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Abstract

In this paper, exact solutions to the problem of acoustic scattering by elastic spherical symmetric scatterers
are developed. The scatterer may consist of an arbitrary number of fluid and solid layers, and scattering
with single Neumann conditions (replacing Neumann-to-Neumann conditions) is added. The solution is
obtained by separation of variables, resulting in an infinite series which must be truncated for numerical
evaluation. The implemented numerical solution is exact in the sense that numerical error is solely due
to round-off errors, which will be shown using the symbolic toolbox in MATLAB. A system of benchmark
problems is proposed for future reference. Numerical examples are presented, including comparisons with
reference solutions, far-field patterns and near-field plots of the benchmark problems, and time-dependent
solutions obtained by Fourier transformation.
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1. Introduction

Acoustic scattering by elastic objects is a continuing area of study. Most phenomena in the scattering
process can be adequately described by linear elasticity theory, and by further restricting the analysis to
homogeneous, isotropic bodies of simple geometries, the mathematical formalism becomes simple enough to
be handled by conventional analytic methods.

The problems fall into mainly three categories: scattering of acoustic waves from elastic objects, scatter-
ing of elastic waves from fluid-filled cavities and solid inclusions, and inverse scattering, i.e., obtaining proper-
ties of a scattering object from the remotely sensed field. In the first category, the classical problems include
scattering by spheres and infinite cylinders: fluid spheres [1], solid spheres and cylinders [2, 3, 4, 5, 6, 7], and
spherical and cylindrical shells with various combinations of material properties [8, 9, 10, 11, 12, 13, 14, 15].
Much of the work in this field up to around 1980, is summarized in Flax et al. [16].

The surrounding medium is usually considered to be a lossless fluid, but viscous fluids [17] and viscoelastic
media and materials [18] are also considered.

The acoustic illumination is often taken to be a plane wave which is relevant for far-field sources, otherwise
point sources are applied in the near-field. For the infinite cylinder, the incident field is in most cases applied
normal to the cylinder, but obliquely incident fields are also considered [19, 20]. More recently, the problem
of scattering of beams has received much attention [21, 22].

Solutions to some non-symmetric problems are also given; e.g. partially fluid filled spheres [23], spheres
with eccentric cavities [18], and open spheres with internal point sources [24].

The studies mentioned above consider a single object in the free field. It is also of interest to study
interactions between objects, and between an object and a boundary. The problem of multiple scattering is
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studied in e.g. [25] for two elastic spheres, and in [26] for many fluid spheres, while the scattering by objects
close to boundaries, and by partially buried objects is adressed in [27].

Applications of the theory are numerous, and include scattering from marine life [1, 28, 29], various
aspects of sonar, nondestructive testing, seismology, detection of buried objects [30], medical imaging [31],
determination of material properties by inverse scattering [32], and acoustic cloaking. Acoustic cloaking,
i.e., making an object acoustically ’invisible’, requires acoustic metamaterials and is difficult to realize in
practice, but reducing the backcattering strength of an object is an important issue, and can be realized
either passively by coating or actively as suggested in e.g. [33]. A recent area of research is noise control
in aerospace- and automotive engineering, where sound transmission through cylindrical shells constructed
from new composite materials [34] and functionally graded materials [20] are studied in order to reduce noise
level inside the cabin. The latter problem requires a full 3D solution.

The method referred to as classical scattering theory starts with the linearized elasto-dynamic equation of
motion (also called Naviers equation). For the intended applications, nonlinear effects are negligible, which
justifies the use of the linear approximation. For a certain class of coordinate systems, the field can be
expressed in terms of three scalar potentials, which satisfy scalar Helmholtz equations, and admit solutions
in the form of infinite series, termed normal modes or partial waves. The formal series expansions contain all
the physical features of the solution, i.e., the reflected, transmitted and circumferential (or creeping) waves.
The most general problems on finite scatterers in free space are scattering by the spherical shells which
requires all three potentials and give solutions in terms of double sums. However, assuming axisymmetric
illumination there is no loss of generality in aligning the coordinate axis of the sphere with the axis of the
incident field, resulting in an axisymmetric problem. This results in a single infinite series which is much
more computational efficient than the general case. This is the approach taken here.

As the solution is in the form of an infinite series, it needs to be truncated at some point. The summation
is terminated when the relative magnitude of the last term is less than some prescribed tolerance, such that
no computational parameters are introduced if this tolerance is chosen to be the precision used in the
calculations (typically double precision). It is shown, by using symbolic precision in MATLAB, that the
computational errors in the implementation are due to round-off errors. This is a natural definition of a
computational exact solution.

The work reviewed above solves a host of different problems, and several reference solutions are available,
with complexity up to three layers. What the present work provides is the explicit solution for a fully general
multilayered sphere, and with corresponding analysis of the computational residual errors. This allows easy
design and modeling of reference solutions for the purpose of validating numerical methods. More specific,
the model solves the problem of scattering by an incident plane wave, or wave from a point source, by
spherical objects consisting of an arbitrary number of layers. Any combinations of fluid and solid layers can
be handled, and the special cases of replacing the Neumann-to-Neumann condition by a single Neumann
condition is also included.

An early work on scattering from multilayered spheres and infinite cylinders is Jenserud and Tollefsen [35].
The method employed here is referred to as the global matrix method [36], and is a systematic way of
assembling local solutions for the individual layers into a global matrix for the total problem. The present
work uses the same approach, and builds mainly upon the work of Chang and Demkowicz [13], which is
generalized to multilayered spherical objects.

2. Governing equations

In this section the governing equations for the problem at hand will be presented. In [37, pp. 13-
14] Thlenburg briefly derives the governing equations for the acoustic-structure interaction problem. As the
physical problem of interest is a time dependent problem, it is natural to first present the governing equations
in the time-domain before presenting the corresponding equations in the frequency domain (obtained by
Fourier transformation). It is noted right away that the fields described in this paper (both in the time-
domain and frequency-domain) are all perturbation fields.
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Outermost (unbounded) fluid domain with parameters pf 1, cf 1
First solid domain with parameters ps;1, E1, v1, Ro,1, R1,1
Second fluid domain with parameters ps 2, ct 2

Second solid domain with parameters ps 2, E2, v2, Ro,2, R1,2
Third fluid domain with parameters pf 3, c3

Third solid domain with parameters ps nr, Enr, var, Ro,n, Ri,m

Innermost fluid domain with parameters pf pr41, ¢r, p+41

Figure 1: A model with M = 3 steel shells with different thicknesses (clip view), illustrating the distribution of the physical
parameters over the different domains.

2.1. Governing equations in the time domain

Einstein’s summation convention will be used throughout this work, such that repeated indices in prod-
ucts imply summation. For example, any vector & € R? can be expressed as

T 3
T= vy =) wie; = e, (1)
XT3 i=1

where e; € R3 is the standard basis vectors in a three dimensional Euclidean space.

Let @ = 1;e; be the time-dependent displacement field in a given solid domain, and & the corresponding
stress tensor (see Appendix B for details). Each of the components depend on the spatial variable & and the
time variable ¢, such that @ = u(x,t). The solid domain is then governed by Navier’s equation of motion [15]
(derived from Newton’s second law)

G 0%u
2 v el Y — - =
GV u + (K—i— 3>V(V u) = ps 52 (2)
which is equivalent to [38, p. 223]
05, 0%u;
= _ — 1 2 .
8xj ps at2 b Z ) 73 (3)

The bulk modulus, K, and the shear modulus, G, can be defined by the Young’s modulus, E, and Poisson’s

ratio, v, as
E E
K=—""— = —\ 4
si—2) 9= oay “)

Correspondingly, denote by p the time-dependent scattered pressure field in a given fluid domain, which
is governed by the wave equation

1 0%
2“— —_—
vP_c?@tQ' (5)
3
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2.2. Governing equations in the frequency domain

The dimension of the governing equations may be reduced by one using a frequency-time Fourier? pair [40,
p. 71]

U(z,w) = (f;i(a;, -))(w) - /_o; U (z, t)elt dt (6)

U (x,t) = (F ' o(z,)(t) = 2% /jo ¥(x,w)e ! dw (7)

where ¥ represents the scattered pressure field p or the displacement field w. The frequency f and the
angular frequency w is related by w = 27tf, and the angular wave number is given by k = w/cs.

Consider first the scattered pressure. By differentiating Eq. (7) twice with respect to time, such that
0% 9.
ﬁp(xat) = —w p($7t)? (8)

the following is obtained (using Eq. (5))
V2p(x,w) + k*p(x,w) = / V2p(x, t)e“t dt + / E*p(a, t)e™! dt
o 1 62 :
. 2 o iwt .
- /ﬂ [v S t) — C?at?p(:c,t)]e dt = 0.
That is, p(x,w) satisfies the Helmholtz equation
V2 + k*p = 0. (9)

A corresponding argument shows that the displacement field u(x,w) satisfies

GViu + <K + §> V(V - u) + pw’u = 0. (10)

The scattered pressure, p, must in addition to the Helmholtz equation satisfy the Sommerfeld radiation
condition for the outermost fluid layer [42]

Op(x,w)

5 ikp(z,w) =o(r ) r=|z| (11)

|8

as r — oo uniformly in & = Z.
The coupling conditions (Neumann-to-Neumann) between the solid and the fluid boundaries are given
by [37, pp. 13-14]

—~

OProt

2 o

ini——— =0 12

prwuin o (12)
01N + Prot = 0 (13)

where n is the normal vector at the surface, and pio; is the total pressure® (scattered pressure with the
incident pressure field added for the outermost fluid). In addition, since the fluid is assumed to be ideal,

2The sign convention in the Fourier transform differs from the classical Fourier transform [39], but agrees with most literature
on the subject, for example [15, 37, 40, 41].

3Since only perturbation fields are considered, ptot does not include the static background pressure (and does therefore not
represent the physical total pressure field).
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there is no tangential traction at the surfaces. For spherical symmetric objects n = e, such that the
coupling equations reduces to

Opto
pfwzur — g; L) (14)
Orr +ptot =0 (15)

in the spherical coordinate system (see Appendix A). The tangential traction free boundary conditions
becomes [13, p. 15]

oo = 0 (16)
ore = 0. (17)

3. General solution in the solid domain

It turns out that Navier’s equation can be reduced to a set of Helmholtz equations. Since the fluid
domain also is governed by the Helmholtz equation, both solid and fluid domains share the same fundamental
solutions, and it thus suffices to present the general solution in the solid domain.

8.1. Lamé solution

Fender [15] shows that the solution of Eq. (10) can be written in terms of a scalar potential ¢ and a
vector potential ¥ as follows

u=Vo+V X (18)

Such a solution of Navier’s equation is called a Lamé solution. The potentials ¢ and v satisfy the scalar
and vector Helmholtz equation, respectively. That is,

V2p+a?p=0 (19)
V2p + b%p =0 (20)

/K 4 /
a= w, b:—, Cs1 = SR+ G Cs2 = (21)
cs,l S

Here, the parameters ¢s 1 and cs 2 are the longitudinal and transverse (elastic) wave velocities, respectively,
and a and b are the corresponding angular wave numbers in the solid.

Throughout this work, axisymmetry around the xs-axis is assumed. Assuming symmetry around this
particular axis causes no loss of generality, as both the incident wave and the spherical shell share this
symmetry property (a simple orthogonal transformation restores the generality of axisymmetry about an
arbitrary axis). In the spherical coordinate system, the pressure p and the displacement w are then inde-
pendent of the azimuth angle ¢ in the fluid and solid domains, respectively. Moreover, the solid component
in the azimuth angle direction is zero, u, = 0. This is a result of the axisymmetry of the problem.

where

3.2. Series representation using separation of variables

Using these assumptions Fender [15] shows that ¢ = yeq, such that when Egs. (19) and (20) are
expanded in terms of spherical coordinates, the following is obtained (using Eqgs. (A.22) and (A.24))

200 1 0 0¢
ar < 87") * sin 9 99 ( o 19819) +(ary'e =0 (22)

9 (209 19 b , )
87‘<r 8r(p)+sin19819<1 v aép)"‘[(br) - 219]1#@—0. (23)
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Using separation of variables, each of these equations can be reduced to a couple of spherical Bessel and Leg-
endre equations, with the associate Legendre polynomials of zero and first order (described in Appendix C.1)
and spherical Bessel functions (described in Appendix C.2) as solutions. More explicitly,

6(r,9) = 3 Pulcos 9) | AL (ar) + APy, (ar)| (24)
n=0
ZP (cos¥) [B(l) n(br) + B,(f)yn(br)} (25)

where the coefficients Agf ), Bg) € C, i = 1,2, are chosen such that the boundary conditions are satisfied.
By using Eq. (C.6) these functions and their partial derivatives will have their ¥-dependency contained
in functions of the form (the ones relevant for this work are listed in Eq. (C.8))

QY () = P, (cosv). (26)

That is, there is no need for the associated Legendre polynomials.
For ease of notation, the function Z,(f)(g), i =1,2, is introduced (as in [13, 14]), where

ZP(Q) =in(©)s ZP(Q) = yal0). (27)

Moreover, the notation £ = &(r) = ar and n = n(r) = br is used for convenience. Using the Einstein
summation convention, Eqs. (24) and (25) may now be rewritten as

5= QO ) AV Z0 (¢ (28)
Vo) = 3 QU )BY 20 (). (29)
n=0

3.3. Expressions for the displacement and stress field

By expanding Eq. (18) in spherical coordinates (using Eqgs. (A.21) and (A.25)) yields

_ 5¢ 1 % LI 2
such that 96 100 )
.z ¢ 4 =
o Traw T plecty (31
and 106 ovy 1
_ 290 _ Y 2
YT o0 or rw(p (32)
Insertion of Egs. (28) and (29) (using Egs. (C.4), (C.6) and (C.27)) yields
1 o N ol (i
== QY ) [AVS,©) + BOT ()] (33)
n=0
and
Z Q) () |AS5(6) + BOTS ()] (34)
6
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where
SO =¢ é:z“ (€) =nzP(€) — €25 ,(€)

T () = —n(n+ 1) 2 (n)
S (&) = Z0(€)
T () = 28 (n) - -2

ngy 70 ) = =0+ DZP )+ 07, ),

To compute the stresses defined in Appendix A, the partial derivatives of the displacement field in the
spherical coordinate system are needed. These derivatives are found to be (using Egs. (C.14), (C.26)
and (C.27))

O LS Q0 [AD s + BOTE ) (35)
e > Q) [40sL© + BT 0) (36)
= Z Q)[4 5(,(€) + BOTL ()] (37)
== ;Qﬁf) ()] A S$)(€) + BOTE) (n)] (38)
where
% d i .
Sin() = €3 STLO) = SIN(©) = (* = € = mZD(©) + 22,1,4()
i d i i ‘ ;
T ) = ng, T (n) = T (n) = =n(n 1) | (= DZ00n) = 0212 ()
; d : . ;
Sin(e) = €3 006 = Z0(O) = (n = DZ(E) — €2,04()

i d,
Ti,i(n)zn@n‘,i() T3 () = (1 = 02 + 1) 2 (1) — n 280, ().

Using Egs. (B.8) and (B.9), and the relation®
1/b\° 2, K
2 () BEREEE 39)

4This relation is obtained by inserting the definition of the angular wave numbers a and b (Eq. (21)) into the left hand side.
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the following formulas for the stress field components are obtained®

2G = i i 7 %
=7 LAl 4980, (&) + BOT (n)]

2G N i (i i) ol i
700 = 29 S { QO[PS E) + BOTE )] + 0P 0) [AD S () + BOTE )]}
n=0
2G i) gli i) (i i) o i) (i
oo =5 S {@0 @) [ADSELE) + BOTE )] + QW (9) cot() [ AV €) + BOTE )]}
n=0
Oy = 0
Orp =0

26 i) ali i) (i
o0 = 5 2 QP W) [AP Y. (€) + BT ()]

n=0

where

500 = o6 (K45 ) 60 - (K- 27 Jtn+ 020 +2(1 - 27 )st

Z0(€) + 2625 ,(¢)

i)

10000 = 5| (54 %5 ) 78200 = (K = 2 Yo+ 078200 + 2 (K - %

=12 () =0z )]

(
5600 =~ (s~ $)ntn+ 00 + (3+.5)

)

2G 3

21 20(¢) — €28),(¢)

@ K 1 @ 1 K\, K 1
T = (== )T, S = -
6,0 (1) (2G 3 )+ DT55 () + <3 + 5 |+ 55— 3

SE©) = 5[St©) + St ©) - S5
= (- DZP(©) - £2.04(€)
T80 = 5 [T ) + T )~ T ()]

1 i i
= (=13 ) 200 - o)

50ne can save some work by observing the similarities between oy and o

08‘9:2([(4_%) +(K_§)aul"+3K72G<uscotﬁ+%)+§%
T

or 3r o9

or 3r

2 r K —2 2
U“"":;(K—’—g) +(K—?>au +3 G(u cotﬁ—l—%)-i—TGuacotﬂ.

oY
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3.4. Validation of the displacement and stress formulas

The correctness of the formulas may be controlled by considering Navier’s equation (Eq. (10)) in spherical
coordinates. The three components of Navier’s equation in spherical coordinates are given in Egs. (B.10)
o (B.12), the last of which is automatically satisfied due to the symmetry assumptions. The first two
equations simplify to

Oo,y 1009 1

or ; 99 +;(2Urr_0'8{)—U(p(p—f-UrsCOt’lg)—szpsur =0 (47)
ooy 100 1
8;) - 8;6 + ;[(aae — Ope)cotV + 3ovp] + w?psug = 0. (48)
Differentiation of the stress field components yields
doyy 26 & D) ali i) (i
= 22 QW) AP (©) + BOTE )]
n=0
dovy _ 2G - (1) (i) g(4) (4) (i) (3) () o(i) () (%)
0= S5 { QW) [ADS0.© + BOTO )| + QP ) [ADSE,©) + BT (n)] }
n=0
o= S QW) [AD S + BOTE ()]
n=0
aare 2G i i i i
S = 223 QPW) AP S + BT ()]

n=0

where

%m=4$%>%g%@

2
- ln —3n% +2n — 2() 2 +22| Z0E) + |-n*—n—6+ ;(Z) &€z (9
i i d
@Am:*ﬂMMHW@fQW)
=n(n+1) [(—n2 +3n—2+ 772)Z7(f)(77) 47727(121(77)}

— [n2 —3n+2-¢ ]Zn’)(f) +4¢29 ()

. 1 ;
=(—n3+2n2+n—2+ZnQ—nQ)Zﬁ”(nH(n2+n+2—2 ) nZy}1 ().

Inserting these expressions (alongside the stress components in Egs. (40) to (45)) into Eqgs. (47) and (48)
and using Eqs. (C.14) and (C.15), and observing that

8033 i 7 i 7
790 1 (000 — o) ot = 2 }jc91> AL S0 + BOT ()

+ (=n? = n+1) [AD S5 (€) + BOTS ()] |
the left hand side of Eq. (47) and Eq. (48) are indeed equal to zero.
9
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1,n
2,n’
Third fluid domain with coefficients Céi’l)’l,’

3,n

Outermost (unbounded) fluid domain with coefficients Cﬁ)i
First solid domain with coefficients A9 and BY;ZL, i=1,2
Second fluid domain with coefficients C{9) | i = 1,2

Second solid domain with coefficients Agt)n and B
i=1,2
Third solid domain with coefficients AS”. and BSY) i =1,2

. o . o)
Innermost fluid domain with coefficients CM+1,n

Figure 2: A model with M = 3 steel shells with different thicknesses (clip view), illustrating the distribution of the coefficients
Aﬁ,?,n, BT(TZL),H and C,(,Zl)n over the different domains.

4. Establishing constraints from boundary conditions

As the solution is represented as an infinite sum, the coefficients Asfl),n, Br(,?n and C’Y(,i)n (coefficients from
the fluid domains described below) must be computed for each n (see Figure 2). By enforcing the boundary
conditions in Egs. (14) and (15) at each surface, constraints are developed to establish expressions for these

coefficients.

4.1. Notation for the solution in layered domains
For the m'™® solid shell the displacement field from Eqs. (33) and (34) is written as

where

and

Um = Ur,mE€r + Uy, mey

U (1,0) = D QY (9t . (7)
n=0

Uy,m(r, V) = Z Q%l)(ﬁ)uﬂ,m,n(r)
n=0

| N
(1) = ~ | A1 (@nr) + BG), T (br)|

| N
toumn(r) = ~ [ AL, S8 (@mr) + BU, T (br)] -

10
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Corresponding expressions for the stress field in Eq. (46) are obtained as

o0

Urr,m(ra 19) = Z Q%O)(ﬂ)o'rr,mm (T) (54)
n=0
o90,m(r9) = > QP 0)0fy (1) + QP ()3 0 (7) (55)
n=0
Toom(r0) => QW W)al), .. (1) + QM (W) cot()al), ., () (56)
n=0
Trm (1, 9) =0 (57)
09em(r, ) =0 (58)
o0
Grﬁ,m(Ta 19) = Z ngl)(ﬁ)arﬁ,m,n (T) (59)
n=0
where
2Gm i i i i
Orrmn(T) = -2 {Agﬁ),nsé,zz(amr) +B7(n)7n 5(,7)z(bmr):|
QGm [ i ) 7 3 1
088 (1) = =5 | ASnSein (@mr) + BT (brar)
2Gm [ 6 i ; i
O (1) = =5 | AL S8 (@nr) + B, T (br)|
QGm [ i ] 7 7 1
O (1) = =5 | AS)Se0n (@) + BT (brar)
2G, ; i ; i
Uggp,m,n(r) = 1"2 |:A£‘rzz),nS§,31<amr) + B?S?,n 2(,7)z<bmr):|
2Gm [ 4(6) old) (i) i) ]
Urﬁ,m,n(r) - r2 _Am,nS7,n (amr) + Bm,nT7,n(me)_ .

The solution to the Helmholtz equation in the m!®

form as ¢ in Eq. (28)

fluid domain (for 2 < m < M) has the same general

p(r,0) =D QW W)CY, Z8) (Kar) (60)
n=0

where the coefficients Cy(ﬁ)n € C are chosen such that the boundary conditions are satisfied. As the spherical
Hankel functions of first and second kind (described in Appendix C.2) are linear combinations of the spherical
Bessel functions of first and second kind, the general solution can be written in terms of these functions.
For the outer (unbounded) fluid the Hankel function of the second kind is eliminated due to the Sommerfeld
radiation condition in Eq. (11) [37, p. 26]. Thus, for the outermost fluid, the scattered pressure field is given
by

pr(r0) = > QW)Y (kyr). (61)
n=0

Moreover, it is required that the pressure in the innermost fluid domain is bounded [15, p. 10]. Hence, the

coefficients C'](\?H’n must be set to zero as the spherical Bessel function of second kind is unbounded at the
origin. The pressure in the innermost fluid is therefore given by (cf. [15, p. 10])

par1(r,0) = 3 QWO in(Barsar). (62)
n=0

11

Dette er en postprint-versjon / This is a postprint version.
DOl til publisert versjon / DOI to published version: 10.1016/j.jsv.2017.08.006



The total pressure in the m'" fluid domain shall be denoted by

+ Pine M= 1
Ptot,m = P P . (63)
P otherwise

where pipc is the incident wave.

If the coefficients A%),n, By(,zl)n and C’T(fl)n can be determined, the solution is fully determined in all domains.
Hence, a system of equations will be developed to find these coefficients. Indeed, at the boundaries (at a fixed
radius) the series can all be written in terms of the Legendre functions P, (cosd), such that the resulting
coefficients can be compared for each n. A term in the solution is often referred to as a mode, such that the
resulting constraints from the boundary conditions form a set of modal equations. The terminology comes
from the vibration analysis [13], where each of these modes represent vibration modes. For example, ty y, n
is refered to be the radial displacement in the m'™ solid domain in the n'® mode.

4.2. Tangential traction conditions

Eq. (17) is automatically fulfilled due to the axisymmetric assumption. For the m™ shell, evaluating
Eq. (16) at both the inner and outer radius, yields two equations

er‘),m,n(Rj,ma 79) =0, ] = 07 1. (64)

As le)(ﬁ) = 0, these equations are automatically satisfied for n = 0. In addition, since Tl(,i(% (n) = 0 and

Té%(n) = 0, the coeflicients Bg),o are redundant (which is convenient, as two constraints are lost in this
case).

Denote by Hﬁ%)n, m =1,..., M, the eigenfrequency matrix® [13, p. 17] of the m*" shell

2

~

St(@mRom)  Syn(@nRom) Ty (bmRowm) Ty (bmRom)
gL — S;,lr)L(amRO,m) Sg?n(amRO,m) T7(,173(meO,m) T;?J(meo,m) (65)
o S;}T)L(a77lR17m) Sg?n(ale,m) Té}rz(mel,m) T;?rz(mel,m)’

Sim@nBim)  Sih@nRim) Ty, (OnRim) To (bnRim)

for n > 0, and
1 2
1 _ Sé,(g (amROJTL) Sé,(g (amRO,m)

= : (66)
0SS0 amBum) S50 (amRim)

for n = 0. From Egs. (54) and (59) one observes that the first and the last row of H,(,i)n correspond to
Orrmn(r) at ¥ = Ry and © = Ry, respectively, and the second and third row (for n > 0) correspond to

0r9.mn (1) at ¥ = Rg,m and 7 = Ry, respectively. The notation H.(l) will be used for the elements of

3,m,n’
the matrices Hf,i)n.
For n > 0, the two conditions in Eq. (64) may be written as

Y AV vl A® ml)  BY 4 H BE, =0 (67)

This gives (for each n) 2M equations in terms of the 6 M unknown coefficients Aﬁ,?,n, Br(fl)n and C’ff;)’n, i=1,2.
Thus, an additional 4M equations are needed to determine these coefficients. These equations come from
the coupling conditions in Egs. (14) and (15) (displacement condition and pressure condition, respectively)
which are applied at the outer and inner radius of each shell. The outermost and innermost fluid domains
will have to be considered separately.

6As illustrated in [13], the matrix H,g)n represent the modal characteristic equations of the m®™ shell. That is, the

eigenfrequencies of each shell can be found by solving det Hﬁ’)n = 0 in terms of the frequency.

12

Dette er en postprint-versjon / This is a postprint version.
DOl til publisert versjon / DOI to published version: 10.1016/j.jsv.2017.08.006



4.8. Displacement and pressure condition in intermediate fluid layers

Consider the m*™ fluid domain, with 2 < m < M, where the pressure field is given by Eq. (60). Inserting
Egs. (50) and (60) into the displacement condition in Eq. (14) at 7 = Ry ;m—1, Ro,m, yields

pf,mw2 A(z)

B [ AR St @ Ry g) + B T (b R )
7, m—7

- km [Cg?nj;z(kaj,m—j) + Cg?ny;z(kaj,m—j) =0
which yield the relation
4,9 1 4,5 2 4.9 1 4.5 2 3,7 i
Hf,nfa)—j,nA'En)—j,n + HZ(,WJL)—j,nAgn)—j,n + ng,nz)—j,nBv(n)fl,n + Hzi,nz)—j,nBv(n)fl,n + Hz(,wf,)ncgm),n = 07 (69)

for 7 =0, 1, where

HED =S (amBRim),  HYYD = 8P (amRjm),

1,m,n 2,mmn (70)
4,5 1 4,5 2
Hy = T 0 Rim), Hillh = T (bR ),
and (using Eq. (C.27) to rewrite the derivative of the Bessel functions)
) _ __ 1 i @)
=5 P20 = 20| (71)

Correspondingly, inserting Eqs. (54) and (62) into Eq. (15) at r = Ry m—1, Ro,m yields

2Gm—j [ 4 (i) (i)
273[14 S

m—j,n~5n

‘ (am—jRjm—j) + Bﬁ)i)—j,nTEE;)z(bm*jijm*j)} + CW ZD (ke Rjm—j) =0

Jym—j
which can be rewritten as

H(l) A(l) + H(l) A(2) + H(l) B(l) + H(l) B(2) + H@J) C«T();),n =0 (72)

11,m—jn“ *m—jmn 12,m—jn‘"m—jmn 13,m—j,n—"m—jmn 14m—jnm~m—jmn i,m,n
where
@i _ Bimi
) _ 2Ym—id (i ] )
Hi,m,n - 26 Zn (kaj,m*j)' (73)
m—j

4.4. Displacement and pressure condition in the outermost fluid

It is assumed that the incident wave, pinc(@,w), and its normal derivative at the outermost solid surface
can be written on the form

inc = FOP, (cosd ,

Pine| g; n Pn(cos?)

9 oo (74)
Pinc _ (2)

—_— = F\P, 9),
8T ’I‘:Ro,l 7;0 " (COS )

respectively. The coefficients Fr(bl) and F7(12) are discussed in Appendix D.
Inserting Egs. (50) and (61) into the displacement condition in Eq. (14) yields

W2 () i i) (i dh{!
p]f?:) 1 Ag,)lsizz(alROJ) + Bﬁu)lTl(ﬂ)L(blRovl)} B lefg AC lekimos F®,
which yields the relation
Hy'YCr 4+ Hy 3Oy + Hyi) O + Hi O + Y3001 = D, (75)
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where H* for i = 1,2,3,4, are given by Eq. (70) and (using Eq. (C.34))

i,1,n

1
3O _ ey h ’ 76
(i =[O -l . (76)
and R
_ 0,1 2
Dy = L ), (77)

Correspondingly, by inserting Eqgs. (54) and (61) into Eq. (15) one obtains

2G
200 00150 a1 o) + T 01 Ra) + O S a Bos) + CTE by o)
0,1

+ C§,17)zh7(11)(k1R0,1) =-F",

which yields the relation

g o) + 1Y o) + B cf) + 1Y O + HOC) = D, (78)
where
HZ0 — U 2L (k) Ry ) (79)
1,1,n 2G
and 2
Dy, = ——2Lp), 80
27 2G1 n ( )

4.5. Displacement and pressure condition in the innermost fluid

For the innermost fluid the pressure field is given by Eq. (62). Inserting Egs. (50) and (62) into the
displacement condition in Eq. (14) at r = Ry ps yields

2
Pf,M+1W

. [AM WS (angRuar) + B T (bar Ry ag) | = karsa Oy i (et Raag) = 0,
1,

which yields the relation

4 1 1 4,1 4,1 1 4,1 2 3,1 1
where Hi‘ﬁ}}n for i = 1,2,3, 4, are defined in Eq. (70), and
3,1 1 . .
Hh 1 0 = =———5030(Q) = Cin1 Q)] . (82)

P, M41w?2 ¢=knrt1Ri,m

Correspondingly, by inserting Eqgs. (54) and (62) into Eq. (15) at » = Ry as the following is obtained

P [A(Z WSS (anrRoag) + Bz(\?,nTéfr)L(bMRl,M)} + CM+1 pdn(karp1Ra ) =0,
1M

which yields the relation

1 1 1 2 1 1 1 5 .
Hl(l)M nAgV[)" Hl(Q)M "ASW)" + H1(3?M7"Bf(‘4? H1(4)M nB( : + Hl( M)-i-l nCJ(\/I)+1,n =0, (83)
where
(2.1) Ry
Hl,j\/l+1,n = m‘]"(kM‘*‘lRLM)' (84)
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5. Assembling the linear system of equations

In the previous section, 6M equations for the 6/ unknowns A%),n, B,(ﬁb)n and CT(,ZL)” for all n > 0 and 4M
equations for the 4M unknowns for n = 0 was established. So far the solution has been presented for M
elastic spherical shells with standard displacement and pressure conditions; the default case with Neumann-
to-Neumann conditions. By some matrix manipulations of the global matrix, one can implement other
cases as well, including solid spheres, and single Neumann conditions replacing the Neumann-to-Neumann
conditions on the innermost domain.

5.1. The default case with Neumann-to-Neumann conditions

For the default case all equations can be collected into one single linear system of equations

H,C, = D, (85)
where”
- HY
gy o HEY _
.......................................... ,3,0.4’0....__
............................................ HQ(”) HQ(")
Hy,”
H, =
""""" 51y
H}) :
T s e — .
HﬁH" ................ 1(‘4) ................................. e .
HGY & HGY
Hij)
m,
ey
EH1,M+1,n
e S TaRe A P
L HM,n Hl,MJrl,n

"Note that the matrix pattern is scaled for the case n > 0, as HS,}’)n € R**4 and H,(;l,’fz) € R4 for n > 0, as opposed to
Hr(,pn € R2%2 and HT(,fjf) € R'¥2 when n =0 (for j = 1,2).
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and

B 1
Cih
Al,n
-gl,n _Dl,n_
2,n
’ D2,n
C, = AMan Am,n = Ag)n Bm,n = B»g)n Cm,n = C’,(y%)n D, 0
BMfl,n ’ ' ’ .
CM,n i
AM,n - 0 -
BM,n
1
C](\/[)-Q—l,n

The submatrices Hy(,i)n has entries given in Eq. (65) and Eq. (66). The submatrices

HEZ9) = [H@,j) (29 }

m 1,m,n 2,m,mn

has entries given in Eq. (73). The submatrices

HGD) = [Hfs,j) HG39) }

,m,n 2,m,n

has entries given in Eq. (71). The submatrices

H(4,j>:{H(4,J‘) gD g H(m)}

m,n 1,m,n 2,m,n 3,m,n 4,m,n

fOr n > O7 and
H 4,5) — 4,5 l, 4,5
( ,J) ”( J) ( J)

,m,n 2,m,n

for n = 0, has entries given in Eq. (70). The entries Hl(?{?%, Hl(?l’?%, Hl(?fvll)-s-l,n and Hl(QJ\})—‘rl’rﬂ are given in
Egs. (76), (79), (82) and (84), respectively. The entries D; , and Ds,,, are given in Eqgs. (77) and (80),

respectively.

5.2. Alternative boundary conditions

By removing the last five (three) rows and columns of H,, for n > 0 (n = 0), the Neumann-to-Neumann
boundary condition (NNBC) is replaced by a single Neumann condition®

aptot,M

S =0 (86)

at the innermost solid domain. This Neumann boundary condition may be replaced by other boundary
conditions like the Robin boundary condition (impedance boundary condition) by corresponding manipu-
lation of the matrix H,,. By removing the last row and column of the matrix H, a Neumann condition
(0. = 0) is obtained on the inside of the innermost shell”. Moreover, one can model scattering on solid
spheres'? (such that the innermost domain is no longer fluid, but solid) by removing the three last rows
(corresponding to the boundary conditions at Rj as) and three columns (corresponding to the coefficients

Agfj)’m B](f[)n and Cj(é)ﬂn) of the matrix H,, (and corresponding entries of C,, and D,,). The reason for not

8That is, the normal velocity component of the fluid at the surface is zero, such that u, = 0 in Eq. (14). This is often
referred to as a sound-hard boundary condition, SHBC.

9This is often referred to as a sound-soft boundary condition, SSBC.

10This type of boundary conditions is named elastic sphere boundary conditions, ESBC.
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using the coefficients AL )n and B( M. is that the corresponding spherical Bessel functions of second kind

are unbounded at the origin, such that these coefficients must be set to zero. The displacement of the inner
solid sphere is then given by

U = Uy, p€r + Uy M€Y (87)
where
() = £ 3° Q) [ AL, S0 ansr) + B, T ()| (38)
n=0
1 o0
woar(r.9) = — " QP @) AL, S5 (anm) + BLY, T3 bar)|. (39)
n=0

It should be noted that the solution is well defined also at the origin due to the formulas in Egs. (C.24)
and (C.25). In fact, on can show that (using Eq. (A.19))

) 1 1 1
}13% up(r,J) = 3 {GMASW),l - 2bMBI(\4?1]e3’

and (using Eq. (A.20))

8U1M B Gy 9 ) 1 2 (1) B (1)
lim S5 0) = 2 (40, — 302,) 4G, - Tr)(aLMAM2 — 363, B, )
. Oug Gum 1) 1 1 1)
}LI)% 81'2 (’I“, 19) = 9K s (40’?\/[ - 3b?\/I>A§\/[ 75 (G’%JASV[)Q - 3b BJ(\/I 2)
. Ouz Gum 1 2 1 1
5y () = oie (1aks - 363,) AL + —5( 0} AN — 303, BLY), )

. Ouim
lim

r—0 .
l’]

(r,9)=0 for i#j

where u; ps is the i'P Cartesian component of w. The stress field can then be computed in the origin as
(using Eq. (B.7))

lim 11, (1, 9) = [5(4aM —302,) AW, — 203,40, + 6@3322]
r— ’ ’

15
. G
}1_1% 2o M (1, 0) = l—g/[ [5 (4(1?\/[ — 3b?\4)A§v11),0 — 2a?\4A§\}[)’2 + Gb?WB](Vll?Z]

G
hm 033 Mm\r, 72/[ [5(4@?\/{ — 3b?\/j)A§\}[)’0 + 4 AS\}[)2 - 12b [B](V[)2:|

hrn o13,m (T,

(r,0) =

hm o3 M (r,9) =0
(r,9) =0

9) =0

lim 012 M(T,
r—0 ’

where 0;; ) is the stress field in the solid sphere in Cartesian coordinates. If the innermost domain is a
fluid, then

. _ (1)
}I_I}g)PMH(’Z 9) = Chiri10

) k
llg(l) Vorrgi(r,9) = M+1 CJ(\}H 1€3
}ig% v2PM+1(7"7 V) = *kM+1CJ(\})+1,O'

Finally, note that one can model connected fluid or solid layers by manipulating the the matrix H,, to match
the pressure and displacement condition between these domains. An example of such an application is air
bubbles in water [15].
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PM+1

Figure 3: Illustration (clip view) of a model (to the left) with 3 steel shells and a model (to the right) with 2 steel shells
surrounding a solid steel sphere, illustrating the distribution of functions (in the case M = 3). The model to the left models
a fluid as the innermost domain, while the model to the right models a solid domain as the innermost domain (note that the
expression u )y is slightly altered in this case).

5.83. Summary of solution formulas

In this sub section, the final expressions has been summarized (see Figure 3). Recall that hg ), Z ](2, S ](17)1

and Tj(z are all derived from spherical Bessel functions (j, and y,), while ng ) are derived from Legendre
functions. All coefficients (A,(f;),n, B,(ﬁ)n and C,(ﬁ)n) are found by solving the linear system of equations in
Eq. (85). The scattered pressure field in the outermost (unbounded) fluid domain, the m'" fluid layer (for
2 <m < M), and the innermost fluid domain (if present), are given by

pr(r,9) =3 QW)Y (kir) (90)
n=0

pm(r,0) =Y QO (W)CY,, 2D (kynr) (91)
n=0

para(r9) = 3 QOO in (karsar), (92)
n=0

respectively. The displacement field in the m'" solid domain is given by

Um = Ur,mE€r + Uy, mey (93)
where
1 = i % i i
e (r,9) = = 32 Q) [AD, 8L, (amr) + BRI (br)] (94)
n=0
1 A ali N
o, (r,9) = = 37 QU @)[AD, S5, (anr) + BE, T (bar)]- (95)
n=0

If the inner domain is a solid domain, the terms involving Sﬁ{ and T,%)

1.n I Up7, are not present.
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(a) Magnitude of Besselfunctions ploted for n € [0, 550]. (b) Magnitude of Besselfunctions ploted for n € [0, 1050].

Figure 4: Illustration of the asymptotic behavior, of the spherical Bessel functions of first (j»(z)) and second (yn(x)) kind, as
a function of n, for a fixed argument x = 500.

6. Computational aspects

Several computational issues arise when implementing the exact solution (which has been implemented
in MATLAB). The source code can be downloaded from GitHub here. In this section, a discussion of some
of these issues will be presented.

6.1. Matriz manipulations

Note that the only complex valued matrix entries of H,, are the first two entries in the first column. So
instead of using a complex matrix solution routine to solve the system, one can exploit this fact to solving a
real valued linear system of equations with two right hand sides. Refer to Fender [15, pp. 18-20] for details.
Moreover, Fender shows that some further matrix manipulation may reduce the overall computational time
by 30% (when doing a frequency sweep). By using the same ideas, the size of H,, can be reduced from 6 M
to 4M.

Note that for n > 0, column number 2[, [ = 1,2,...,3M, of H, contains entries which are linear
combinations of j,, and j,41 (and no spherical Bessel functions of second kind), while column number 21 — 1,
l=1,2,...,3M, of H, contains entries which are linear combinations of y,, and y,+1. So since

lim j,(¢)[ =0 and  lim [y,(¢)| = oo, (96)
n—oo n—oo

(which is illustrated in Figure 4) the matrix H,, becomes poorly scaled for large n. This issue can be solved
by scaling the matrix with a (diagonal) preconditioning matrix P, where the diagonal entries are given by the
maximal modulus of the corresponding column vectors of H,,. Defining the vector C,, = P, C,, and solving
the system ﬁnén = D,, with fIn = HnPn_l, the solution is obtained by C,, = Pn_lé’n. In Figures 5a
and 5b the magnitude of the entries in H,, is visualized before and after preconditioning, respectively. This
example is the matrix Hszgg of the S135 benchmark problem (described in Subsection 7.4) at f = 30kHz.
The condition number was improved from cond(Hsg0) =~ 7.4 - 10278 to cond(I:I300) ~9.4-10%
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mathworks.com
https://github.com/Zetison/e3Dss
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(a) Before preconditioning.
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(b) After preconditioning.

Figure 5: Matrix manipulations: Plot of the magnitude of the matrix entries of H3p9 and Hsoo.
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6.2. Series evaluation
As the series involves summation over infinitely many terms, the series needs to be truncated at some
number n = N,. Denote by pgN), the truncated sum for the scattered pressure in the outer domain (Eq. (91)),

N
P, 0) = 3" Q@)D (kyr), (97)
n=0

and correspondingly for the other fields in Egs. (91) to (93). In [37, pp. 32-35], Ihlenburg discusses such a
value based on the decay of Bessel functions, in which he suggests to use N = 2kr. In this work, however,
the summation is terminated whenever the magnitude of term n = N. divided by the magnitude of the
partial sum (based on the first N, 4+ 1 terms) is less than some prescribed tolerance e. Typically machine
epsilon is used for this number, i.e. & ~ 2.220446-10715. As with the suggestion of Ihlenburg, the number of
terms, N, grows linearly with the frequency. The computational complexity of the problem is thus O(w).

The solution is often needed at several points, or frequencies (or a combination of both). In this case, one
should compute the solutions at all points at once, such that the calls to the implemented Bessel functions
are minimized.

6.3. Round-off errors
Although the products Aﬁ?nsﬂ(g), Bg)nT](i)(C) and C’,(,%,)nZT(LZ) (n) all goes to zero as n — oo, the

functions S 5273 (amr), Tj(,Qn) (¢) and Z7(12)(77) does not. In fact, these functions become unbounded when n — oo
because they are all superposition of Bessel functions of second kind with this property. So since the floating
point number has an upper bound!!, there is a limit to the number of terms that can be used. A naive
solution to this problem is to try higher precision, which can easily be done with MATLAB symbolic class.
This however, increases the computational time drastically. In Figure 6 several round-off phenomena which
typically arises are illustrated. The specific example used here is the S135 benchmark problem with SSBC
(described in Subsection 7.4). The incident wave, piyc, is a plane wave traveling in the direction given by
¥ = 60° and ¢ = 240° (see Section 7). An uniform (relative to the spherical coordinate system) set of sample
points are distributed in all domains!? where the residual error in the Helmholtz equation (Eq. (9)), the
1%t and 2"? component of Navier’s equation in spherical coordinates (Eqgs. (47) and (48), respectively), the
displacement condition (Eq. (14)) and the pressure condition (Eq. (15)), is measured. By using the infinity
norm, || - ||, for each residual, and dividing by the magnitude of the terms involved, the relative residual
error is obtained. The maximal relative residual in all domains can then be calculated. In particular, these
relative residual errors are given by

IV + k7P|

98
1<m<M+1 k2, | o .
00 vr,m 00:9,m
Uair’ + %% + %(QUrr,m —099,m — Ope,m + Or9,m COt 79) + wzps,mur,mH
max ' = (99)
1<m<M HUJ pS,mur:m”oc
80vo,m 9099,m
Uai’ + % ”g; + %[(Uaa,m — Opq,m)cot ¥ + 3o m] + w2ps,muf>,mH
s 5 s (100)
1<m<M Hw ps,muﬁﬁn”oo
prwuy — %
max = (101)
1<m<M ‘ 9Ptot
or
(oo}
max 17 F Protlloo (102)
1<m<M ||prot]] oo

11For double precision this is typically Vmax ~ 1.797693134862316 - 10308,
121t is placed 32 points in each domain except for the inner domain with 25 points. The distribution of point in the radial
direction in the exterior domain is limited to the interval [Ro,1,2R0,1].
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Figure 6: Round-off errors: Residual errors for the governing equations and boundary conditions. The use of symbolic
precision in MATLAB illustrate that the errors are due to round-off errors. The relative residual formulas for the Helmholtz
equation, the first and second components of the Navier equation, the displacement condition and the pressure conditions are
given by Egs. (98) to (102), respectively.

By comparing these error results for both double precision and symbolic precision in MATLAB, one can
conclude that the errors indeed originates from round-off errors. When using double precision, the summation
is ended whenever [y, (n)| > 1029, such that invalid solutions is obtained for sufficiently large n. Since one
needs to have enough terms for the solution to converge, and at the same time have to avoid computing
yn(n) for low i (and large n), the following bound on the frequency based on experimental data is suggested

3
100 R 21 Rinm . Rom
f<$— where C= 0.1 —, 7 =min< min L ,  min 0, ,  (103)
C e VT 1<m<M Max{Cs 1,m, Cs,2,m} 1<M<M Cf

where ¢ 1,0 and ¢ 2,7 is the transverse and longitudinal wave velocity for the M th spherical shell, respec-
tively. The constant 7" corresponds to the lowest argument n used for the Bessel functions of second kind.
An addendum will be given to yield more numerical evidence for this bound. In particular, plots similar
to the ones in Figure 6 will be presented for all benchmarks and corresponding boundary conditions in
Subsection 7.4. However, it would certainly be possible to construct models in which this bound is not valid.

One can also observe significant round-off errors for very low frequencies which is again due to the
evaluation of the spherical Bessel functions of the second kind with the property

lim [y, (¢)| = oc. (104)

Finally, observe that problems for higher frequencies also occur when using the symbolic class in MATLAB
(even though the summation is not terminated prematurely), which calls for a more mathematically sound
way of solving this issue. To avoid evaluating the Bessel functions directly, one could include a scaling such

that one need to evaluate products of the form j,(§)yn (1), jn+1(€)yn(1); jn(§)yn+1(n) and jny1(§)yn+1(n)
(which will be 0-oco type products). One would then probably need to use relations like [43, 03.21.26.0047.01
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and 03.21.26.0049.01]

0
(105)
f%,n, —n — 1>

0,—1%
O,n+i,-1,-n—32 (106)

where G is the Meijer G-function. This investigation is left as future work.

e (VA (V9 = Y23

7. Numerical examples

To give further evidence for the correctness of the implemented code, comparison to existing benchmark
solutions by Chang [14], Thlenburg [37] and Fender [15], will be presented. A final benchmark problem in
the time-domain will be added.

It is customary to present results in the far-field. For the scattered pressure pq, it is defined by

S —ikyr

po(Z,w) =re pi(z,w), 7=|x|— 00, (107)

with & = x/|x|. As a side note, using Eq. (C.31), the far-field pattern of the scattered pressure in Eq. (61),
is given by (in the axisymmetric case)

1S one
o= iR ICT, (108)
n=0

which yields a very efficient way of computing the far-field pattern.
From the far-field pattern, the target strength, TS, can be computed. It is defined by

TS = 201logy, (M) (109)

where Py, is the amplitude of the incident wave at the geometric center of the scatterer (i.e. the origin).
Note that TS is independent of Py..
The directional vector, ds, in spherical coordinates, is given by

sin ¥ cos g
d, = — | sindgsin g | . (110)
cos s

If the source of the incident wave is located at
Ty = —Tredg, (111)

the far-field pattern of an incident wave from the point source

eikl\ws—w|

Pinc (w; W) = Pinc(w) |

— 112
pryppn (112)

is actually a plane wave _ _
lim rse*‘klrspinc(w,w) = Pinc(w)e‘klds'“’. (113)
rs—>00
Unless stated otherwise, plane waves will be used for the incident wave. Note that the direction of plane
waves and location of far-field points is often expressed in the aspect angle, « = ¢, and the elevation angle,
£ =190°— 9.
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Table 1: Chang parameters: Parameters for the examples in figure 16 and figure 17 in [14].

Parameter Description
E =2.0x10"Pa Young’s modulus
r=20.3 Poisson’s ratio

ps = 7800kgm =3  Density of solid

pr = 1000kgm™  Density of water

cr1 = 1460ms~! Speed of sound in fluid

Ry =1.006m Outer radius of spherical shell
Ri1=0.995m Inner radius of spherical shell

Table 2: Thlenburg parameters: Parameters for the Ihlenburg benchmark problem.

Parameter Description
E =2.07 x 1011 Pa  Young’s modulus
v=20.3 Poisson’s ratio

ps = 7669 kgm—3 Density of solid
pr = 1000kg m—3 Density of water

¢t = 1524ms! Speed of sound in fluid
Ryp1 =5.075m Outer radius
Ry =4925m Inner radius

7.1. Chang benchmark problem

Chang [14] considers a single spherical shell, with a single homogeneous Neumann condition (sound-soft
boundary conditions, SSBC) on the inside of the shell, scattering an incident plane wave (with amplitude
P, = 1Pa). Chang sends the incident plane wave along the positive xs-axis, and uses the parameters
in Table 1. Moreover, the total pressure (Eq. (63)) is measured at the surface. In Figures 7a and 7b the
results are found with £k = 15m~"! and k = 20m ™!, respectively'3. In both cases, the shadow region of the
scatterer, ¥ € [0,90°], is clearly visible (with total pressure significantly lower than P,,.).

A simple convergence analysis is shown in Figure 8 where the error in the truncated series in Eq. (97)
is plotted. As discussed in Subsection 6.2 the convergence is delayed by the increased frequency from
k1 =15m™"! to k; = 20m~'. To obtain machine epsilon precision (double precision) N, = 45 and N, = 53
is needed for these frequencies, respectively.

7.2. Ihlenburg benchmark problem

Thlenburg [37] considers a single spherical shell with a single homogeneous Neumann condition (sound-soft
boundary conditions, SSBC) on the inside of the shell, scattering an incident plane wave. Building upon this
example, the corresponding rigid scattering (sound-hard boundary conditions, SHBC) case and scattering
with fluid fill will be presented (Neumann-Neumann boundary conditions, NNBC). The parameters in Table 2
are here used. Frequency sweeps of the target strength (in Eq. (109)) are plotted in Figures 13a and 13b at
the polar angles ¥ = 180° and ¥ = 0°, respectively.

Convergence plots for the three different cases are plotted in Figures 10 to 12, respectively. The linear
computational complexity discussed in Subsection 6.2 is revealed. Moreover, by comparing the SHBC case
in Figure 10 to the SSBC and NNBC cases in Figures 11 and 12, it is clear that the eigenmodes requires
more terms (larger N) in order to achieve better than 1% error precision (this is in particular the case for
eigenmodes at higher frequencies). However, the eigenmodes has no need of more terms in order to reach

13The discrepancies probably comes from the fact that the data set is collected by the software WebPlotDigitizer where a
digital scan of figure 16 and figure 17 [14, pp. 32-33] has been made.
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(b) Wave number k1 = 20 m~! and series truncation at N, = 54.

Figure 7: Chang benchmark problem: Predicted total pressure as a function of the polar angle 9.
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Figure 8: Chang benchmark problem: Relative error (with 2000 sample points uniformly placed in the 9¥-direction) of the
truncated series in Eq. (97) as a function of N.

machine epsilon precision. So in the case of elastic scattering, the series termination strategy described
in Subsection 6.2 is more rigorous than termination of the series at a given N linearly depending on the
frequency.

7.8. Fender benchmark problem

Fender [15] consider a single air filled spherical shell scattering an incident plane wave (with amplitude
P = 1Pa). The parameters in Table 3 are here used, where the following conversion formulas is of
convenience

2 2 2
2 305,1 4Cs,2 1 Cs,l - 205,2
Cs1 — G2 Cs1 — G2

Fender also sends the incident plane wave along the x3-axis, but in negative direction. The frequency sweep
results of the total pressure (in Eq. (63)) are measured at the surface. In Figures 13a and 13b the results

Table 3: Fender parameters: Parameters for the examples in figure 2 and figure 3 in [15].

Parameter Description
Cs1 = 6412ms™? Longitudinal wave velocity
Cs,2 = 3043 ms—! Transverse wave velocity

ps1 =2700kgm~  Density of solid
pe1 =1026kgm™  Density of outer fluid (water)
pro=121kgm™  Density of inner fluid (air)

¢ = 1500ms~! Speed of sound in water

Cro = 343ms~! Speed of sound in air

Rop=1m Outer radius of spherical shell

Ri1=0.95m Inner radius of spherical shell
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Figure 9: Thlenburg benchmark problem: Plots of the target strength, T'S. The backscattered pressure will correspond to

¥ = 180°, which is also the specific case considered by Ihlenburg [37, p. 192] (note that Ihlenburg plots the far field instead of
the target strength).
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Figure 10: Ihlenburg benchmark problem - the sound-hard case: Relative error in the l3-norm (with two sample points
at ¥ = 0° and ¥ = 180°) of the truncated series in Eq. (97) as a function of N. The “exact” solution, pi, is obtained as
described in Subsection 6.2.
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Figure 11: Ihlenburg benchmark problem - the sound-soft case: Relative error in the l2-norm (with two sample points
at ¢ = 0° and ¥ = 180°) of the truncated series in Eq. (97) as a function of N. The “exact” solution, pi, is obtained as
described in Subsection 6.2.
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Figure 12: Ihlenburg benchmark problem - the Neumann-Neumann case: Relative error in the l2-norm (with two
sample points at ¥ = 0° and ¢ = 180°) of the truncated series in Eq. (97) as a function of N. The “exact” solution, pi, is
obtained as described in Subsection 6.2.

Table 4: Benchmark problems: Parameters for S1, S3 and S5.

S1 S3 S5
Outer radius, Rp,; 1m 3m 5m
Inner radius, R1;;  0.95m 2.98m 4.992m
Fluid fill air air water

are found at polar angles ¥ = 0° and ¥ = 180°, respectively'?.

In Figure 14, another convergence study is illustrated. The Fender benchmark problem was run with
increasing frequency until a Bessel function was evaluated to be above 102 (the termination criterion as
described in Subsection 6.3). Due to the linear behavior of N as a function of w needed for convergence
(computational complexity) and the concave behavior of the smallest number N such that |yx(w?)| >
102 (where 7 is given by Eq. (103)), prematurely termination of the series is inevitable for large enough
frequencies.

7.4. Benchmark problems

Let S1, S3 and S5 be benchmark models of spherical shells characterized by the outer radius Ry ; and
the inner radius R ; of the shell. The shells are filled with the given fluid (Table 4) and embedded in water.
The remaining parameters are given in Table 5. These models can be combined into a new set of benchmark
problems: S13 (S1 inside S3 with air in between), S15 (S1 inside S5 with water in between), S35 (S3 inside

M The discrepancies again probably comes from the fact that the data set is collected by the software WebPlotDigitizer where
a digital scan of Figure 2 and Figure 3 [15, pp. 30-31] has been made. Moreover, the spectrum has been sampled rather closely,
revealing small (less significant) eigenmodes not shown by Fender.
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Figure 13: Fender benchmark problem: Predicted total pressure as a function of k1 Ro,1 at the surface of the shell.
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Figure 14: Fender benchmark problem: The intersection of these to graphs marks the largest frequency for which the
algorithms presented in this work will give satisfactory results. Here, 1" is given by Eq. (103) and the truncated series pgNs) is
given by Eq. (97).

Table 5: Benchmark problems: Common parameters for the benchmark problems.

Parameter Description

E =2.10 x 10! Pa Young’s modulus
r=20.3 Poisson’s ratio
ps = 7850 kgm—3 Density of solid
Pt water = 1000 kg m~3  Density of water

Prair = 1.2kgm™3 Density of air
Cf,water = 1500ms—* Speed of sound in water
Cf air = 340ms—?! Speed of sound in air
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S5 with water in between) and S135 (S1 inside S3 inside S5 with air in between S1 and S3 and water in
between S3 and S5). These benchmark problems are illustrated in Figure 15.

By default all benchmarks has acoustic structure interaction (ASI) on all of the interfaces between fluid
and solid domains (with Neumann-to-Neumann boundary conditions, NNBC, in Egs. (14) and (15)). As
described in Subsection 5.2, the boundary conditions on the innermost shell may be replaced by other
boundary conditions like the sound-soft (SSBC) and sound-hard boundary condition (SHBC). The elastic
sphere boundary condition (ESBC) results from filling the innermost shell with the given elastic material.

In Figure 16, the near field is plotted for some of these benchmarks. In Figure 16b the classical interference
pattern emerging behind the rigid scatterer S5 (with SHBC) can be observed. In contrast, the corresponding
case with NNBC in Figures 16c and 16d gives a different picture entirely because most of the energy simply
passes straight through the thin spherical shell. The example is expanded further in Figures 16e to 16h.
For the latter case, the energy transmitted is greatly reduced due to air filled fluid inside the second shell.
The S135 benchmark was visually identical to this benchmark due to this fact (that is, it is hard to reveal
objects inside air filled domains). However, it is clear that sound-hard boundary conditions are not a good
approximation of NNBC in this case. The more natural approximation would be to use SSBC. Indeed, the
SSBC approximate the innermost fluid with pp;11 = 0, which is clearly a good approximation in this case.

7.5. Benchmark problems in the time domain

Finally, the application of the work in the time domain will be presented. In particular, consider scat-
tering by a single wavelet given by (from [40, p. 633])

. {3?/3 [sin(wet) — 3 sin(2wet)] 0 <t < % (115)

]Din t) =
ot 0 otherwise,

with w. = 2nf, and ke = wc/cr,1, and where f; is the center frequency (Figure 17a). The corresponding
frequency spectrum (using the definition of the Fourier transform in Eq. (6)), is given by (Figure 17b)

4 im jinw/we
. e w € {Fwe, 2w,
Prc(w) = (FBe ) (w) = { 33 ¢ . , { J (116)
4 e (1 — e 2Mw/%e)  otherwise
V3 (W?—w)(w2—4w?) :

A plane wave with this wavelet in the time-domain then takes the form

ﬁinc(ma t) = Ij)inc (t - xS)a (117)
Cf 1

with corresponding field in the frequency domain given by
pinc(w7w) = (]:ﬁinc<wa ))(w) = Pinc(w)eiklxs- (118)

An alternative to plane waves, is waves due to point sources. Using the wavelet in Eq. (115), these waves
are given by
Ts

y v Ts— T Ts iy | o
pinc(w7 t) = Rnc (t - ‘ > |> > and pinc($7w> = Pinc(w)ielkllms » (119)
cf1 |zs — x| |xs — x|

where x4 is location of the point source given in Eq. (111) (at a finite distance ry = |ag|).
As ¥(x,w) cannot be computed for infinitely many frequencies, an approximate of the time dependent
fields in Eq. (7) by [40, p. 614] can be used

N/2—-1
v 2 . o
U(x, ty) ~ T Re E W (x, w, e~ 2mnm/N (120)

n=1
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(d) S13 (¢) S15 (f) S35

(g) S135 (h) 13 with ESBC (i) S15 with ESBC

Figure 15: Benchmark problems: The first row (S1, S2, S3) represent the default set of benchmarks from which the others
are built (clip view). The model S5 and S3 is, respectively, 5 and 3 times the size of S1 (the figures are thus not to scale). S13 is
a combination of S1 and S2, S13 is a combination of S1 and S3, and S23 is a combination of S2 and S3. S123 is a combination
of S1, S2 and S3. The final two figures are derived models with a solid sphere as the innermost domain.
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(h) S135 with NNBC: Plot of the modulus of ptot.

Figure 16: Benchmark problems: Plots of the near-field of some benchmark problems. The shells are cut open whenever a
domain inside the shell is present. The visualization was done in Paraview.
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Figure 17: Benchmark problems in the time domain: Wavelet Pj,.(t) and corresponding frequency spectrum | Piye(w)).
The wavelet has compact support on the interval [0,1/fc], where fo = 1.5 x 103 Hz. _The frequency spectrum is plotted for
positive frequencies to the end of the bandwidth, f = B/2 = 6.4 x 103 Hz (with B = N/T).
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Figure 18: Benchmark problems in the time domain: Visualization of a wavelet (from a far-field point) in the time
domain which transmits (the 15¢ transmitted wave) and reflects (the 15* reflected wave) an elastic sphere (which is cut open for
visualization purposes). The 24 transmitted wave through the elastic sphere takes a lead of the direct wave as the wave speed
in the elastic material is larger than that of the fluid. Aliasing is also visible. Two transparent planes have been inserted to
visualize the total pressure field. The von Mises stress, &y, is visualized in the solid. The visualization was done in Paraview.

where T 5
s
tm = mAt, At= I5E wp = nAw, Aw= T (121)
Note that the contribution from the static case (n = 0) has not been included as the incident wave,
Pinc(x,0) = 0, results in the trivial solution ¥(x,0) = 0. The Fourier series approximation results in

periodic time-dependent fields, with period T', sampled in the interval [0, T] with N time steps. The param-
eter N also quantifies the number of terms in the Fourier series approximation, such that it also controls
the error (aliasing). By choosing N to be powers of two, the approximation can be very efficiently evaluated
by the fast Fourier transformation.

In Figure 18 an example based on the S5 benchmark problem with ESBC is illustrated; An elastic sphere
(with parameters given in Table 5) is impinged by the incident wave in Eq. (117). In this example, the
following parameters has been used: f. = 1.5kHz, N = 210 = 1024 and T = 120/ f.. In Figure 18, the total
pressure is plotted in the fluid, and the von Mises stress given by

oy = \/(011 — 022)* + (022 — 033) + (011 — 033)* + 6(035 + 0 + 0F)

5 (122)

is plotted in the solid domain.

For the benchmark problems, the longitudinal speed and transverse speed in the solid is ¢s,1 ~ 6001 ms™
and cg 2 ~ 3208 ms ™!, respectively. So since, cs,1 = 4cp and cg 2 = 2¢, the waves traveling through the elastic
sphere with the longitudinal wave speed, will transmit through the solid 4 times as fast as the waves in the
surrounding fluid (this wave correspond to the 15 transmitted wave in Figure 18). Correspondingly for the
waves traveling with the transverse wave speed. This can indeed be observed as well, but the amplitude of
the transverse wave traveling at the speed ¢ 1 is only about 2% of the amplitude of the incident wave Pj,c,
and is thus barely visible. Much more energy is transmitted through the wave with the transverse wave
speed (the amplitude is approximately 14% of Pi,.).

Consider finally the S15 benchmark problem with ESBC; A thin shell surrounding a solid sphere is
impinged by the incident wave in Eq. (119) (that is, the incident wave originates from a point source in the
near field). The point source is located at a radius of ry = 10 m away from the center of the scatterer (the
origin). All other parameters remains the same as in the previous example.
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Figure 19: Benchmark problems in the time domain: Visualization of a wavelet (from a point source) in the time domain
which transmits (the 15 transmitted wave) and reflects (the 15 reflected wave) the outermost thin shell (which is cut open for
visualization purposes), and is then scattered (the 2”9 reflected wave) by the innermost solid sphere. The 2”4 transmitted wave
through the elastic sphere takes a lead of the direct wave as the wave speed in the elastic material is larger than that of the
fluid. Aliasing is also visible. T'wo transparent planes have been inserted to visualize the total pressure field. The displacement
field is here not visualized. The visualization was done in Paraview.

In Figure 19 the effects from previous example can again be observed. In addition, waves traveling
in the thin shell are reflected backwards through a head wave in the intermediate fluid. In addition, the
corresponding waves are transmitted through the shell denoted as “Wave from shell”.

It should be pointed out that aliasing (pollution of the solution from the previous incident waves due
to periodicity) is present, although not visible in these plots. The aliasing can be decreased further by
increasing the period T. To preserve the size of the bandwidth B = N /T, N must be correspondingly
increased.

8. Conclusion

An exact solution to 3D scattering problems on spherical symmetric scatterers has been presented. From
a computational point of view, the solution is exact in the sense that round-off errors are the only source
of errors. However, these round-off errors play a crucial role for higher frequencies (and also for very low
frequencies) when implementing the solution naively. In any case, the computational complexity of the
solution is O(w).

A set of benchmark problems have been presented for future references. Results have been presented for
some of these benchmarks in both the far-field (frequency domain) and the time domain (near-field). The
exact solution presents a vast set of parameters for large ranges, which makes it a good reference solution,
as many numerical phenomena can occur for different combinations of these parameters.
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Figure A.20: The spherical and Cartesian coordinate system.

A. The spherical coordinate system

The spherical coordinate system is defined by the transformation x(r, ¥, p) = z;(r, 9, v)e;, where e; are
the standard basis vectors in the Cartesian coordinate system and (see Figure A.20)

x1 =Tsinvcosy (A.1)
xo = rsindsinp (A.2)
x3 =71 cosv. (A.3)

The inverse relation is then found to be

r=|z, with |z|=1/2?+ 23+ 22 (A.4)
Y= arccos<m> (A.5)
||
» = atan2(xq, x1), (A.6)
where
arctan(%) ifxzy >0
arctan(72) + 7 if 21 <0 and 22 > 0
tan(22) —m if 1 <0 and x5 <0
atan2(xq, 1) = arctan(;}) 1 o anc w2 (A.7)
g ifzy =0and z9 >0
-3 ifzy =0and 25 <0
undefined if 1 =0 and 25 = 0.
Hence, the Jacobian matrix of the spherical transformation is given by
% % % sindcosp rcosdcosp —rsindsing
Js = %% % %% = |sindsing rcosv¥sing rsindcose (A.8)
% % d(%s cos ¥ —rsind 0
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with inverse given by

Bmﬁl 613 B;Z? sin ¥ cos ¢ sinsin ¢ cos ¥

-1 _ |99 o 5] ! 1 . 1 .

Jo ' = |52, a, 2, | = |7 CoS Jcosp ycosdsing —osind|.
2% 2% [21%) _1lsing 1cosyp 0
Ox, Oz, Oxy r sin r sind

So for a scalar valued function ¥ the following is obtained (using the chain rule)

ow or
8| _ g7 Y
8{% — Yy Ox
50 f?ﬁ'z

The scale factors in the spherical coordinate system are given by

Ox ox ox .
h, = E =1, hy= % =, h(p:‘&p’:TSHlev
from which the following basis vectors are derived (see Figure A.20)

10

er = hiaiw = e sind cos p + ey sind sin p + ez cos VY
 Or
10

ey = E% = e cos¥ cos ¢ + e cos¥sinp — ez sin ¥
1 0= ot

ep=-———=—epsin €9 Cos .

¢ he Op Loy 2 v

This can be written in the following matrix form

[er ey e(p] = JeT [el es 63] =J!

where
sindcosp sindsing  cosv
Jeo = |cos¥cosp cost¥sing —sind
—sing cos ¢ 0
and inverse given by
sincosyp cosPcosy —siny
J;t = |sindsing cosdsing  cosg
cos v —sind 0

So for any vector field
U= Wlel + WQ@Q + !p3€3 = lI/rer + Wﬁeﬁ + LT/(pe(p

the following relation is found (by comparing each component)

Wl Wr
Uy | =T, [ |,
U3 Yo

and the Jacobian of ¥ is given by (using the chain rule)

ov, 0¥y 0¥ row, 0w, 0w

oz, Oz, Oz, or o9 9
0w, ov, v | _ |, ov  ob | g1
oz, ox, ox4 - or 99 8$ S
Vs 0¥ Qs Ov3 9¥3 9V
oz, oz, RIS | Or 99 D
v, ov,
50, o,
T
= | W+ oW + J3¥o +J. | 5 B9
Wy Ve
or 09
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(A.9)

(A.10)

(A.11)

(A.12)
(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)



where

0 cost¥cosy —sindsing 0 —sindcosp —cosdsing 0 0 —cosyp
J1 =10 cosdsing sindcosp |, Jo= |0 —sindsing cosdcosp |, J3=1|0 0 —sing]|.
0 —sind 0 0 —cos 0 0 0 0
Using Egs. (A.10), (A.15) and (A.19), the following formulas are obtained
8LZ/ 1 6LZ/ 1 8&?
U= A.21
v ar + 90 € *F g rsin ¢ 3@ ( )
10 0 ov 1 0w
V= b A.22
r2 Or ( ) r2sin sm19 a9 (SHM(/1 oY > * 2 sin? 0 92 ( )
1 9(r?y, 1 9(Pysind) 1 0w
W= = A2
v r2 Br rsind o rsind dyo (A.23)
2 2 0(Wysind) 2 oV
2!p 7Wr _ . ©
v r2 r2sind oY r2sind dp
1 2 oY, 2cost OV
+ (VW — ——— Ty + & —— — (P> A.24
( 2sin2d O 1209 r2sind Oy e ( )
1 2 0Y, 2cost Oy
2y, — , ry SO80 07
* <V r2sin?g + r2sind dy + r2sin® 9 g )
1 0 Oy 1/ 1 0% 0
U= W, - ~ 2w
VX rsinﬁ(aﬁ( sind) — Op )er+r(sin19 dp ar(r (p)>€s
(A.25)
+ Lo —(r¥y) — 0% ee
ar Y oy

B. Linear elasticity

In this section the needed formulas from linear elasticity used in this paper are listed. A more compre-
hencive introduction to linear elasticity may be found in [44]. From the displacement field u = u;e; the

strain field, €;;, is defined by
1 8uz 8’LL]'
i == — B.1
A <6xj * (‘3xi> (B-1)

from which the stress field, o;;, can be obtained through the constitutive relation'® (derived from the
generalized Hooke’s law)

o11 €11 K—&—TG K- 2= K—% 0 0 0
RO A
033 | _ €33 . _ K_TG K—% K—i—% 0 0 0
oos| C %ens with C = 0 0 0 a0 o (B.2)
013 2e13 0 0 0 0 G 0
012 219 0 0 0 00 G
where it has been assumed that the elastic material is isotropic. Note that
1 v —v 0 0 0
-v 1 —v 0 0 0
1|-v —v 1 0 0 0
-1 _ L
¢ = El0 0 0 21+v) 0 0 (B.3)
0 0 0 0 2(1+4v) 0
0 0 0 0 0 2(1+v)

15This representation is often referred to as the Voight notation.
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In [44, p. 19] the transformation formula for the stress tensor from an arbitrary coordinate system to another
can be found. If e; and é; represents the basis vectors of these two coordinate systems and the stress field is
known in the first coordinate system, then the stress field in terms of the second coordinate system is found
by

0ij = Qi Os10k, (B.4)

where
Q5 = COS(éi, ej) = éz T €j (B5)

represents the cosine of the angle between the axes corresponding to the vectors €; and e;. Letting e; = e,
€> = ey and €3 = e, (the basis vectors in the spherical coordinate system), and {e, e, es} the standard
basis vectors in Cartesian coordinates, one gets (using Eq. (A.15))

sindcosp sindsing  cosd

[a;;] = |cosPcosp costdsing —sind| = Je. (B.6)
—singp cos @ 0
This yields the relation
Orr J11
099 022
Tee| — p|7 (B.7)
09 023
Oro 013
Ord 012
where
sin? ¥ cos? @ sin? ¥sin? o cos? ¥ sin 29 sin ¢ sin 29 cos @ sin? ¥ sin 2¢
cos? ¥ cos? ¢ cos? ¥sin? o sin? ¥ —sin2dsingp —sin2¥cosp  cos? ¥ sin2p
D— sin? ¢ cos? 0 0 0 —sin 2¢
T | —3cos¥sin2p Lcosdsin2yp 0 —sind cos sin ¥ sin ¢ cos ¥ cos 2¢
—5sindsin2p 5 sindsin2p 0 cos v cos —cossing sin ¥ cos 2¢

% sin 209 cos? % sin 20 sin? ¢ f% sin2¢  cos2¥sing cos 29 cos % sin 29 sin 2¢

The inverse relation is found by inverting the matrix D, which takes the form

sin? ¥ cos? cos? ¥ cos? ¢ sin? o —cos¥sin2p —sin¥sin2p sin 29 cos? ¢
sin? ¥sin? o cos? ¥ sin? ¢ cos? ¢ cos ¥ sin 2¢p sin ¥ sin 2¢p sin 20 sin? ¢
D1 cos? sin? 9 0 0 0 —sin 29
T | Lsin20sing  —1sin2¥sing 0 —sind cos cos ¥ cos sin @ cos 299
g sin ¥ sin 2¢p —; sin 299 cos ¢ 0 sin¥sin ¢ —cos¥sing  cos 29 cosp
%Sin2 ¥ sin 2¢ %COSQ 9 sin 2 —% sin2p  cosd cos2p cos 2 sin v %sin 29 sin 2¢
Moreover,
O—I‘I‘ EIT
099 €99
Teoo| _ | oo (B.8)
03¢ 269 ® ’
Oro 2er¢
Or9 25r1‘)
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where (cf [38, p. 150])

_ Ouy
= Ty
1/ 0ug
E9o = r(@ﬁ +ur)
oo = rsilnﬁ (%1:;0 —l—ursinﬁ—i—uscosﬁ)
1 1 8’LL§ 8u(p (Bg)
=00 = 27“<sin198g0 T op e COW)
1 1 Our  Oup g
re = 2<rsin19 Op + or 7‘>
58:1<18ur+6u‘9_u8>
T 2\r o9 or r )

Finally, note that Navier’s equation of motion (Eq. (10)) in spherical coordinates are given by (cf. [38, p.
189])

doy 100y 1 Oore 1 9
T — (200 — - r t sUr = B.1
or +r v +7’sin19 Op +’I“(J T99 ~ Tgg + 0ro Ot V) + wpsur =0 (B.10)
dors 100y 1 Ooge | 1 9
- - - t 0 T s = B.11
or + r 09 + rsind Oy + 7‘[(088 Tpp) OtV + 3ov0] + wpsup =0 ( )
8O'r(p 1808@ 1 80(‘,(‘,

1
—(2 t . 2psug = 0. B.12
or r O +rsin19 Op +r( Top 0T +30r¢) + W pstip =0 ( )

C. Fundamental functions

Exact solutions for scattering problems on spherical symmetric scatterers are heavily based on the spher-
ical coordinate system defined in Appendix A. Some fundamental functions then naturally arise, and the
notation will briefly be presented in the following.

C.1. Legendre polynomials
The Legendre polynomials are defined recursively by (cf. [45, p. 332])

(n+1)Ppt1(z) = 2n+ 1)aP,(z) — nPp_1(z) (C.1)
starting with Po(2) = 1 and Py (z) = z. From orthogonality property [43, 05.03.21.0006.01]
! 2
| Pa@Pue)ds = 2= (C2)

with d,,, being the Kronecker delta function, one can do a simple substitution to obtain the following
expression

T 2
/ P, (cos 9)P,, (cos ¥) sin d¢ = 715,,”1. (C.3)
0

2n +
Note the following identity from the expanded Legendre equation

2 d
@Pn(cos ) + cot ﬁ@Pn(cos ¥) = —n(n + 1)Py(cos ¥). (C.4)
The associated Legendre polynomials is a generalization of the Legendre polynomials as they are defined by
P™(z) = (=1)™(1 — 2? ﬂan : C.5
n(@) = (D" = a%)F o Pa(2) (C.5)
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A convenient result of this is the following relation

P} (cos?) = %Pn(cos 9). (C.6)
Let {ng )} be a set of functions defined by
jEN
. dJ
QY (9) = @Pn(COS v), (C.7)

the first four of which are given by

QY () = Py (cosv)
QW (9) = =P’ (cos V) sin ¥
QP (9) = =P’ (cos ) cos ¥ + P” (cos ) sin? ¥ (C8)
QP (9) =P’ (cos V) sin®) + 3PZ(COS ) sin 20 — P/ (cos ¥) sin® ¢
where the derivatives are found by the recursion relations
(n+ Py (2) = (2n + 1)[Pu(z) + 2Py ()] — nP; 4 (2) (C.9)
(n+ P4 () = (2n + D[2P;, (z) + 2P (2)] — nPy_, (2) (C.10)
(n+ 1Py, (2) = (2n + 1[BP)(2) + 2P/ ()] — nP; () (C.11)
starting with
Po(z) =0, Pi(z) =1, Pyz)=3
Py(z) =0, PY(z)=0, Py(zx)=3, Pj(z)=15z
Py (z)=0, P{(z)=0, Py(z)=0, Py (z)=15 P} (z)=105z.
Note that the formulas in Eq. (C.8) can be rewritten in the following way
QWM (W) = sirrfﬁ [Py, (cos ) cos ) — Pp_1(cos 9)] (C.12)
QP (¥) = — 712 [—(nsin® 9 + 1) Py, (cos ) — Pp_1(cos 9) cos ¥]. (C.13)
sin
From Eq. (C.4) the following relations can be obtained
QP () = —QV () cot ¥ — n(n + 1)Q (9) (C.14)
QP (W) = —QP(9) cot ¥ + QM (¥) cot? ¥ + (—n* — n + 1)QWY (). (C.15)
C.2. Spherical Bessel and Hankel functions
The Bessel functions of the first kind can be defined by [45, p. 360]
0 (_1)m T\ 2m+tv
v = _—— - 3 .].
Ju(2) T;mll“(m—kv—i—l)(Q) (C.16)
while the Bessel functions of the second kind are defined by
Yo (2) = Ju () cos'(mt) - J,U(w)7 (C.17)
sin(vm)
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where

Y, (z) = lim Y, (x) (C.18)

v—n

whenever n € Z (cf. [45, p. 358]). These definitions may be used to define the spherical Bessel functions.
The spherical Bessel functions of the first kind are defined by (cf. [45, p. 437))

jn(@) =4/ 5o It (@) (C.19)

) = [y 0 (©20

Some important limits of the spherical Bessel function of the first kind at the origin are [43, 03.21.20.0016.01
and 03.21.20.0017.01]

and the second kind are defined by

lim jo(z) =1, limj,(x)=0 VneN* (C.21)
x—0 z—0

fim Lji(2) = &, tim (@) =0 VneN\{1} (C.22)
a0 dg "\ T3 B g T E '
a2 (N 2 A2

liny Gpzlo(@) = =3, lim sie@) = 170 i asin(@) =0 vn e NA{0,2} - (C.23)

From this the following limits are obtained

i () oo n=20
lim =1, (C.24)
z—0t & 3
0 n>1
and
i (2) oo n=0,1
IR AP B _
dim =4 n=2 (C.25)
0 n>2

A couple of convenient identities involving the derivatives of the spherical Bessel functions are given by [43,
03.21.20.0007.01 and 03.21.20.0008.01]

d

i j n+1l_g
20w =2, () - —— 2 (x) (C-26)
d g UG (@)
—20() = 220() - 28, (@) (C.27)
for i = 1,2. By combining these two formulas, one can compute higher order derivatives. For example
2 . nin —1) i 2
32 (@) = {xQ — 1} 20 (@) + =2, (@), (C.28)
The spherical Hankel functions of the first and second kind can now be expressed by
i) (@) = jn(@) + iya(e) (C.29)
and
b (x) = ju(@) = iyn(2). (C.30)
respectively. Two important limits for spherical Hankel functions are [37, p. 25]
lim ze h(M(z) =i""? (C.31)
T—r 00
lim ze®h®(z) = i"+? (C.32)
Tr—r00
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One can trivially show that the Eqs. (C.26) to (C.28) holds for spherical Hankel functions as well

d i i n+1 i
L0 @) =) (@) - ——h0(2) (C.33)
d . NG i
0 (@) = “hP (@) ~ b)), () (C.34)
2 n(n—1 ; 2. G
T = | 1w + 20, @), (C.35)

fori=1,2.

D. The incident wave

The coefficients F,(Ll) and FT(LZ) in Eq. (74) may be computed by using the orthogonality property of the
Legendre polynomials in Eq. (C.3). In fact, any square integrable function ¥ () on the interval [0, 7] can
be written as (see [37, p. 27])

(o)
U(9) = Z ¥, P, (cos ) (D.1)
n=0
where 5 |
v, — “; / (9P, (cos 9) sin @ db. (D.2)
0
For example, a plane wave traveling along the x3-axis can be expanded as [45, 10.1.47]
Pine(X,w) = Pre(w)e®1® = P (w)elf17eos? = P (w) Z(zn +1)i"j,, (k17) Py (cos 9) (D.3)
n=0
such that
FY = Poe(w)(2n + 1)i"j, (k1 Ro 1) (D.4)
F? = Pie(w)(2n + 1)i"k1 4!, (k1 Ro1). (D.5)

Another example of an incident wave satisfying the axisymmetry property, is a wave due to a point source
located at gy = —rgse3. The incident wave can then be expressed with the fundamental solution of the
Helmholtz equation

Pinc(T,w) = Rnc(w)ﬁeik”ms_ml, |y — x| = /72 + 2rgrcos ) + 2. (D.6)

By a simple substitution v = cos® in Eq. (D.2) one gets

2 1 1 Liki1g(v)
FO = P () 2t rs/ ¢ P, (v) dv
2 -1 Q(U)
| . (D.7)
@ om+1 eikra(v)
F'? = P (w) 5 s _1(R0,1 + 75v) A0) [ik1g(v) — 1]P,(v) dv

where

qv) = \/R(%,l + 2rsRo v + 2.
One can obtain simple expressions for some of these coefficients, for example
Fo(l) = Pine(w) sinc(ky Ro 1 )e™™ .

But in general one needs to use a numerical routine to evaluate the integrals in Eq. (D.7).
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