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Abstract

In this paper, we study the behaviour of the coupled subwavelength resonant modes
when two high-contrast acoustic resonators are brought close together. We consider the
case of spherical resonators and use bispherical coordinates to derive explicit represen-
tations for the capacitance coefficients which, we show, capture the system’s resonant
behaviour at leading order. We prove that the pair of resonators has two subwavelength
resonant modes whose frequencies have different leading-order asymptotic behaviour.
We, also, derive estimates for the rate at which the gradient of the scattered pressure
wave blows up as the resonators are brought together.

Mathematics Subject Classification (MSC2010): 35J05, 35C20, 35P20.

Keywords: subwavelength resonance, high-contrast metamaterials, bubbly media, bispher-
ical coordinates, close-to-touching spheres, capacitance coefficients.

1 Introduction

Subwavelength acoustic resonators are compressible objects that experience resonant phe-
nomena in response to wavelengths significantly greater than their size. This behaviour
relies on the resonators being constructed from a material that has greatly different mate-
rial parameters to the background medium. The classical example is an air bubble in water,
in which case the subwavelength resonant mode is known as the Minnaert resonance [1-3].
Thanks to their ability to interact with waves on subwavelength scales, structures made
from subwavelength resonators (a type of metamaterial) have been used for a wide variety
of wave-guiding applications [4-10].

In this paper, we wish to examine how the resonant modes of a pair of spherical resonators
behave as they are brought close together. We will see that the leading-order behaviour of
the resonant modes is determined by the so-called capacitance coefficients [5]. These are well
known in the setting of electrostatics and can be calculated explicitly when the resonators
are spherical. This was first realised by Maxwell, who derived the formula using the method
of image charges, but we favour the approach conceived by Jeffrey, which relies on expanding
solutions using bispherical coordinates [11].

The analysis performed here will rely on using layer potentials to represent solutions,
enabling us to perform an asymptotic analysis in terms of the material contrast [2, 5]. We will
show that the two subwavelength resonant frequencies have different asymptotic behaviours,
which can be neatly expressed if the separation distance is chosen as a function of the
material contrast. This has significant implications for the design of acoustic metamaterials
with multi-frequency or broadband functionality. We will then examine how the eigenmodes
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behave as the resonators are brought together. In particular, we study the extent to which
the gradient of the acoustic pressure between the resonators blows up as they are brought
together.

Similar analyses (of close-to-touching material inclusions) have been performed in several
other settings. In the context of electrostatics [12-21] and linear elasticity [22-26], it has
been shown that the electric field or the stress field blows up as the two inclusions get closer,
provided the material parameters of the inclusions are infinite or zero. However, these field
enhancement phenomena are not related to resonances. In the plasmonic case, where elec-
tromagnetic inclusions have negative permittivity and support subwavelength resonances
called surface plasmons, the close-to-touching interaction has been studied in [27-35]. The
subwavelength resonance studied in this article is a quite different phenomenon from the
behaviour of surface plasmons. Firstly, we study structures with positive and highly con-
trasting material parameters and, secondly, high-contrast acoustic resonators exhibit both
monopolar and dipolar resonances while plasmonic inclusions support only dipolar resonant
modes.

Since many of the results concerning the resonant modes and frequencies can be expressed
as concise formulas when the resonators are identical, we summarise the results for this
special case in Section 3 before proving the general versions in Sections 4 to 6. Finally, in
Section 6 we demonstrate the value of these results by expressing the scattered solution in
terms of the resonant modes.

2 Preliminaries

2.1 Asymptotic notation
We will use the following two pieces of notation in this work.

Definition 2.1. Let f be a real- or complex-valued function and g a real-valued function
that is strictly positive in a neighbourhood of xo. We write that

f(x) = O(g(x)) as © — xo,

if and only if there exists some positive constant M such that |f(x)] < Mg(x) for all x such
that x — xq is sufficiently small.

Definition 2.2. Let f and g be real-valued functions which are strictly positive in a neigh-
bourhood of xo. We write that

f(x) ~g(z) as x = w0,

if and only if both f(xz) = O(g(x)) and g(z) = O(f(x)) as x — xg.

2.2 Helmholtz formulation

We study the Helmholtz problem which describes how a time-harmonic plane wave is scat-
tered by the high-contrast structure. We consider a homogeneous background medium with
density p and bulk modulus x. We study the effect of scattering by a pair of spherical
inclusions, D7 and D, with radii r; and ro and separation distance € (so that their centres
are separated by 71 + 12 + €). We use p, and &y, for the density and bulk modulus of the
resonators’ interior and introduce the auxiliary parameters

UZ\/E, =2, k=2 k=,
p V oo v v

which are the wave speeds and wavenumbers in R3 \ D and in D, respectively. We, finally,
introduce the two dimensionless contrast parameters

k
sg=0 B _ T [P (2.1)

P kv pok’



If we use the subscripts + and — to denote evaluation from outside and inside 9D
respectively, then the acoustic pressure v produced by the scattering of an incoming plane
wave u'" satisfies o

(A+ k) u=0, in R\ D,
(A+k)u=0,  inD,

2.2
Uy —u_ =0, on 0D, (22)
5%|+72—Z =0, ondD,
along with the Sommerfeld radiation condition, namely,
9 .
(6‘|x - zk> (u —u™)(z) = O(|z|7?), as |z| — oco. (2.3)

We assume that v, vy, 7, 1 and r9 are all O(1). On the other hand, we assume that there
is a large contrast between the densities, so that

0<d<1. (2.4)

A classic example of material inclusions satisfying these assumptions is a collection of air
bubbles in water, often known as Minnaert bubbles [1], in which case we have § ~ 1073.

We choose the separation distance € as a function of § and will perform an asymptotic
analysis in terms of §. We choose € to be such that, for some 0 < f < 1,

e~e 5 as 5 0. (2.5)

As we will see shortly, with € chosen to be in this regime the subwavelength resonant frequen-
cies are both well behaved (i.e. w = w(§) — 0 as § — 0) and we can compute asymptotic
expansions in terms of 4.

2.3 Layer potentials

Let D C R? be the union of the two disjoint spheres D; and D,. Let G* be the (outgoing)
Helmholtz Green’s function

elk\ac—y|

G*(z,y) = . zyeR3 k>0, (2.6)

Arfe —y
and S, : L?(0D) — H .(R®) the corresponding single layer potential [36, 37], defined by
Splel@) = | GM(r.y)o(y) doly). =R, 6 € L*(OD). (2.7)

Here, Hlloc(R?’) is the usual Sobolev space. We also define the Neumann—Poincaré operator
Kk . L2(8D) — L*(8D) by

K5 (6 () = /8 0

5 G doty), € 0D, (28)

where 0/0v, denotes the outward normal derivative at = € dD.
The solutions to (2.2) can be represented as [38]

u:{u%wsj's[wux), r R\ D,

SE (o) (x), z € D, (29)

for some surface potentials (¢,%) € L?(0D) x L?(0D), which must be chosen so that u
satisfies the two transmission conditions across D. This is equivalent to satisfying (see e.g.

367 387 39 f()I' detai1§)
’ w (; éu'y; ’ :




where
Sy -Sh
YR - BT S N

and I is the identity operator on L?(9D).

Our analysis of (2.10) will be asymptotic using the fact that § < 1, by assumption, and
we are interested in subwavelength resonant modes for which w < 1. Using the exponential
power series we can derive an expansion for S kD, given by

Alw, 8) == {

Sh=8p+ > k'Spn, (2.11)
n=1
where, for n =0,1,2,...,
in .
Sonldl(@) =~ oo [ fo =y 6) doly), @ € RS, o€ L2(0D)
. Jop

and Sp := Sp o is the Laplace single layer potential. It is well known that Sp : L?(9D) —
H'(AD) is invertible [38]. Similarly, for K%* we have that

Kp"=Kp+ D k'Kpn, (212)
n=1
where, for n =0,1,2,...,
o _in(n — 1) om=3( 3 2
Kpnldl(z) = —— — lz —y" P (z —y) - vad(y) do(y), = e€R’ ¢ € L*(ID),
TNn. oD

and K7, := Kp o is the Neumann-Poincaré operator corresponding to the Laplace equation.

The kernels of the integral operators Sp , and Kp ,, for n > 1 are bounded as |z —y| — 0.
Conversely, the kernels of Sp and Kp have singularities in the e — 0 limit. Thus, for small
k, the leading order terms in (2.11) and (2.12) dominate even for small € > 0. This allows us
to write that, as k,e — 0, Sk = Sp + O(k) and K" = K% + O(k) in the relevant operator
norms. This is made precise by the following lemma (cf. [36, 38]).

Lemma 2.3. The norms ||Sp n|B(r200),11 (00)) and |Kp nllB(L20D),2(0D)) are uniformly
bounded for n > 1 and 0 < € < 1. Moreover, the series in (2.11) and (2.12) are uniformly
convergent for € > 0, in B(L*(0D), H(0D)) and B(L*(dD), L*(dD)) respectively.

2.4 Resonant frequencies

In light of the representation (2.9), we can define the notion of resonance to be the existence
of a non-trivial solution when the incoming field u*" is zero.

Definition 2.4. For a fized § we define a resonant frequency (or eigenfrequency) to be w € C
such that there exists a non-trivial solution to

Aw) (5) = (5)- (2.13)

where A(w, d) is defined in (2.3). For each resonant frequency w we define the corresponding
resonant mode (or eigenmode) as

Spll(x), zeR*\D.
Remark 2.5. The resonant modes (2.14) are determined only up to normalisation. In
Sections 5 and 6 we will choose the normalisation to be such that u, ~ 1 on 0D for all
small § and e.
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Figure 1: Two close-to-touching spheres, annotated
with the coordinate system outlined in Section 2.6.

Definition 2.6. We define a subwavelength resonant frequency to be a resonant frequency
w = w(d) such that w(0) =0 and w depends on § continuously.

Lemma 2.7. There exist two subwavelength resonant modes, uy and uq, with associated
resonant frequencies wy and we with positive real part, labelled such that Re(w) < Re(ws).

Proof. Consider the operator corresponding to § = 0 and w = 0:

Sp -Sp

A(0,0) = .
(0,0) —3I+K;, 0

Since Sp is invertible, dimker.A(0,0) = dimker (—47+K3}). We can show (e.g. the

arguments in Lemma 2.12 of [8]) that

{851[X3D1]7 851 [XaDz]} )

is a basis for ker (7%1 + IC}S). Then, by the theory of Gohberg and Sigal [37, 40], we have
that there exist two subwavelength resonant modes u; and us, at leading order. O

Remark 2.8. We will see, shortly, that each resonant mode has two resonant frequencies
associated to it with real parts that differ in sign. We will use the notation w,, to denote the
resonant frequency associated to u, that has positive real part. As we will see in the proof
of Lemma 4.1, — Re(wy,) is also a resonant frequency associated to the mode uy,, up to an
error of order O(9).

2.5 Capacitance coefficients
Let ¢1, 1 € L?(0D) be given by

1 on 0Dy, 0 on 9Dy,
S = S = 2.15
D] {0 on 9D, D[Y2] {1 on 9D, (2.15)
We can show (as in the proof of Lemma 2.7) that
1

ker (—21 + ICB) = span{y1, P2 }. (2.16)

We then define the capacitance matrizc C = (Cyj) as
Cij = ’l/)j dO’, Z,] = 1,2 (217)

oD;



2.6 Coordinate system

The Helmholtz problem (2.2) is invariant under translations and rotations so we are free to
choose the coordinate axes. Let R; be the reflection with respect to 9D; and let p; and ps
be the unique fixed points of the combined reflections R; o Ry and Ry o0 Ry, respectively. Let
n be the unit vector in the direction of p, —p;. We will make use of the Cartesian coordinate
system (x1,x2,x3) defined to be such that p = (p; + p2)/2 is the origin and the zs-axis is
parallel to the unit vector n. Then one can see that [22]

p1 = (Oa 0, —O() and py = (0707 O[), (218)

where

oo Ve@rit e;g?:é) _(f:)l +2r5+6) (2.19)

Moreover, the sphere D; is centered at (0,0, ¢;) where

ci = (—=1)"/r? + a2. (2.20)

This is depicted in Figure 1. This Cartesian coordinate system is chosen so that we can
define a bispherical coordinate system (4.11) such that the boundaries of the two resonators
are convenient level sets.

3 The special case of identical spheres

In this section, we summarise the results in the case that the two spheres have the same
radius, which we denote by r. These results are all special cases of those derived in the
rest of this paper. Firstly, the resonant frequencies are given, in terms of the capacitance
coefficients, by

3v}
w1 =1/6-—=(C11 + C12) + O(6),
dmr (3.1)

3 2
Wo = \/6%(011 — 012) =+ 0(5)

47r3

Further to this, since D; and Dy are spherical we can derive explicit expressions for the
capacitance coefficients. In the case that the resonators are identical, the capacitance coef-
ficients are given by

> (2n+1)&o
. e
Cll = 022 = 8¢y E W,
n=0

e 1
012 = 021 = —87'('042 62(2n+1)€0 — 1,
n=0

where ~
G = +/e(r +€/4), € :=sinh ! (i) .

From [18], we know the asymptotic behaviour of the series in (3.2) as § — 0, from which
we can see that as e — 0,

Ci = 271'?0 [v + 2log 2 + log (v/7) — log (Ve)]| + O(e),
Cra = —2m - [y +1og (V) ~ log (/)] + 0(0)

where v /=~ 0.5772... is the Euler—-Mascheroni constant.



Combining (3.1) and (3.3) we reach the fact that the resonant frequencies are given, as
0 — 0, by

wi = 1[520182 6 (5.
27’ (3.4)
wy = \/53;)3 (log (z) +2'y+210g2> +0 (\/5) .

Thus, the choice of € ~ 6_1/517ﬁ, where 0 < 8 < 1, means that as § — 0 we have that
wy ~ V34 and wsy ~ §°/2.

The two resonant modes, u; and us, correspond to the two resonators oscillating in
phase and in antiphase with one another, respectively. Since the eigenmode us has different
signs on the two resonators, Vus will blow up as the two resonators are brought together.
Conversely, u; takes the same value on the two resonators so there will not be a singularity
in the gradient. In particular, if we normalise the eigenmodes so that for any x € 9D

lim [y ()] ~ 1, Jim fun ()] ~ 1, (3.5)

then the choice of € to satisfy the regime € ~ e~/ """ means that the maximal gradient of

each eigenmode has the asymptotic behaviour, as 6 — 0,

1
max_|Vuy(z)| ~ 1, max_|Vug(x)| ~ —. (3.6)
z€R3\D 2€R3\D €
By decomposing the scattered field into the two resonant modes, we can use (3.6) to un-
derstand the singular behaviour exhibited by the acoustic pressure. The solution u to the
scattering problem (2.2) with incoming plane wave u'™ with frequency w = O(6%/?) is given,
for x € R3\ D, by _

u(z) = u'™ + auy (x) + bug(x), (3.7)

where the coefficients a and b are given, as 6 — 0, by
2

w 1/ n [3’
_ Y winde+ 0367,
=210l ) (&)

b= 20.}722L (/ uin dl‘—/ uin dx) +O(§/§)’
w? — w3 |D[ \/p, D,

with 3 := min(8,1 — ) and |D| being the volume of D = D; U D.

a=—

4 Resonant modes

We now derive results analogous to those in Section 3 for the more general case where D;
and D, are arbitrarily sized spheres with respective radii r; and r5. We only require that
r1,72 = O(1). In the case of non-identical spheres it is convenient to define the rescaled
capacitance matriz C = (C’l /) as

Cij,

~ 1
Cpiim ——
| D

where |D;| is the volume of the sphere D, i.e. |D;| = 47wr$/3. The resonant frequencies are
determined by the eigenvalues of the rescaled capacitance matrix.

(4.1)

Lemma 4.1. The subwavelength resonant frequencies of two resonators D1 and Dy are

given, as 6 — 0, forn=1,2, by
Wy, = 1/ 0VEN, + O(0),

where \1, Ay are the eigenvalues of the rescaled capacitance matriz C, defined in (4.1).



Proof. Suppose that

(¢,%) is a solution to (2.13) for small w = w(d). From the asymptotic
expansions (2.11) and (2

.12) we have that
Splo —¢] + ksSpa[¢] — kSpa[y] = O(W?), (4.2)
<—;I +Kp + kgicm) (4] - & (;I + IC*D> [¥] = O(0w + w?). (4.3)

From the first equation (4.2) and the fact that Sp is invertible we can see that ¢ = 1)+ O(w).
We recall, e.g. from Lemma 2.1 of [5], that for any ¢ € L?(0D) we have

[ (3r+xp)ar=o. [ (3rexp) o= [ pan
oD; 2 9D; 2 oDs

(4.4)
| Koaleldo =~ [ Splelas
c’)Di Di
for i = 1,2. Integrating (4.3) over 9D;, for ¢ = 1,2, and using (4.4) gives us that
fkg/ Sply]do — 0o Y do = 00w + w?). (4.5)
D; oD;

At leading order, (4.3) says that (,%[ + IC,*D) [)] = 0 so, in light of (2.16), the solution
can be written as

¢ = a1y + azths + O(W® +9), (4.6)

for constants a1, as = O(1). Making this substitution into (4.5) we reach, up to an error of
order O(w?® + dw), the eigenvalue problem

()% () “
O

Remark 4.2. [t is important, at this point, to highlight the fact that the resonant fre-
quencies wy and wy are not real valued. Since we are studying resonators in an unbounded
domain, energy is lost to the far field meaning that the resonant frequencies have negative
imaginary parts [2, 5, 8]. The leading order terms in the expansions for w1 and we (given
in Lemma 4.1) are real valued and the imaginary parts will appear in the O(§) term in the
expansion. Since only the leading order terms in the asymptotic expansion (2.11) and (2.12)
have singularities as the resonators are moved close together, it is not enlightening to study
higher-order expansions in this work.

By elementary linear algebra we have that the eigenvalues of C are given by

1/~ . . - R
Ap = 3 (011 + C22 + (—1)n\/(011 — Co2)? + 4012021> ) (4.8)
for n = 1,2. From (4.8), finding the resonant frequencies (at leading order) has been reduced
to finding expressions for the capacitance coeflicients.

Lemma 4.3. In the case that Dy and Do are spheres of radius v, and r2, respectively, and
are separated by a distance € the capacitance coefficients are given by

(2n+1)é, (@n+1)6
e e
C1, = 8ma Z RCEIGETI IR Czo = 87ax Z e@nt)(&+&2) — 17

1
e(@n+1)(&1+€2) — 1’

& :=sinh™! <a> .
ri

012 = 021 = —87TO£Z

where



Proof. Let V; := Sp[t;] be defined as the extension of (2.15) to all of R\ D, for j = 1,2.
Then Vj is the unique solution to the problem

AV; =0, in R?\ D,
‘/j = 5ij7 on aD,, (49)
Vi(z) =0 (ﬁ) , as |z| = oo.

By recalling the transmission conditions for the single layer potential on 9D [38], in particular
the fact that for any ¢ € L?(0D)

soSolells = (437 +K5 ) el

on 0D and using (4.4) we can write the capacitance coefficients in the form

aV;
S
aD; aV

We will find expressions for V; using bispherical coordinates. Recall the Cartesian coordi-
nate system (z1, 3, x3) from Section 2.6, which is such that p; = (0,0, —«a) and ps = (0,0, @)
are the fixed points of the combined reflections in dD; and 0D, where « is given by

do, 4,j=1,2. (4.10)
+

B \/6(27"1 +e)(2ra+€)(2r +2ra +€)
2(r1 + 19 +€)

We then introduce a bispherical coordinate system (&, 6, ) which is related to (x1,x2,x3)
by
asinf cos @ asinfsin @ asinh & (4.11)
TH=—-T py=— T pa= > .
17 coshé —cosf’ "2 coshé—cosf’ ~° coshé —cosf’

and is chosen to satisfy —oo < € < 00, 0 < 6 < 7w and 0 < ¢ < 27. The reason for this
choice of coordinate system is that dD; and 0D, are given by the level sets

0D, = {§ = —&1}, 0Dy = {¢§ = &}, (4.12)

where &1, & are positive constants given by

¢ = sinh™ <O‘> . (4.13)

T

‘We now show that
Vi€ 0,¢) = ﬂ\/mz (A%e("+%)§ + Bfle_(”"’%)f) P, (cos?), (4.14)
n=0

where P, are the Legendre polynomials and

Al 1 Bl _ e(@n+1)&2

n ] — e@nt1)(&1+E2)”’ n 1 — e(@n+1)(&1+&2)”
A2 _ e(2n+1)§1 B2 _ 1

n 1 — e(@n+1)(&1+€2)’ no ] — e@nt+1)(&1+E2)

Since the solution to (4.9) is unique, it suffices to check that (4.14) satisfies the three con-
ditions. Firstly, it is well known that (4.14) is a harmonic function with the appropriate
behaviour in the far field [11, 18, 19, 41]. To check the values on the boundaries D1, OD2
we recall that [11, 18]

1 = v24/cosh & — cosf Z e_("+%)|5|Pn(cos 0), (4.15)
n=0



hence the subsitution of £ = —¢&; and £ = &; into (4.14) yields

Vilop, = Vi(=£1,0,¢) = V2y/cosh & — COSGZ e_("+%)€1Pn(cos9) =1,
n=0

V1|3D2 = V1(§2u97§0> = 03

as well as similar results for V5. Therefore, the solution to (4.9) is given by (4.14).
It remains to use the formula (4.14) for V; to calculate the capacitance coefficients
through (4.10). We recall the identities [41]

1
/ P8 g V2 b (4.16)
_1 v/cosh€ — s 2n +1 ’
1
/ P V2 i (4.17)
_1 (cosh ¢ — 5)3/2 sinh |¢] ’

from which we can show that

V2 - 0y (mte(”Jr%)an(cos 9)) do = —8mad;s, (4.18)
V2 o, (\/m e~ DEP (cos 9)) do = —8mad;. (4.19)
Thus, integrating (4.14) over 0D; gives
Ci; = 8ra <5i2 i Al + 64y i BZL> : (4.20)
n=0 n=0

O

Using the results of [18], we see from Lemma 4.3 that the rescaled capacitance coeflicients
are given, at leading order, by

ST L 2 N\ &

= 13 (& + &) [log (51 +§2> v <51 +€2>} OO,
Ty = 0% 2 N\ & .
2= r3(&1 + &2) [log <§1 +52) 1/J<£1 +§2>} +0(Ve),

(4.21)
G = _T%(fifj- £2) {log (51 i§2) - (1)} +Ole),
On = _rg’(ﬁfi 3 [log (51 *2%2) - (1)} +Ole),

where (z) := <L logI'(z) is the digamma function [42], whose properties include ¢ (1) = —y
and (1) = —y — 2log 2. By combining (4.21) with Lemma 4.1 and the expression (4.8) we
are able to find expressions for the resonant frequencies, at leading order.

Theorem 4.4. The resonant frequencies of two spherical resonators with radii r1, ro and
separation distance € are given by

w1~\/5,

32 /1 1 2 1 (4.22)
Wy = \/5% (3 + 3) rz log ( 2 ) +0 (\/3) .
2 Ty 5y ) T1+ T2 ri+1ro€

Again, the choice of € ~ 6’1/51_B, where 0 < B < 1, means that as § — 0 we have that
wy ~ V3 and wy ~ §°/2,

10



Proof. We use a series expansion for the digamma function [42] to see that

&i —
¢<§1+£2) T Znn—zz

n=1
where z; =1 — &;/(& + &). Hence, we have that

Cia=—Cn + o1, Oy = —Coy + o2, (4.23)

where

o0
o —
’ §1+§2 Z n(n — z)

Note that o; ~ 1 as § — 0. Therefore, the C' eigenvalues from (4.8) are given by

1 ~ ~ ~ ~ ~ ~
)‘n = 5 (011 + 022 =+ (—1)”\/(011 + 022)2 — 40110’2 — 40220’1 + 40’10’2) . (424)

We can rewrite this as

1+ (—1)" (éll —|—C’22) ( 1)n+1 01102 +0220'1

Ap =
2 Ci1 + Coy

+O(5'77), (4.25)

where we have used the fact that the choice of € relative to § means that (6‘11 + C’gg)_l =
O(6175).

The formula for wy follows from (4.25) by using the leading order behaviour of C’ij, given
n (4.21), combined with the expansions

1 2r1rs 3/9 « 179
= — e+ 0(3?), = + O(e).
¢ T 7“1+7“2\[ () S +& rmA4r ©

In the case of wy, the leading order term in (4.25) vanishes so the result follows from the
fact that

é Cv 3 3
A = 102 + 2201 F OB ) = r10§ +T§Uz
Ci1 + Coo TT + T3

as 6 — 0. O

+ 0P ~ 1, (4.26)

Remark 4.5. We can see that the case of identical resonators (3.4) follows from the proof
of Theorem 4.4 since if r1 = ro = r then & = & hence 01 = o9 which means that (4.24)
says that

300 — 1/2 3
A =0 = 256, nz:: = 172) = 5 log2+0(e). (4.27)

5 Eigenmode gradient blow-up

We are interested in studying how the solution behaves in the region between the two
spheres. The eigenmodes are known to be approximately constant on each resonator. If
these constant values are different then, as the two resonators are moved close together, the
gradient of the field between them will blow up. We wish to quantify the extent to which
this happens.

Recall the decomposition (4.6) which allows us to write the eigenmodes in terms of
Sp[y1] and Sp (i), as defined in (2.15). From the fact that the eigenvector of C' associated
to the eigenvalue A, (as in (4.8)) is given by

M- Coz ) (5.1)
C121
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we see that the eigenmodes are given, for n = 1,2, by
un (@) = Spln](x) + O(87/2), (5.2)

where ~
A — C
b = 2Ty 4 . (5.3)
Co1

By recalling the definition of the basis functions ¢, and 15 (2.15) we have that
)\nfézg B/2
fn—222  O(6P/2), € 0D,
uM){ c (0%, =< 0Dy (5.4)

1+ 0(5%/2), z € 0D,

From the leading order behaviour of A, (4.25) and of the capacitance coefficients (4.21) we
have that, as § — 0,

—C 14 0(5'7), =1,
An — Caa _{ ( ) n (5.5)

= .3
Co —:% + 0(51_6), n =2.
1
Thus, we can show the following preliminary lemma.

Lemma 5.1. For sufficiently small 6 > 0, ui|sp, and ui|sp, have the same sign whereas
uslop, and uz|ap, have different signs.

Further to this, from (5.4) and (5.5) we know that the eigenmodes converge to constant,
non-zero values as ¢ — 0. Since € = ¢(J) is chosen so that ¢ — 0 as ¢ — 0, if the two leading
order values are different then the maximum of the gradient of the solution between the two
resonators must blow up as § — 0.

Theorem 5.2. Let u; and us denote the subwavelength eigenmodes for two spherical res-
onators (with radii 1 and ro) separated by a distance € which are normalised such that for
any x € 0D

lim s ()| ~ 1, Jim us(a)| ~ L
Suppose that the distance € satisfies € ~ e—1/6"
mode has the asymptotic behaviour, as § — 0,

76, then the mazimal gradient of each eigen-

1 ifri=r

max_|Vuy(z)] ~<{ | fri=r2

z€R3\D Toge)’ otherwise,
and )
max_|Vug(z)| ~ —.
zER3\D €

Proof. We first remark that the desired normalisation of the eigenmodes is possible thanks
to (5.2)-(5.5). We prove the desired behaviour by decomposing the leading order expressions
for the eigenmodes into two functions. The first, which does not have a singular gradient as
€ — 0, is defined as the solution to

Ahy =0, in R\ D,
hi =1, on D1 UdD>, (56)
hi(z) = O (ﬁ) . as |z = .

The fact that Vhy is bounded as e — 0 follows from the fact that hilop, = hilap,, €.9-
from Lemma 2.3 of [17] or by applying the result of [43].
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For the singular part, we use a function that has been used in other settings, defined as
the solution to

Ah/Q = 0, in RS \E,

ho = ¢;, on 0D;, (5.7)

ha(z) = O (El‘) : as || — oo, '
oD; %Lr do = (=1)",

for some constants ¢;. We know, e.g. from Theorems 1.1 and 1.2 of [17] or from Proposi-
tion 5.3 of [19] that

1
max_|Vhg| ~ ——— as § = 0. (5.8)
2€R3\D ellog €l

We now wish to write the leading order term of (5.2) in terms of hy and hy, that is find
A, and B, such that for all z € R3\ D

Spldn)(x) = “gf”sm [ (&) + Spl](2) = Auhr(2) + Buaha(z),  (5.9)

where A,, and B,, are constant with respect to x, but may depend on e. Differentiating (5.9)
and integrating over 0Dy and 0Ds, respectively, gives the equations

M—l 611+01 = A,o1+ By, (510)
021

An = Anoy — B, (5.11)

where we have used the fact that hy = Sp[¢1 + 1], the representation (4.10) for the
capacitance coefficients and the notation o; from (4.23).
We can solve (5.10) and (5.11) for A,, and B,,. We see, firstly, that

</\"th22 - 1) Cii + 014+ Ay = Ap(o1 4 02). (5.12)
From which, we can use (5.5) as well as the fact that Ay = O(1) and o1 = O(1) to see that

A1 =0() as 6 — 0. (5.13)
For the case where n = 2, we can additionally use (4.25) to see that the left-hand side of

(5.12) is given by

Ay — C. - 3 .
272 1) Chtort = —%011+C22+O(1), (5.14)
021 1

thus, we have that
r1#ry = Ag ~|loge| as § — 0. (5.15)

Conversely, if 71 = 9 then Ay = Coy — Cs; and hence

Ay — C - - - .
(26022 1) Ci14+ 014+ A= —-2C9 + 09 + Cog — Coyy =0, (516)
21

so (5.12) gives that
rm=r9 = Ay =0asd—0. (5.17)

We can now use (5.11) to find B,,. The behaviour of B; is similar to that of As in the
sense that if 1 = ro then A\ = 01 = 09 and A; =1 so (5.11) gives that

rm=ry = By =0asd—0, (5.18)
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whereas
r1#1r9 = By~1lasd—0. (5.19)

The case of By is much simpler, since we always have that
B; ~ |loge| as § — 0. (5.20)

Finally, the result follows by combining the above results, namely the behaviour of the
coefficients A,, and B,, and the estimates for Vh; and Vhs. O

6 Scattered solution

We now wish to study the scattered field in response to an incoming plane wave 4", writing
the solution in terms of the subwavelength eigenmodes studied above.

Theorem 6.1. Let u; and us be the two subwavelength eigenmodes, normalised according
to (5.2) and (5.3). Then, the solution u to the scattering problem (2.2) with incoming plane
wave u™™ with frequency w, which is assumed to be such that w = O(6°/2) as 6 — 0, is given
for x € R3\ D by
u(z) = u'" + auy (z) + bus(z),
where the coefficients a and b are given, as § — 0, by
2

w 1 in 3
- d o(s°
w?w%|D|/D“ z+0(%),

w? 1 (/ ; | D | : > 5
b= ——5— " dy — —— w' dz ) + 0(67),
=B 10 \Up, sl Jp, )
with  := min(3,1 — B).

Proof. If (¢,1) solves the scattering problem (2.10) then using the asymptotic expansions
(2.11) and (2.12) we see that

a = —

Splo — 9] = u™ + O(w), (6.1)
<1I+K*+k2lc ) —5( L4k = 0(6 3 6.2
5 ptkKpz2 )9 5 + Kb | [¥] = 000w + w?). (6.2)
From (6.1), we know that A
¢ =19 —8p' [u" + O(w), (6.3)

so are able to write that

(-éz + /C};) (0] +kEKp o)) =0 (;I + /C}g) (Y] = kiKp.2 [Sp'[u™]] + O(6w+w?). (6.4)

If we integrate (6.4) over 0D, and use the properties (4.4), we reach the equation

—k,‘f/ Spllde—5 [ do= kg/ W™ da + 03w + ). (6.5)
D oD D

We can make the decomposition

Y = a1 + bo2 + @3, (6.6)
for constants a,b = O(1), where ¢; and ¢o are the densities corresponding to the two

subwavelength eigenmodes, defined in (5.3), and ¢35 € L?(dD) is orthogonal to both ¢; and
¢o in L2(OD). It is shown in Theorem 4.2 of [5] that if w = O(67/2) then || ¢ 2(ap) = O(6).
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Recall that ¢; and ¢, are defined such that (4.5) is satisfied exactly when w is equal to the
corresponding resonant frequency. Therefore, we have that

“”1/$D¢1 x—b“’2/sD¢2 dx—é/ agy + bpo do = O(dw +w®).  (6.7)

From (5.5) we can show that

022 ‘D‘ + O((SI_B), n=1,
Spldn =———|D Dy| = 6.8
/ plon] 1+ D] = {0(51—5), n=2. (68)

Then, subtracting (6.7) from (6.5) we reach
2 _ 2 2 4 .
a L p| =2 / w™ da + 0(6%w?), (6.9)
2 2
Y Y Jp

which can be solved to give the formula for a. The formula for b can be found by repeating
these steps but instead integrating (6.4) over dD; — 0Dy and using the fact that

Ao — Cop |Di| = [Ds| +0(8" "), n=1,
Splpn) dz = Z—2|Dy| — |Ds| = 6.10
/1)1 Do D[¢] v 021 | 1‘ | 2| {2|D2|+O(515)’ n = 2. ( )

This gives the equation

W2 — w? W2 — W2 W2 4 R
oL 1Dy = D)) + 522 (—oDy|) = 7/ W de + O(8%w?),  (6.11)
b b Uy JD1—D;
which can be solved to give the formula for b. O

Corollary 6.2. Using the coordinate system defined in Section 2.6, the coefficients a and b
from Theorem 6.1 can be expanded as

w? in c1]D1| + c2| Dy in B
a__oﬂ—w% (u (0)—|——|D| n-Vu (0)) + 0(07),
w? ([ (e1— )| D in 5
b_oﬂ—wg( D] n-Vu (0)>+O(6 ),

where ¢1 and co are the x3-coordinates of the spheres’ centres and n is the unit vector along
the line through their centres.

Proof. Let x € D then we can use Taylor’s theorem to expand 4" (x) about the origin, using
the coordinate system defined in Section 2.6. Using the fact that z = O(1), Vu" = O(w)
and V2u'™ = O(w?), we see that

u™(y) = u"™(0) + z - Vu'(0) + O(w?). (6.12)

Substituting this into the integrals in the expressions given in Theorem 6.1 gives the desired
formulas when we use the fact that

/ x dz = ¢;|D;|n. (6.13)
D;

O
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7 Concluding remarks

Structures composed of subwavelength resonators have been shown to have remarkable wave-
guiding abilities. In this paper, we have conducted an asymptotic analysis of the behaviour
of two subwavelength resonators that are close to touching. We have shown that the two
subwavelength resonant frequencies have different asymptotic behaviour and have derived
estimates for the rate at which the gradient of each eigenmode blows up, accounting for the
differences between symmetric and non-symmetric structures.

We have studied the case of spherical resonators in this work, but this could be generalised
to shapes that are strictly convex in a region of the close-to-touching points. This relies on
using spheres with the same curvature to approximate the structure, as was done in the
setting of linear elasticity by [22, 23].

Understanding the different asymptotic behaviour of the two eigenfrequencies is useful
if one wants to design structures for specific applications. For example, one might want
to construct an array that responds to a specific range of frequencies [8, 9] or a structure
that has subwavelength band gaps [10]. In addition, the estimates for the blow-up of the
gradient of the eigenmodes are valuable since the gradient of the acoustic pressure describes
the forces that the resonators exert on one another in the presence of sound waves. Known
as the secondary Bjerknes forces [44—48], this work provides an approach to understanding
these forces in the case of close-to-touching bubbles.
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