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Abstract

Through the application of layer potential techniques and Gohberg-Sigal theory we derive
an original formula for the Minnaert resonance frequencies of arbitrarily shaped bubbles. We
also provide a mathematical justification for the monopole approximation of scattering of
acoustic waves by bubbles at their Minnaert resonant frequency. Our results are comple-
mented by several numerical examples which serve to validate our formula in two dimensions.
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1 Introduction

The purpose of this work is to understand acoustic wave propagation through a liquid containing
bubbles. Our motivation is the use of bubbles in medical ultrasonic imaging as strong sound
scatterers at particular frequencies known as Minnaert resonances [21]. Many interesting physical
works have been devoted to the acoustic bubble problem [8, 10, 13, 15, 18, 19]. Nevertheless, the
characterization of the Minnaert resonances for arbitrary shaped bubbles has been a longstanding
problem.

In this paper we derive an original formula for the Minnaert resonances of bubbles of arbitrary
shapes using layer potential techniques and Gohberg-Sigal theory [14, 2]. Our formula can be
generalized to multiple bubbles. We provide a mathematical justification for the monopole ap-
proximation and demonstrate the enhancement of the scattering in the far field at the Minnaert
resonance. We show that there is a correspondence between bubbles in water and plasmonic
nanoparticles in that both raise similar fundamental questions [3]. However, the mathematical
formulation of Minnaert resonances is much more involved than the formulation of plasmonic
resonances.

The Minnaert resonance is a low frequency resonance in which the wavelength is much larger
than the size of the bubble [10, 21]. Our results in this paper have important applications. They
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can be used to show that at the Minnaert resonance it is possible to achieve superfocusing of
acoustic waves or imaging of passive sources with a resolution beyond the Rayleigh diffraction
limit [4, 5]. Foldy’s approximation applies and yields to the conclusion that the medium sur-
rounding the source behaves like a high contrast dispersive medium [12]. As the dispersion is
small, it has little effect on the superfocusing and superresolution phenomena. Effective equa-
tions for wave propagation in bubbly liquids have been derived in the low frequency regime
where the frequency is much smaller than the Minnaert resonance frequency [6, 7, 16]. In this
paper, however, we are more concerned with wave propagation in the resonant regime.

The paper is organized as follows. In Section 2 we consider the scattering of acoustic waves in
three dimensions by a single bubble and derive its Minnaert resonances in terms of its capacity,
volume, and material parameters. In Section 3 we derive the point scatterer approximation of
the bubble in the far-field. In Section 4 we perform numerical simulations in two dimensions to
illustrate the main findings of this paper. The paper ends with some concluding remarks. In
Appendix A, we collect some useful asymptotic formulas for layer potentials in two and three
dimensions. Derivations of the two-dimensional Minnaert resonances are given in Appendix B.

2 The Minnaert resonance

We consider the scattering of acoustic waves in a homogeneous media by a bubble embedded
inside. Assume that the bubble occupies a bounded and simply connected domain D with
0D € CY* for some 0 < s < 1. We denote by p, and & the density and the bulk modulus
of the air inside the bubble, respectively, and by p and k the corresponding parameters for the
background media R3\ D. The scattering problem can be modeled by the following equations:
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V- Vu+2u=0 in RA\D,
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| u® :=u — u' satisfies the Sommerfeld radiation condition.

Here, 0/0v denotes the outward normal derivative and |+ denote the limits from outside and
inside D.
We introduce some parameters to facilitate our analysis. We let

v:\/z, vb:”@, k=2 and k:b:g
P Pb v Up

be respectively the speed of sound outside and inside the bubble, and the wave-number outside
and inside the bubble. We also introduce two dimensionless contrast parameters
Pb kp v Pok

0=— and 7=—=—=,/—.
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By choosing proper physical units, we may assume that the size of the bubble is of order 1
and that the wave speeds outside and inside the bubble are both of order 1. Thus the contrast
between the wave speeds is not significant. We assume, however, that there is a large contrast
in the bulk modulii. In summary, we assume that 6 < 1 and 7 = O(1).

We use layer potentials to represent the solution to the scattering problem (2.1). Let the
single layer potential S§, : L?(0D) — H'(dD), H\ (R?) associated with D and wavenumber k
be defined by

vx e R®,  SP[Y](x) := - Gr(x,y)¢(y)do(y),
where )
elklx—yl
Gr(x,y) = TIx—y]

is the Green function of the Helmholtz equation in R3, subject to the Sommerfeld radiation
condition. We also define the boundary integral operator ICIB* : L?(0D) — L?(0D) by

8Gk(xa y)
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We then look for a solution u of (2.1) of the form

_ {uin—f—Sg[w], on R*\ D, (2.2)

Sf)b [T/Jb] ) on Da

for some surface potentials 1,1, € L?(0D). Using the jump relations for the single layer
potentials [2], one can show that (2.1) is equivalent to the boundary integral equation

A(w,8)[¥] = F, (2.3)

Skb _Sk: w uin
Aw,d) = D D . ,wz<g,F=< m)
(0) (-;+ng’ —M;+K$)> ¥ %

Throughout the paper, we denote by H = L2(0D) x L2(0D) and by H1 = H'(0D) x L*(dD),
and use (-,-) for the inner product in L? spaces and || - ||3 for the norm in H. Here, H'(0D) is
the standard Sobolev space. It is clear that A(w,d) is a bounded linear operator from H to Hi,
i.e. Alw,0) € B(H,H1).

We define the resonances of the bubble in the scattering problem (2.1) as the complex
numbers w with negative imaginary part such that there exists a nontrivial solution to

where

Alw, 8)[¥] = 0. (2.4)

These can be viewed as the characteristic values of the operator-valued analytic function w
A(w,d). We are interested in the quasi-static resonances of the bubble, or the resonance fre-
quencies for which the size of the bubble is much smaller than the wavelength 27rk~!. In some
physics literature, this resonance is called the Minnaert resonance [21]. Due to our assumptions
on the bubble being of size order 1, and the wave speed outside of the bubble also being of order
1, this resonance should lie in a small neighborhood of the origin in the complex plane. In what



follows, we apply the Gohberg-Sigal theory to find this resonance.
We first look at the limiting case when § = w = 0. We set for clarity Sp := S’[“)ZO, Ky =
ICIBZO’*, and we define

(2.5)

Ao ::A(0,0):< Sp ‘3D>.

—3+K5 0

We denote by 15p € H(9D) the constant function on D with value 1, and by Aj : H1 — H
the adjoint of Ag. We recall that Ker (IC}“3 — %) = Vect{¢}, for some 1)y € H. We choose the
normalization of ¥y so that (Lsp, o) = faD 1o = 1. With this normalization, it holds that
Splvo] = —CapBlllaD, where Capp, is the capacity of the set D.

Lemma 2.1. It holds that Ker(Ag) = Vect {¥o} and that Ker(Af§) = Vect{®¢}, where we set

_ (%o (0
\IIO—<¢O> and <I>0—<18D).

The above lemma shows that w = 0 is a characteristic value for the operator-valued analytic
function A(w,d). By the Gohberg-Sigal theory [2, 14], we can conclude the following result
about the existence of the quasi-static resonance.

Lemma 2.2. For any ¢ sufficiently small, there exists a characteristic value wy = wo(d) to the
operator-valued analytic function A(w,0) such that wo(0) = 0 and wy depends on § continuously.

By performing the asymptotic analysis of the operator A(w, d), we are able to calculate the
first orders of 0 — wp(d). Our main result in this section is stated in the following theorem.

Theorem 2.1. In the quasi-static regime, there exist two resonances for a single bubble, of the
form (|D| denotes the volume of D).

CapDvg 1 CapQDvg
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The resonance w; is what is usually called the Minnaert resonance.

[SMI[9Y

).

Remark 2.1. In the two-dimensional case, we find another expansion. The main differences
between the two-dimensional case and the three-dimensional case are explained in Appendix B.

Remark 2.2. In the case of a collection of N identical bubbles, with separation distance much
larger than their characteristic sizes, the Minnaert resonance for a single bubble will be split into
N resonances. The splitting will be related to the eigenvalues of a N-by-N matrix which encodes
information on the configuration of the N bubbles. This can be proved by a similar argument as

in [4].

Remark 2.3. In the special case when D is the sphere of radius R, we have Capp = 47w R and
|D| = %R?’. Consequently, the Minnaert resonance is given by

3035

2Rv’

wy (8) = %M?T—i

The leading term wyr = V/36vy/R was already derived by Minnaert [21].



Proof of Theorem 2.1. We find the resonance by solving
A(w,0)[¥s] = 0. (2.6)

e Asymptotic analysis of A(w,d). Let us first study the operator A(w,d). Using the results
in Appendix A, we can derive the following result.

Lemma 2.3. In the space B(H,H1), we have
A(w,d) == Ap + B(w,d) = Ag + wAi o+ w2«4270 + w3A3,o +0A1 + 5w2A271 + O(\w[4 + ‘(5003’)

where we define

1 -1 -2 2 -3 -3
_ (v, Sp1 —v Spa _ (v, Sp2 —v “Spg _ (v ’Sps —v °Spgs
AI,O - ( 0 0 ) ) AQ,O — (,Ub2’CE72 0 ) A3,0 - UI;3IC*D,3 0 )
0 0 0 0
Ao = (0 —(3 +/C;5)> » Az1 = <0 —v_2IC/’572> '

~ We now define a rank-1 operator Py from H to H; by Po[¥] := (¥, ¥g)Pg, and denote by
Ao = Ao + Po.

Lemma 2.4. We have
(i) The operator Ay is a bijective operator in B(H,Hi1). Moreover, Ay[Wo] = || Wol|>®o;
(i) Its adjoint Ay" is a bijective operator in B(Hy, H). Moreover, Ay [®o] = || @2 .

Proof. By construction, and the fact that Sp is bijective from L?(0D) to H' (D) [1], we can
show that Ay (hence Ag") is bijective. The fact that Ag[Wo] = 2||¢o||*® is direct. Finally, by
noticing that P§[0] = (0, @)y, it follows that .A()*[(I)()] = P;[®o] = ||[Lap]|*Po. O

e Strategy of the proof. }
Write Us = ¥y + ¥; and assume the orthogonality condition (¥, V) = 0. Since Ay =
Ao + Py, Equation (2.6) is equivalent to

(Ao —Po+ B)[¥g+ ¥] =0.

Observe that the operator Ay+ B is invertible for sufficiently small § and w. Applying (A0+B)_1
to both sides of the above equation leads to

Uy = (Ag + B) 1 Po[To] — Tg = [|Tol|* (Ao + B) o] — To. (2.7)
Using the orthogonality condition, we deduce that (2.6) has a solution if and only if

A(w, 8) = o) (((Ao + B) (@], W) — 1) =0. (2.8)

Let us calculate A(w, ) := A(w, d) ||Po||. Using the Neumann series

1

(A() + B)fl = (1 + A0716>_1 Aoil = (1 - AoilB + roileioilB — ) Aoi ,



and the fact that Aoil[q)o] = || Wo|| "2 o and Aoil[\llo] = ||®|| "2 o, we obtain that

A(w,8) = — w (A1,0[Wo, Po) — w? (Az,0[¥o], o) — &’ (As,0[¥o], Do) — & (Ao,1[¥o], Do)
w? (Arodo " ArolWol, @) +w” (Arodo Azl Wo], @) +w (Aro Ay Aso[Wo], By )
+wb (Ao AWl o) +wb (Ao1 Ao Aro[ o], o)
W (Arodo " Arodo” AvolWol, @0) + O(fl* + (o] ] + 18]?).
It is clear that Af o[®o] = 0. Consequently, the expression simplifies into
Alw, 8) = = w? (Az,0[Wo], B) — w® (A 0[Wo], Bo) +w* (Ar0dy ™ Aro[Wo), @) s
— 3 (Ao1[Wo], @0) +wd (Ao1Ao Aro[Wol, o) + O] + 0] [w]? +[3]). Y

We now calculate the five remaining terms.

e Calculation of (A3 o[¥¢], ®g). Using the first point of Lemma A.1, we get
(A20[Wo], ®0) = v, % (Kb o[t Lap) = v, (Yo, Kp2[lop))
D]
o(x / Go(x — y)dydo / Splool(x)dx = )
/ o(x o( (%) p[¢o] (%) vZCapp

where we used the fact that Sp[o](x) = —Cap},’ for all x € D.
e Calculation of (A3 o[¥¢], Pg). Similarly, using the second point of Lemma A.1, we get

i|D|

3
47rvb

(Aso[¥o], ®o) = v, (o, Kps[lap]) = v, (@Do, 1|D| D) =

e Calculation of (Ag1[¥¢], ®o). We directly have

(Ao,1[Wo], ®o) = —(¢0, Lgp) = —1.

e Calculation of (./4071./2{0_1./41,0[\1’0],(1)0). We have
_ (1 1N\ [(Spalo] _ (1 1\ -i[1gp
Aio[¥] = <'Ub v)( 0 )— <Ub v> 477( 0 >,
0 0
Al ( (3 +Kp) [ﬂaD]> (116D>

Let us calculate Aj*! <]18D>. We look for (yp,y) € H so that

() om0 (3) - (i) ronre ()



By solving the above equations directly, we obtain gy, = _C;p Lahg and y = Ca2p L), so that
1sp Capp (—1o
= ) 2.10
'AO ( 0 ) 2 ¢0 ( )

- 1 iC
(«40,1«40 IALO[‘I’O],%) = < - > : ;:D

vy v

It follows that

e Calculation of <A270A071A1,0[\If0], @0). Using similar calculations, we obtain

(Az,o«io_lALo[‘I’o],‘I’o) = (Ao_lAl,o[‘I’o]aA§,o[@o])

1 /1 1Y)iCap 1 /1 1|D[
= 3 < - ) 87TD (v0, Kp2[lap]) = 2 < - ) S

v, Up (% Vp [

e Conclusion. Considering the above the results, we can derive from (2.9) that
D i|D 1 1 iC
"4(("‘)>5):_"‘)2 2’ ‘ _WSI"Q<+>+5+ 51 apD <—>
vy Capp 8mvy \vp v
O(jw[* + 18] [w[* +18[%).

(2.11)

We now solve A(w,d) = 0. Tt is clear that § = O(w?), and thus wy(d) = O(V6). We write
3
2

wo(d) = 4162 + asd + O(d2), and get

D 1 32 iD] /1 1 1 3.\3
- 5% +azd +0(03)) — = 4 2) (a16% + a8 + 05
ngapD (al ? 20+ 0 2)> 871'1}2 Vp + v (al * Fa20+ 0 2)>
iCapp (1 1 3, 82 5 2y _
o+ (Ub U> <a152 + azd +0(52)) +0(62) = 0

From the coefficients of the § and 3 terms, we obtain

D —|D i|D 1 1 iC 1 1
e L2 I \2(+>+a11apa<_>:o
vy Capp vy Capp 8mvy \vp v 8w vy v

which yields

2 : 2.2
v:Ca iCap$Hv
papp and ap Pply

“ |D| 8m|D|v

This completes the proof of the theorem.
O

Remark 2.4. Using the method developed above, we can also obtain the full asymptotic expan-
sion for the resonance with respect to the small parameter J.



3 The point scatterer approximation

In this section, we derive the monopole approximation. In order to do so, we change the point
of view. We now assume that the size of the bubble goes to 0, and we would like to replace the
complicated behavior of the bubble by an equivalent simple formula (monopole approximation).
More specifically, we assume that 0 € D and that the bubble is D, := €D, with contrast &,
for some € > 0. We excite the bubble at a fixed frequency uif = upe™®* and we would like to
understand the behavior of the scattered field as € — 0. As noted in the previous section, the
interesting regime is when /8, ~ €. In the sequel, we fix ;> 0, and study the limit as ¢ — 0 of
u®(x) solution to (2.1) for a bubble ¢|D| with contrast §. := ue?.

Theorem 3.1. For all x € R3\ {0} and in the regime where the bubble D, with contrast § = pe>
1s excited by ui? = upe'®*, it holds that

" e<1c_ai€,uo> Gu(x)+O0(E) if n#pu
u’(x) = M

4 .
1%quk(X) +0() if wu=pum,

where we set
_ |Dw* DIk}

" Cappv} Capp’

HeM (3.1)

Remark 3.1. Loosely speaking, if the bubble is small and has a high-contract, then according
to Theorem 3.1, the scattered field behaves like

Capp i .
v B U (0)Gy & ()i (0)Gi
(1 N CapDv§5) 1T

where the function gs(w), called the scattering function of the bubble, is defined by

Capp
gs(w) = = Gk
W) T
Here, wys := CTg’f6vb s the Minnaert resonance of the bubble.

Remark 3.2. The imaginary part in the denominator of gs is called the radiative damping term.
Since this term is negative, the poles of w — gs(w) have a negative imaginary part. Together with
the Titchmarsh’s theory [22], this implies that gs is the Fourier transform of a causal function,
hence satisfies the Kramers-Kréonig relations.

Remark 3.3. If the bubble is a sphere of radius R, one obtains
4R
- Lj) — iRk

Wiy

gs(w) =
(

This term has the same properties as the usual scattering functions that we may find in [10, 17].



Proof of Theorem 3.1. By a simple change of scale, the problem is equivalent to understanding
the behavior of S5[)](x/c) as e — 0, where ¥ = (¢}, %) is solution to

) ) eisk-x
Alew, pe®)¥ = F with  F(x) := ug (us?’ik . Vxeik'x> .

Step 1. We write ¥ = a¥q + ¥; with (¥, ¥y) = 0. Then,
(Ay — Po + B)|a¥y + U] = F
implies that
(1= (Ao +B)1Py) [ + W] = (Ao + B) ! [F],
which yields
a®o+ Uy —al[To? (Ao + B) ' [@o] = (Ao + B) [F].
As a result, we get

((Ag + B)~[F], ¥o) (Ao + B)~'[F], W)

a

e Y

ol (1~ (o + B) o), wo)) A(w,9)
Uy = (Ao + B) ' [F] + a || W) (Ao + B) @] — alp.

We have F' = ug <ﬂ8D> + O(e), so that, together with (2.10),

(Ao+B)'[F] = uo(Ao+B)~" (ﬂgD) +0(e) = updo (HZD) +0(g) = ug Ca2pD (;ﬁo) +0(e).

As a result,

%:wﬁ?D<ﬁg+0@.

Step 2. To calculate the scattered field, we use the approximation

olklx—ey|

SHe/) = [ G (% - ]) wntyaoty) = = [

yp—
op 4mlx — ey|
oiklx| IRLES

Yo(y)do(y) + O(e?) = —¢

_57
ar|x| Jap

Therefore,

w(x/e) = <a+uOC§‘p +o<s>) SeE ol (Ixol/e) = < <a+uocap) GL()(1 1 0(e)).



Step 3. We now calculate the coefficient . We write

. elkx 0
F=F+F, with F; =ug ( 0 > and Fy = <u53ikeik'x> .

It is clear that Fy = O(e?), so that

(Ao +B)"'F], W) ((Ao+B)~'[F1], Wo) + O(=*)

A(w, d) B A(w,0)
_190)l* (Ao + B)TH[F1], Wo) + O(e®)
T A(w,d) ’

We have, from the Neumann series,

(o +B)'[F], W) = (Ao = Ao 'BAy " +.Ay ' BAy ' BAy )[R, Wo ) +O()
= o] ((F1,®0) = (Ao~ [Fi]. B*Do) + (Ao BAy ' [F1], B[®o]) ) + O(<%)
= 0]l (= (Ao (R, B*[@o]) + (Ao BAy[Fi] B[@0])) + O(?),

where we have used the fact that (Ag")~2[¥g] = [|®0] > ®o and that (F1,®o) = 0. Recall that
B*[@o] = ewA] o[®o] + %w? A3 [@o] + 21 AG 1 [Ro] + O(?).

Together with

Ay [F] = ug Ca2pD (J;O> + O(e),

and

-2
* _ * _ (Y ICD,2[]]-8D] * _ 0
1,0[(1)0] =0, A2,o[q)0] = ( 0 ’ -’40,1[@0] = 1sp)°

we can conclude that

[0l (Ao + B) (), Wo) = 0 P2 [ (o, v, *Ka o)) — i, 19)] + O(E?)

WD (s + ) + O,

= —&Up

where pps was defined in (3.1).
On the other hand, from the expression of A(w,d) in (2.11), we have

Awnd) =2 =) + € (w22 (Lo ) - dB (L D)) poen. )

8w vp U 87rvg vp U

If 1 # par, the first term is dominant, and we get

Cap(p + pr) Cap Capp
=upy——--2+0 that =
o = ug 20— pin) + O(e) sothat «+ ug 5 U0 %

+ O(e).

10



If ;o = pas, then the second term in (3.2) is dominant. Actually, this term simplifies into

iCapp (1 1 silD] (1 1\ .w’D| . wCapp
CEMTS < “ 8mvd - _147rv§v - ’

vy U vp U 4mv
so that
4 C 4
a:i@ﬂ—FO(l) so that a+uoﬂ:a+0(1):i@ﬂ+0(l).
€ w 2 E w
This concludes the proof of Theorem 3.1. O

Remark 3.4. Using similar methods together with the results of Appendiz B, we can derive the
monopole approximation in two dimensions.

4 Numerical illustrations

In this section we perform numerical simulations in two dimensions to analyze the resonant
frequencies for two scenarios. We first analyze the single bubble case for which a formula was
derived in Theorem B.1. We then calculate the resonant frequencies for two bubbles and compare
our results with the single bubble case.

4.1 Resonant frequency of a single bubble in two dimensions

To validate the Minnaert resonance formula (B.3) in two dimensions we first determine the
characteristic value w. of A(w,d) in (2.4) numerically. We then calculate the complex root wy
of (B.3) that has a positive real part. Comparing w. and w, over a range of appropriate values
of § allows us to judge the accuracy of the formula.

In order to perform the analysis in the correct regime, which was described in Section 2, we
take p = k = 1000 and p, = Ky = ¢, where c is chosen such that the wave speed in both air
and water is of order 1 and 6 € {107%}, i € {1,...,5}. We use 2? points to discretize the unit
circle used in the calculation of the layer potentials that form A. Calculating w. is equivalent
to determining the smallest w such that A(w, d) has a zero eigenvalue, i.e.

we :=argmin {|w|, 0 € o(A(w,9))}.
weC

We denote by A(w) the eigenvalue of A(w, d) with the smallest norm. We find the complex roots
of the equation A(w) = 0 using Muller’s method [2, 9]. We also use Muller’s method to calculate
wy solution to (B.3). The resonant frequencies w. and wy, along with the relative errors, for
specific values of § are given in Table 1. In Figure 1 it can be seen that the relative error becomes
very small when § < 1, confirming the excellent accuracy of the formula. In particular, we note

that when 6 = 1073, which is close to the usual contrast between water and air, the difference
between w, and wy is negligible with a relative error of only 0.0652%.

4.2 Resonant frequencies of two bubbles in two dimensions

In this subsection we numerically solve the two bubble case and analyze it with respect to our
results for the Minnaert resonance of a single bubble. In the case of two bubbles we have two

11



Relative error of 0 [%0]

0 ! !
le-1 le-2 le-3 le-4 le-5
1)

Figure 1: The relative error of the Minnaert resonance w. obtained by the two dimensional formula (B.3)
becomes negligible when we are in the appropriate high contrast regime.

1) We wy Relative error
107! 0.261145 — 0.150949 1 0.250455 — 0.134061 1 5.8203%
1072 0.075146 — 0.023976 1 0.074681 — 0.023687 1 0.6727%
1073 0.021001 — 0.0045131 0.020987 — 0.004508 i 0.0652%
1074 0.005950 — 0.000959 1 0.005949 — 0.000959 1 0.0062%
107° 0.001714 — 0.000221 1 0.001714 — 0.000221 1 0.0030%

Table 1: A comparison between the characteristic value w. of A(w,d) and the root of the two dimensional
resonance formula (B.3) with positive real part wg, over several values of §.

resonant frequencies, ws and wg, that correspond to the normal modes of the system [11]. These
frequencies are not in general equal to the one bubble resonant frequency w.. The interaction
between the bubbles gives rise to a shift in the resonance frequencies. The symmetric mode wy
typically shows a downward frequency shift and occurs when the bubbles oscillate (collapse and
expand) in phase, essentially opposing each other’s motion. The antisymmetric mode w, shows
an upward frequency shift and occurs when the bubbles oscillate in antiphase, facilitating each
other’s motion.

To account for the interaction between the two bubbles the matrix A in (2.3) is replaced
with

k
SDbl . _Sgl f 0 _S§17D2
1 7* 1 7* 7*
A (w 5) — _5 + ]CDbl _5(5 + ICDl) 0 _’CDl,Dz
2 0 -8k Spy - Sk ’
i)z*’Dl 1 D> kp,* 1 D> k,*
0 —Kpy.0, -3 +Kp =03 +K5,)

12



where the operators Sﬁ_ D and ICIEZ_’*DJ_ are given, for x € 0D; by

Shun, = [ Gulxy)ialy) and K, e = [P ya00)

The variation in the eigenvalues of Ay with respect to the input frequency, and hence the
shifting of the resonant frequencies, is highly sensitive to the ratio of § = py/p to kp/k, with
it being at a minimum when these quantities are equal. In order to make the results more
clearly visible, while keeping the simulation in the correct regime, let us take p, = 1.1 and
kp = 0.1. For reference, we note that the resonant frequency for a single bubble in this regime
is we = 0.01856427 — 0.00387243 1.

08®
age000®®” 1 1 1 1 1 1 1

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Re(w)

Figure 2: When the bubbles are close together the resonance may be much more pronounced. Here we
have |A| as the distance varies from d = 0.1 (blue dots) to d = 0.5 (orange dots) and I(w) = —0.0008q.
We have resonance at the symmetric mode ws = 0.0041 — 0.00081 when d = 0.1. The resonant frequency
of a single bubble is w. = 0.01856427 — 0.003872431i.

We now identify three regimes in terms of bubble separation distance d. The first occurs
due to strong interaction when d is less than the radius of the bubbles. In this regime the
resonant frequency shift may be much more pronounced. For example, when d = 0.1 we have
ws ~ 0.0041 — 0.00081, while w, ~ 0.7435 + 0.0032i. This regime is shown in Figure 2 for
$(w) = —0.0081.

When d is greater than the radius of the bubbles, yet not very large, we have a somewhat
stable regime featuring small to moderate resonant frequency shifts. It is natural to expect that
as the distance between the bubbles increases, the eigenvalues of the two bubble system approach
those of the single bubble system. And indeed that is the case as can be seen in Figure 3 where
w has been restricted to R.
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d=10 d =100

Ws 0.01722793 — 0.00407516 1 0.01819212 — 0.00316674 i
Wq 0.02025476 — 0.00349214 i 0.01905723 — 0.00470526 1

Table 2: The normal modes of the two bubble system shown in Figure 4. They are quite close to the
resonant frequency of a single bubble in this regime, in contrast to the strong frequency shifts observed
when d < a and d > a.

As with the three dimensional case, however, we require a complex w with negative imaginary
part in order for A or As to become singular. This can be seen in Figure 4 for d = 10 and d = 100.
Table 2 shows that the normal modes are quite close to the single bubble resonant frequency in
this regime.

The final regime occurs when the separation distance becomes very large compared to the
radius of the bubbles. In this situation the sensitivity of the Hankel function in the layer
potentials to negative imaginary numbers becomes apparent, leading to a much wider variation
in the eigenvalues of As. Similarly to when the bubbles are very close together, we observe
significant resonant frequency shifts in this regime. When d varies from 100 to 1000 we obtain
the spectrum shown in Figure 5. Here we have a symmetric mode ws /= 0.0013 — 0.005771i and
an antisymmetric mode w, ~ 0.0308 — 0.005751.

5 Concluding remarks

In this paper we have investigated the acoustic wave propagation problem in bubbly media
and for the first time rigorously derived the low frequency resonances. Furthermore, we have
provided a justification for the monopole approximation. The techniques developed in this
paper open a door for a mathematical and numerical framework for investigating acoustic wave
propagation in bubbly media. In forthcoming papers we will investigate the superabsorption
effect that can be achieved using bubble metascreens [18, 20]. We will also mathematically
justify Foldy’s approximation and quantify time-reversal and the superfocusing effect in bubbly
media probed at their Minnaert resonant frequency [17]. Finally, we will develop accurate and
fast numerical schemes for solving acoustic wave propagation problems in the presence of closely
spaced bubbles.

A Some asymptotic expansions

We recall some basic asymptotic expansion for the layer potentials in three and two dimensions
from [2] (see also the appendix in [3]).

A.1 Some asymptotic expansions in three dimensions
We expand the Green’s function Gy with
eik\x| in

Tl (A1)

Gr(x) =

“T = Go(x) + ;k”Gn(x), with Gp(x) := —
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(a) The distance between the bubbles is varying from 0.1 to 1.
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(b) The distance between the bubbles is varying from 10 to 100.
Figure 3: |A| when w € R for A € o(A) (black crosses) and A € g(Az) (colored dots) . The distance
increases as the dots change from blue to orange. Although the eigenvalues of As approach those of A as

the distance increases, they don’t go to zero when w is real. Here, c(A) and Ay are the spectra of A and
o(As), respectively.
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(b) The distance between the bubbles is 100.

Figure 4: The eigenvalues of A (black crosses) and Ay (blue and green dots) may go to zero in the
regime where the bubbles are a moderate distance apart, provided w has some negative imaginary part.

The frequency shift is less pronounced when d = 100 as opposed to d = 10 due to the decrease in the
interaction of the bubbles with each other.
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Figure 5: The sensitivity of the Hankel function in the layer potentials to negative imaginary numbers is
apparent when the distance between the bubbles is very large. This leads to a signification reduction in
the real part of the resonant frequencies. Here d varies from 100 to 1000 and $(w) = —0.00577i. We
have a symmetric mode at ws ~ 0.0013 — 0.00577 1.

In particular, G1(x) = —ﬁ. Developping in power of k the equation (A + k2)Gj = &g leads to
Vn>1, AGnis=—Gh. (A.2)

From (A.1), we decompose the single layer potential as

ShH=38p+ Y k'Spn with Spalt]:i= | Gul(x—y)b(y)dy, (A.3)

n=1 oD

where the convergence holds in B(L?(0D), H'(0D)). Similarly, the asymptotic expansion for

the operator ICIB* is

K ola) = K + YRR, with Kpfulm [ 2Oy, (g

n=1

where the convergence holds in B(L?(0D), L?(0D)). Using (A.2), we deduce the following useful
identities.
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Lemma A.1. It holds:

@) Kpaltopl(e) = [ 2T aoty) = [ ayGatx—yiiy = = [ Golx—y)ay.
(i) Kpsltonlie) = [ F2E oty = [ aGatx—yity = = [ Grtx—yiay =12

A.2 Some asymptotic expansions in two dimensions

In two dimensions, the Green’s function for the Laplace and Helmholtz equations are respectively
1 1o
Go = 2—ln(|x|) and Vk >0, Gi(x):= _ZHO (k|x])
T

and H(gl) is the Hankel function of first kind and order 0. We have

Gr(x) = Go(x) + me + Y _ (K" Ink) G (x) + K*"GP) (x)

n=1

where we defined

Gg)(x) = bn]x]% and Gg)(x) = (bpIn |x| 4+ cp) (|X\)2”

Ink 1 i (=)™ -
= — = — —In2-— — bp = —————= 2
Nk o0 + m, m o0 <"Y n 92 ) ) n 271'22" (’I’l!)Q’ Cn = ( ™ — Z

and where « is the Euler constant. The single-layer potential for the Helmholtz equation is
defined by

Shivl = [ Gi(- — y)u(y)doly +Z (K" Ink) S, [4] + k>SS [,

oD

where the convergence holds in B(L?(0D), H'(9D)), and where we set

Shlv] = Spl] + i | wdo and SyrP ) = BDGS%(”(-—y>w<y>da<y>. (A.5)

Similarly, the boundary integral operator is /CIB* defined, for x € dD, by

K10 = [ Y p)doy) = Kplulo+ 3 (K k) K4 10100+ w0,
x n=1

where the convergence holds in B(L?(dD)), and where we set

) AG® 5 _
KO wle) = [ ZE Y yiydoy),
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Lemma A.2. It holds that
—|D
K topl = 12 00p and K, [Lop](x) = ~T|D|Lon(:0) - /D Golx - y)dy.
Proof. First, we have (notice that by = —1/(87))

~Ip|

(1) (5 _
KW Mop](x) = / G (x—y) y

o Ydoty) = [ 2,60 - y)dy by [ Ayly - xPy =
oD Vy D D

Then, using the equality
Vx € 0D, / ly — x?Aln|y — x|dy = 0,
D

we get

0 [ly —x[*(btIn|x —y| +c1)]
Ovy

Kiltonlx) = [ dots) = [ Aylly =X~ vl +)ldy

= 4¢|D| +b1/ 4ln|X—Y|]dy—|—bl/ 4dy = (4b1 + 4¢1)|D| —/ Go(x —y)dy.
D D D

This completes the proof of the Lemma. O

B The Minnaert resonance in two dimensions

In this section, we derive the Minnaert resonance for a single bubble in two dimensions using the
same method we developed for the three-dimensional case. There are two main differences be-
tween the two-dimensional case and the three-dimensional case. First, the single layer potential
Sp may not be invertible from L?(0D) to H*(dD) in two dimensions, while this property always
holds in three dimensions (see [1, 23] for more detail). Then, there is a logarithmic singularity
in the asymptotic expansion of the single layer potential Sf) for small k. These create some
difficulties which we address here.

Skb _Sk
.A(UJ,(S) - D * b * )
<—é TR =0+ K5

Recall that

where the boundary integral operators 8’5 and ICIB* are defined in Section A.2 together with
their asymptotic expansions.
We denote by (recall that the operator S was defined in (A.5))

—( Sp -Sh

It holds that Ker (—% + IC*D) = Vect{tp}, where 1)y is a real-valued function, normalized so
that [, %0do = 1. One can show that

SDWJO] = —a]laD (BQ)
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for some a > 0 (see [1, 23]). Actually, we can prove that if Sp[y)] € Vect{lyp}, then ¢ €
Vect{1p}. If a = 0, then the operator Sp is not invertible. We recall that, in two dimensions,
the logarithm capacity of D is the positive number Cap, := =27,

Lemma B.1. For all k > 0, the operator S% is invertible in B(L*(dD), H'(dD)).

Proof. Let us first show that Sg is injective. Assume that there exists ¢ € L?(0D) so that

0= Sh[v] = Sp[Y] + m(v, Lap)lap.

Then, since Sp[ip] € Vect{1lsp}, we deduce that 1) € Vect{t)p} and we write 1) = aty. The
equation becomes

. Ink 1 i
—a+n =0, or equivalently o + or v—1In2— 5 )= a.
7 7

Since the left-hand side always have a non null imaginary part, while the right-hand side is always
real, this is not possible. The surjectivity of Sf) follows from the fact that Sf) is Fredholm with
index zero. This completes the proof of the lemma.

O

Lemma B.2. We have Ker(Ag) = Vect {U¢} and Ker(Aj) = Vect {®y} where

(e — a)1/10> ( 0 )
Uy = and ®g = .
0 <(77kb — a)tbo 0 1sp
Proof. We first find the kernel space of Ap. Assume that

) = Skb[yb] ~Splul) _ or some 2
AO(?J)_((E;HCB)T%])—O f Up,y € L2(OD).

We have
1 *
Splys — yl + (M, (Yo, Lop) — me(y, 1op)) Top =0  and <—2 + ICD) [yp] = 0.

From the second equation, we deduce that vy, is a multiple of ¥g. We write y, = atyy for some
«a € C. The first equation becomes

Splyl = (M, — mk(y, Lop) — aa) Lop,

and we deduce as before that y € Vect{¢g}. We write y = 1)y for some € C. We obtain that
B(nk — a) = a(ng, — a). This completes the proof of the first part of the Lemma. The second
part of the Lemma follows from the fact that the operator Sﬁ is injective. O

As in the three-dimensional case, we deduce that there exists a map ¢ — w(d) of Minnaert
resonances. Reasoning as before, we obtain the following theorem.
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Theorem B.1. In the quasi-static regime, there exist Minnaert resonances for a single bubble.
Their leading order terms are given by the roots of

k| D]

™

<ln(kCapD) +~7—In2— 1;) +6=0.
Remark B.1. In the special case when D is a disk of radius R, we have |D| = nR* and

Capp = 1. Therefore, the Minnaert resonance in two dimensions is given by

k§47TR2
2

<ln(k) 4ty —In2— 1;) +6=0. (B.3)
Proof of Theorem B.1. As in Theorem 2.1, we can show that the resonances are the roots of
Alw,8) == ((AO + B) " [y, q,o) —1=0. (B.4)

e Asymptotic analysis of A(w,d). We first study the operator A(w,d).
Lemma B.3. In the space B(H,H1), we have

A(w,d) := Ay + B(w,d) = Ao + w? InwAi 10+ w2A17270 +0A01 + O(|(5w2 Inw|+ \w4 Inwl),

where oo ao(l)
Airo = (U_bg S(%l* - SD’1> , Ao = <0 U ) :
v, 2Kk 0 0 —(3+KD)
and

vb_2 (— In vy, S(Dl’)l + 8](327)1> —v 2 (— Inv 81(317)1 + S(DQA)

Ai20 =
Ub_z (— In vy ICS?l + IC(;)l) 0

I

We then define a projection Py by
Pol¥] := (¥, ¥g)Po,

and denote by 5
Ag = Ag + Pp.

With the help of Lemma B.1, we can establish the following results.
Lemma B.4. We have

(i) The operator Ay is a bijective operator in B(H,H1). Moreover, Ay[¥o] = ||o|* Po;
(i) Its adjoint Ay" is a bijective operator in B(Hi,H). Moreover, Ay [®o] = ||®o|* .

e Strategy of the proof.
By a direct calculation, we further have

[Tol|? | @ol|* A(w, ) = — w*Inw (A1,1,0[¥o], ®o) — w? (A1,2,0[¥o], Do)
— 6§ (Ag1[Wo], ®o) + O(|w? Inw]| + [w? Inw)).
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It is clear that

2 (1) -
(A1,1,0)*[®o] = (Ub 2KD,1[]18D]> _ —ID] (11(81:))  AoalWol = (a—my) <£0> |

0 27rv§

and that

(A12,0)"[®o] = (vb2 (_ In v, Kg,)l [Mop] + Kg,)1 [L?D]))
- 0

1Bl 10 v, — 2077) (13D> -5 (fD ol Y)dy) ,

- 21y vy
where we used Lemma A.2. It follows that

(nx — a)| D]

A1 o[ o], By) =
(A1,1,0[%o], Po) oro?

, (Ao [Wol, @o) = (a —mw,)-
Moreover, using the fact that Sp[¢p](x) = —a for all x € D, so that

o(x) /D Go(x—y)dydo(x) = /D dy [ Golx—y)o(y)do(x) = /D Splol(y)dy = —a| D),

oD oD

we get

—a)|lD
(A12.0[0], Bo) = (’7’“2 g’ | (Inwvy — 271 + 27a) .
7TUb

Therefore, since Inw — Inv = In k, Equation (B.4) leads to

—a)|D Ink
w2(77k 2)| | ([ b+771} a> —8(a—np,) + O(|w* Inw| + [sw?Inw|) = 0.
Ch 27
The proof follows by noticing that the term in bra-ket is just n, . O
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