + K g 0a] + e85 [tq ™ pa]
= S5 (0] + (=11 + K)[g] + o(e)
SEUlg  Wal(x) + (=11 + K5 g Wal(x) + eS5  [eg ™ Wal(x) = S5 [yl + o(e),
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with g defined as above. From this we find that

9a\ _ (S R+ K) 1 0 (w)
(I/fd)_Q<1+8< R S (=L xp) <) ) \¥

+ o(e)

— o (P
=P (W) , (B.5)

where Q is the bijection Q : L2(dD)?> — L?(0D4)?. Q = (¢.q), and P, : L?(dD)?
— L2(dDg)>.
Using the asymptotic expansions (B.2) and (B.4), we can expand the operator #Ap , as

Ap, = Q o (Ap(®,8) + eA1(@,8) 0 07" + 0(e), (B.6)
where
Ko gk sk e~k 4 acker 4 ske )
A1(w,8) = & k .
K’ —0K"
Using Taylor expansion, we have
ad H| ad H| 92 H|
— = — —&— .
gy 1D = 5y, Da gy2 " 10Da
We use the Laplacian in the curvilinear coordinates defined by 7%, vz for X € dDg,
02 0 02
A= — X)— + —.
w2 T 5 T

It is easily verified that the curvatures on the two boundaries satisfy
7(X) = t(x) + O(e).

Hence we obtain
02 02 d
meDd = —(klzu + W)Hde - 75H|3Dd + O(e).
In total, we have
Hlsp _o-1{ Hlap,
(BH/avlaD) = %2 \onyovip, ) (B.7)

where the operator 5 ! : L?(dD4)? — L?(dD)? is given by

Pyl = (1 +e (ki +0(8T)2 _Tl)) 07 ' +o(e).
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Combining equations (3.6), (3.7), (B.5) and (B.7) we arrive at

(P Ap, P1 — Ap) (1‘2) - (g)

As before, we define A7 = P 'Ap, P1. Finally, we can compute this explicitly using
equations (B.5)—(B.7) and Proposition B.3 to obtain the following proposition, which is
the analogue of Proposition 3.1 in the case of non-circular bubbles.

Proposition B.4. The density pair (¢, V) and the effective sources ( f, g) satisfy the rela-

tion
(A5 — AD) (jjj) - (f;)

where the operator A%, satisfies

AG — A -1 0 %[ * g,* +o(¢)
— =¢ — o\&
b b 0 a)2Sg + —ai;?z 3
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