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Abstract. An incident longitudinal, or transverse, plane wave is scattered by a bounded
region immersed in an infinite isotropic and homogeneous elastic medium. The region
could be either a rigid scatterer or a cavity. Integral representations for the total
displacement field, as well as for the introduced spherical scattering amplitudes are given
explicitely in a compact form. Representations for the scattering cross-section whenever
the incident wave is a longitudinal or a transverse wave are also provided. Using
Papkovich potentials and low-frequency techniques the scattering problems are reduced to
an iterative sequence of potential problems which can be solved successively in terms of
expansions in appropriate harmonic functions. In each one of the four cases (longitudinal
and transverse incidence on rigid scatterer and cavity) the corresponding exterior boundary
value problems that specify the approximations as well as the analytic expressions for the
scattering amplitudes and the scattering cross-section are given explicitly. The leading
low-frequency term of the scattering cross-section for a rigid scatterer is independent of
the wave number while for the case of a cavity it is proportional to the fourth power of the
wave number. The low-frequency limit of the displacement field which corresponds to the
static problem when the scatterer is a cavity, does not depend on the geometrical
characteristics of the scatterer and it is always a constant.

1. Introduction. The problem of scattering of a plane harmonic elastic wave by an
obstacle appears as an exterior boundary value problem for the time independent Navier
equation with specific boundary conditions on the surface of the obstacle and prescribed
asymptotic form (known as radiation conditions) in the neighborhood of infinity.

The usual boundary conditions correspond to a rigid scatterer, described by the
vanishing of the total displacement field on the surface of the obstacle, to a cavity, which
is described by the vanishing of the surface traction and to a penetrable body, on the
surface of which both the displacement and the traction fields are continuous. The
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radiation conditions, which are the same for any type of boundary conditions, impose the
requirement that the scattered wave propagates away from the scatterer and it is
diminished as the inverse first power of the distance from the scatterer.

The incident wave is a time harmonic plane wave propagating along a direction k and
polarized either in the direction of propagation k (longitudinal wave), or perpendicular to
the propagation vector k (transverse wave). In either case the incident wave has no
singularities in the finite Euclidean space. The first attempt to solve the scattering problem
for the simplest three dimensional geometry, that of the sphere is due to Ying and Truell
[19] who, in 1956, solved the problem of scattering of a plane longitudinal wave by a rigid
sphere, a spherical cavity and a penetrable sphere. Four years later Einspruch, Witterholt
and Truell [9] succeeded in solving the same problem with an incident transverse plane
wave, The difficulty caused by a transverse incident wave, over the simpler case of a
longitudinal incident wave, is due to the polarization vector which destroys the azimouthal
symmetry of the problem.

The general theory of scattering of elastic waves is very well exposed by Kupradze [10]
who discusses many interesting quantitative as well as qualitative aspects of elastic wave
propagation and scattering, including the specific expressions for the fundamental solu-
tions, the radiation conditions and a few integral representations.

The present work is very much affected by Kupradze’s book.

The work of Barratt and Collins [2] provides the first investigation of the scattering
amplitude as well as the scattering cross-section. On the basis of their formulae they have
evaluated the scattering cross-section for a sphere and a cylinder at the low-frequency
approximation. Barratt and Collins are based on Kupradze’s work too.

Using the work of Barratt and Collins, Lawrence [11] has calculated the scattering
cross-section for a rigid scatterer which has three mutually perpendicular planes of
symmetry and the direction of incidence coincides with one of the axis of symmetry. His
work refers also to the low-frequency case. In a latter paper Lawrence [12] improved his
previous result by letting the direction of incidence have any orientation with respect to
the symmetry axis of the scatterer. As an application of his technique he found the
low-frequency scattering cross-section of a rigid ellipsoid.

Integral representations for the displacement field are also given by Banauch [1],
Wheeler and Sternberg [18] who proved uniqueness theorems as well and Pao and
Varatharajulu [13]. Waterman [16, 17] has given a matrix formulation for scattering of
elastic waves. For low-frequency scattering and corresponding integral theorems one can
use Twersky’s work [14, 15].

In this work an integrated and systematic theory for scattering of elastic waves by
convex obstacles is developed. The incident wave could be either a longitudinal or a
transverse plane wave and the scatterer is a rigid body or a cavity. Integral representations
for the total (incident plus scattered) field are given which involve the surface stress
operator on the surface of the scatterer. Spherical scattering amplitudes are introduced
through integral representations of the asymptotic form of the total field, in such a way
that the boundary conditions can be directly inserted in the representations. The evalua-
tion of the spherical scattering amplitudes demand the calculation of exactly one type of
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integral for each one of the two cases, for the rigid scatterer and the cavity. Similar
representations for the scattering amplitude, both for longitudinal and transverse incident
waves, are established. To the leading order approximation, in the low-frequency region,
the scattering cross-section for the rigid scatterer is independent of the wave number,
while for the cavity it is proportional to the fourth power of the wave number.

The four scattering problems, corresponding to the combinations of the two types of
incident waves with the two types of boundary conditions, are studied in the case of the
low-frequency expansions where the characteristic dimension « of the obstacle is much
smaller than the wavelength of the incident wave. The value of « is defined as the radius
of the smallest sphere that circumscribes the obstacle.

All the wave fields of the problem as well as the fundamental dyadic solution are
expanded in power series of the wave number. Using these expansions the wave problem
is reduced to a sequence of potential problems, which by means of Papkovich potential
representations for the displacement field can be solved iteratively by means of ap-
propriate harmonic functions. It is known that when no body forces are present the vector
and the scalar Papkovich potentials are no longer independent and therefore only the
vector potential is needed to describe the problem. Nevertheless if both potentials are
introduced their dependence can be used to overcome technical difficulties caused by
nontrivial coordinate systems.

The particular potential problems that determine all the coefficients are stated ex-
plicitely. Integral representations for every coefficient, as well as their asymptotic form, far
away from the scatterer, are found. The far field form provides particular solutions of the
corresponding Poisson equation. To a large extent the analysis of the potential problems
for the successive coefficients is guided by the relative work of the first author [3, 4, 5, 6]
for the scattering of sound waves.

Following Twersky’s ideas it is succeeded to show that the leading term approximation
of the scattering cross-section can be obtained by using less low-frequency coefficients
than those obtained by Barratt-Collins [2]. It is also showed that the lowest approximation
of the displacement field, for the case of a cavity is a constant, independent of the shape
of the scatterer.

2. Formulation of the problem. Let V'~ be a bounded, convex and closed subset of R>,
having a smooth boundary S. The set ¥~ will be referred to as the scatterer. Let ¥ be the
complement of ¥~ . Assume that the space V is filled with an isotropic and homogeneous
elastic medium specified by the Lamé constants A and p. If the harmonic time dependence
e~ '“" is suppressed, then the displacement field u(r) satisfies the time-independent lin-
earized equation of dynamic elasticity.

pdu+ (A 4+ p)v(v -u) + po*u=0 (1)

where it is assumed that there are no body forces, p is the mass density and  is the
angular frequency. Eq. (1) is also written as

V(v -u) =2V X (Vv Xu) +«u=0 (2)



228 GEORGE DASSIOS AND KIRIAKIE KIRIAKI

where
i =n/p (3)
and
o =(A+2u)/p (4)
when the vector identity
vV X (v Xu)=v(V -u)— Adu (5)

is used. By scaling the space variables it is possible to have p = 1 and this is done in the
rest of this work. It is well known that the solution of (2) is the sum of a longitudinal wave
u” propagating with the phase velocity ¢, and a transverse wave u’ propagating with the
phase velocity c, i.e.,
u(r) = u?(r) + u'(r) (6)
where u” is usually called the P-wave and u’ the S-wave.
Each one of the waves u” and o’ satisfies the wave equation with phase velocities ¢, and

c, respectively. Both u? and u’ waves have the same angular frequency w which is related
to the phase velocities ¢, and ¢, by the relations

w=c,k,=ck,, (7)
where k, = 27/, and k; = 27/A; are the wave numbers of the P and the S-waves

respectively, while A, and A are the relative wave lengths. Consider, an incident
longitudinal plane wave

®7(r) = ke' sk (8)
where k(') is the unit propagation vector, and an incident transverse plane wave
®(r) = btk * (9)
where the polarization vector b is perpendicular to the direction of propagation k ie.,
b-k=0. (10)

The harmonic time dependence e ‘“‘ has also been eliminated from ®7 and ®°. The
scatterer V'~ can be either a rigid scatterer, in which case

®(r) +ur) =0, res, (11)
or a cavity, in which case
T(®(r) + u(r)) =0, res (12)
where ® is either ®7 or ®°,
T=2uh-v +Addiv+ ph X rot (13)

is the surface stress operator and h is the exterior unit normal on S. The scattering
problems considered in the present work are stated as follows. An incident longitudinal, or

(')The hat < on the top of a vector indicates that the vector has unit magnitude.
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transverse, plane wave ® is scattered by a rigid inclusion, or a cavity. As a resuit of the
scattering process a scattered wave u emanates from the scatterer. In the elastic medium V
the total displacement field is the superposition of the incident and the scattered field
¥(r) =®(r) +u(r), res (14)
The longitudinal part u? of the scattered field u satisfies the radiation conditions
. . du’(r )

lim u?(r) =0, lim r(J - lkpu"(r)) =0, (15)

r— o0 r—o0 ar
uniformly over directions. The transverse part u’® of u satisfies the radiation conditions

lim w'(r) =0, lim r( dwlr) _ iksus(r)) =0, (16)

ro oo reoo or

uniformly over directions. The above form (15) and (16) of the radiation conditions are
due to Kupradze [10]. The scattering problem consists in finding the field ¥ that satisfies
the time independent Navier equation (1), or (2) in V, the boundary condition (11) or (12)
on S, while u satisfies the radiation conditions (15) and (16). These are actually four
scattering problems corresponding to the combinations of the two types of incident waves
with the two types of boundary conditions.

3. Integral representations. Betti’s third formula [10] for the vector fields u and » which
have continuous second order derivatives, states that

fg [u(r)) - A*p(r) — »(r) - A*u(r)] dV

- /ag[“(r') - To(r') = w(r') - Tu(r)] ds (17)

where
A*:cszA-F(c,f—cf)Vv. (18)

T 1s the surface stress operator given by (13) and Sl~is a bounded regular (in the sense that
Gauss Theorem can be applied) domain. Let I'(r,r')(?) be the fundamental dyadic
solution of equation (1), i.e.

(A% + &?)T(r, ) = —478(r — )], (19)

where: T =%, ® &, + %, ® %, + &, ® &, is the identity dyadic and 8(r — r') represents
the Dirac measure concentrated at r. Then

3

I(rr)= 3 T,%,®3% (20)
k=1

(*)The symbol “~ * on the top of a capital letter denotes a dyadic (second rank tensor).
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and
k2 eikir—rl 1 92 eikp|r~r'| eiks|r*r’|
ij(r’r,) =— % T T T ’
W =% G2 axdx; | Ir—r|  r—r|
ik r—r ik fr—r / . ,
:k_sze'k"r rf | e'pf" I‘I(xk—xk)(xj—xj'.) k2_31—lkp|l'—l'|
W2 ir—r| kj w2|r—r’}3 p Ir_r,lz
eikplr—r’l
———(1 — ik |r — r'|)é,
w2|l‘-r'|3( P ) kj
ik jr—r’ . ,
_ez,lr rl(xk—x,’()(xj—xj) k2_31—zks|r—r|
Wr—rp ’ r—vp
e“‘:"‘"’|
————(1 — ik |r — ¥'|)d, .. 21
wzlr_r,P xl I) kj ( )

An exterior integral representation for the k th component u,(r) of the scattered wave can
be obtained by applying Formula (17) for a classical solution u(r) of (1) and the vector
fields &, - T(r,r"), k = 1,2, 3. The integration extends over a region {2,  which lies outside
the scatterer, outside a small sphere of radius € centered at the point r and inside a large
sphere of radius R that includes the scatterer and the observation point r. In the limit as
¢e—>0+ and R — + . Relations (15), (16) yield after some long calculations the
following integral representations, which hold for everyr € Vand k = 1,2,3.

w0 = 37 [[s) - & D)

— (%4 - T(r, 7)) - Tou(r)] dS(r). (22)
Therefore the scattered field u(r) satisfies the representation
u(r) = 7= [[u(r) - LI, r) = Te.r) - Tu(r)] ds(r) (23)

for r € V. The representation (23) coincides with the one given by Pao and Varatharajulu
[13] with the appropriate modifications. Since the plane wave ® is a solution of (1) which
has no singularities in R?, Betti’s third formula implies that

/ [@(r) - T,T(r,v) — T(r,¥) - T,®(r)] dS(r) = 0. (24)

s

Relations (23) and (24) provide the following integral representation for the total field
¥(r) in the exterior domain V,

¥(r) = o) + 5 [[¥() - TIEr) ~ Fer) - L@ ase), (29)
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where @ can be either the longitudinal plane wave ®7 given by (8) or the transverse plane
wave ®° given by (9). If the scatterer is rigid then ¥ vanishes on § and the corresponding
integral representation assumes the form

¥(r) = 0(r) — 5 JEEr) - L) as). (26)

On the other hand a cavity is described by the vanishing of 7% on S and the
corresponding integral representation becomes

¥(r) = @) + 5 [¥(r) - T,I(,r) ds(r). (27)

Whenever r varies on S, relation (26) becomes an integral equation for the rigid scattering
problem (1), (11), (15), (16), while relation (27) becomes an integral equation for the cavity
scattering problem (1), (12), (15), (16). In any case the representations (26), (27) are very
useful for the description of the far-field behaviour of the scattered wave.

4. The scattering amplitudes. Barratt and Collins [2], using the asymptotic relations
proved by Kupradze [10}, were able to show that as r —» + oo the longitudinal part u” and
the transverse part w’ of the scattered wave satisfy the relations:

w?(r) = h (9, (p)i'# + 0(,—12) (28)
and
u%ﬁ:=(ha(ﬂ,¢)$—%h¢(0,¢)¢)etﬂ‘+-0(;%) (29)

where £, n‘i, ¢ are the unit vectors of the spherical coordinates. The function 4,f has the
outgoing radial direction f and denotes the scattering amplitude of the longitudinal wave
u?. Similarly the function h‘,vf + h,® have a tangential direction and denotes the
scattering amplitude of the transverse wave u’. The form of the radiation relations (28)
and (29) reflects the fact that on the surface of a large sphere, far away from the scatterer,
the scattered wave behaves like a spherically expanding wave whose longitudinal part
propagates along the radius while its transverse part is polarized tangentially to the sphere.
Integral representations for the scattering amplitudes over the surface of the scatterer will
be derived in the sequel.
The fundamental dyadic I" is written as

L(r,r) = T7(r,r) + I(r,r) (30)

where

. ik p—r|
re(r,v) = ¢ 5 [k:(r -r)®(r—r)

W r—r|

+(1—ik,,|r—r'|)i—s("")®("")” (31)

r—rp
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describes the longitudinal part and

pikdr=r

o(r,r) = — lkf(r -r)®(r—r)

(- k- r’l)(i— rore ('—")”

o’ ir—rp

|t —rf
ks2 eik;r—rq .
NPaTErd (32
describes the transverse part. By means of the asymptotic relation
r—rl =f+0(l), r— o (33)
[r —r| r
and
]r—r':r—i'-r’+0(%), r— o (34)
it is concluded that, asr - o0
. , . ﬂe—ikl,’i-r’ elkpr 1
[P(r,r)=¢t®% = . +0(7) (35)
14
and
o , . . . e—iks'ir’ eiksr 1
Br,ry=1-t®1) = . +0(7)' (36)

§

The dyadic # ® # in (35) indicates the radial behaviour of the longitudinal part of I' far
away from the scatterer. Similarly, the dyadic I — # ® # in (36) indicates the tangential
behaviour of the transverse part of I' in the radiation region.

In order to apply the surface stress operator

T, =2uf - V, + AV, - +pf’ X v, X (37)

on the fundamental dyadic T'\(r,r’) it is necessary to evaluate the asymptotic form of the
gradient of I" with respect to the variable r’. This can be done by evaluating v,.I'(r,r’) and
then using the asymptotic relations (33) and (34) to obtain

. ik ., ik, r
VI r) = —# @ ® F—Le kb ¥ L
I r
P
. lk ) , ikyr 1
~+@ ([ - F@p) Lo T E +0(—2) (38)
c r r
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as r — oo. Taking the scalar and the vector invariants between the first two vectors of the
triadic v,.I" it is concluded that as r — oo,

. lk ) , ik, r
v, - Frr)y= —t—Le k&l 1 0 L (39)
' c r r?
and
i ’ D) D 3 lk" —ik ?-r’eik:r 1
vr,XF(r,r)=(1‘§®<p—<p® )?e T +0ﬁ (40)

where we have used the following spherical representation of the identity dyadic

i=i®i+90 8 +¢9¢g. (41)
Substituting (38), (39) and (40) into the expression for T,.I'(r, r’) the following asymptotic
form, as r = o0, is derived

= . lkp o ,eik r
T,I(r,t)= —f - (Al + 2ut ® 1) ® i—Le kit r -
C
P
. R k e ikgr
—pl2@ -+ (W x ¢)] ® a? b &
N ., n R k iy fr'eik"r
—p[2( - )¢ — (a Xﬂ)]@(p—z ks -
1
+0 ; , r— 0. (42)

Contracting from the left with ¥(r') the asymptotic form of the dyadic T..1(r,r’) one
obtains the following expression as r — 00

¥(r) - T.T(r,r)

— k() © W): |

P ife f)fe—ikp“'h(k,,r)

+E2( () @) (F© ) + (¥(r) X ) - §]de*FTh(k,r)
+2A(E(r) O W): (@ @) — (¥(r) X i) F]ge*F Tk r)
+o(i2) (43)

r

where h(x) = e'*/ix is the zeroth order spherical Hankel function of the first kind and the
indicated double inner product is defined as

(a®b): (c®d) = (a-d)b-c). (44)
Substituting (35), (36) and (43) into (25) it follows that as r — oo,
u(r) = g, (i, k)in(k,r) + gyt k)9n(k,r)

+g, (8, K)ph(k,r) + o(r—lz) (45)
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where the normalized spherical scattering amplitudes g,, g, and g, which describe the
effect of the scatterer in the directions f, # and ¢ respectively, due to an incident plane
wave propagating along k, are defined as follows

g (¢,k) = k2H,: (Ai‘zui+)\i”2“f®f) —if—;(lp-i'), (46)
gs(i,k) =k2H:t® 9+ (h,- ¢)] —%(13-6), (47)
g,(h.k) =k2A,:t®¢—(h,-§)] - %(ls ), (48)
and
H,= % f ¥(r) ® e kT ds(r), (49)
H = 21; f ¥(r) ® ive kv ds(r), (50)
h, = % / ¥(r) ® fe kv ds(r), (51)
1= % / T¥(r)e %" ds(r), (52)
=7 JT(R)e e as(r). (53)

The vector h, is the vector invariant of the dyadic A,.

The advantage of the integral representations (46)—(53) for the normalized spherical
scattering amplitudes g,, g, and g, over the corresponding representations of Barratt and
Collins lies on the fact that (46)-(53) involve the values of ¥ on S and therefore the
boundary conditions (12) or (13) are immediately applicable. On the other hand, due to
the different wave numbers k, and &, the representations of Barratt and Collins cannot
be combined in a straight forward manner in such a way that the total field ¥ appears in
the corresponding integrands.

The first term in the right-hand side of (45) corresponds to that part of the scattered
wave which is due to the longitudinal wave and is directed along the radial direction f.
Similarly the second and the third terms in the right hand side of (45) are due to the
transverse wave and are polarized on a tangent (perpendicular to ) plane. This polariza-
tion vector g,,vf + g,% can also be written as follows

gﬂ(i" lA‘)"‘j + g(p(f’ ﬁ)@ = gl(f’ lA‘)
=k2A,:¢®(I—#®¢) +h, X
ik,
-~ (I-10®1) (54)

Cs
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where the representation
93 —940¢=01xt (55)
has been used.

The vector field g,(f, k) describes the tangential behaviour of the scattered wave in the
region of radiation and can be used whenever the particular contributions to the directions
+ and ¢ are not important. It is the tangential normalized vector scattering amplitude. For
a rigid scatterer W vanishes on S and hence H,, H, and h; vanish too. In this case the three
scattering amplitudes become

PR =~ (1, ), (56)
CP

dgdrs ty _ kg s

gred(t, k) = —g(ls-ﬂ), (57)

rgid(s L) = ik, 2

goed(e, k) = —?(lswp)- (58)

If the scattering region is a cavity, then T¥ vanishes on S and so do the integrals /, and /.
The corresponding scattering amplitudes in this case are

vity(s T 7 A i 2 f f

(e, ) = K24, (7\ i +u2“, ® r), (59)
850 = KA 18 8+ (n, - 9)], (60
g;avity(i‘.’f() — ksz[zﬁs Y (iJ - (hs . 6 )] (61)

5. The scattering cross-section. The scattering cross-section is defined as the ratio of the
time average rate (over a period) at which energy is scattered by the body, to the
corresponding time average rate at which the energy of the incident wave crosses a unit
area normal to the direction of propagation. The scattering cross-section is a measure of
the disturbance caused by the scatterer to the incident wave. The rate at which the energy
of the time harmonic displacement field u(r)e "'’ crosses a surface element with normal fi
is given by

—Re{Tu(r)e*"“”}% Re{u(r)e "'} (62)

where is the surface stress operator (13) evaluated in the normal direction .

Calculating the time average of (62) over a period 27/w for the incident waves
®7(r)e "' and P*(r)e” "', where ®7, ®° are given by (8) and (9) respectively, it is
obtained that

3

er =3 Im[(T07) - (@7)7] = 5. (63)
e =5 Im[(T®) - (#)*] = 5, (64)
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where the star indicates complex conjugation and e?, ¢* are the time average rate at which
the incident P and S plane waves respectively cross a unit area normal to the direction of
propagation k.

On the other hand, the time average rate at which energy is scattered by the body is the
time average rate at which the energy of the scattered field is transmitted across a large
sphere S, r > 1, enclosing the scatterer. As before, if u(r)e™'“ is the displacement field for
the scattered wave the stress vector on the surface of the sphere S,, at the point r is given
by Tu(r)e '“’, where T is the surface stress operator with i = f. The rate at which the
energy of the scattered field is transmitted across S, is given by the integral

—jwt d —lwf
—fS’Re{Tu(r)e }E Re{u(r)e "'} dS. (65)

Evaluating the corresponding time average over a period it is concluded that
e= % Im / (Tu(r)) - u*(r) ds. (66)
SI'

On the surface S, the traction has the asymptotic form, as r — oo,

Tu(r) = 2uf - vu(r) + AtV - u(r) + pi X (v X u(r))

Aeik,,r R . eik\r 1
= (A +2p)gi—+ u(gyd + g,9) — +0(;) (67)

which, in view of (45), gives

A+2 2 . 2 5
(Tu(r) - (ur(r) = i——Eg |+ i—E5 (Igsl +lg,/)- (68)
k,r k.r
Substituting (68) into (66) it is concluded that
N 1 3 e 12 3 ENT N )
e@=3 [ [alsRf + el Rl e, w00 s2m. (e

where the integration is taken over the unit sphere. From (63), (64) and (69) the scattering
cross-sections of and ¢°, corresponding to an incident P and S wave respectively are
expressed as follow

"= egf) = k,,/m_l[k;qu + k7 (Iol” +18,I") | d28), (70)
0" = eE’I:) - k‘fm:l[kﬂ3|gr|2 + k;3(‘80|2 +|gq>|2)] dQ(t). (71)

Obviously, the integrals that appear in the right-hand side of (70) and (71) are not the
same since the amplitudes g,, g5 and g, which correspond to longitudinal and transverse
incidence, differ.
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Dimensionalwise, since the normalized spherical scattering amplitudes g,, g;, g, are
dimensionless, it is concluded that the scattering cross-section o” or o° have the dimen-
sions of area, i.e.

[o] = [L%, M°, T°] (72)

and this fact justifies the characterization of ¢ as cross-section.
Using Jones’ Lemma for the asymptotic evaluation of double integrals, Barratt and
Collins 2] have expressed the scattering cross-sections by means of the values of the

spherical scattering amplitudes in the forward direction. Their results translated to our
terminology read as follow

Op = — 4—727 Re gr(l’i,i\() (73)
kp
and
4 AT k. k)b - ¢

s

where b is the polarization vector of the incident S-wave.

6. The low-frequency theory. It is well known that the solutions of the time-independent
Navier Equation (1), considered as functions of the wave number & or k p» are analytic in
a neighborhood of zero. As a consequence, the displacement field can be expanded in a
convergent power series of the wave number k; or k,. For convenience, as well as
comparison purposes, the following terminology is introduced

k=k,
At2p 2
Then the total field W satisfies the equation
TA¥(r) + (1 = 72)v(v - ¥(r)) + r2k2¥(r) = 0. (76)
Inserting the expansion
% (ik,)" Z (k)"
¥=3 aom=35 e ()
n=0 : n=0 '

into (76) and equating equal powers of k the following sequence of partial differential
equations is obtained

T2®,(r) + (1 = 12)vV - ®,(r) = n(n — 1)@, _,(r) (78)
forn=20,1,2,....
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The expansion (77) separates the spatial from the wave number dependence of the
solution. In fact equation (78) describes the spatial dependence of ¥ that corresponds to
the nth power of k. For n = 0 and n = | equation (78) coincides with the static Navier
equation in the absence of body forces, while for n = 2 it corresponds to the static Navier
equation with a body force proportional to the (n — 2)th order coefficient which is known
from previous steps. The boundary conditions (11) and (12) are transformed into the
boundary conditions

®o(r)=0, res,n=0,12,... (79)
and
T®,(r)=0, resS,n=012,... (80)

for the rigid scatterer and the cavity respectively. The incident waves can also be expanded
into convergent power series of k as follows

o) =k S (’:",)"(ﬁ ) (81)
n=0 :
and
om=b3 TGy (82)

In order to find the low-frequency expansion of the fundamental dyadic T'(r,r)) it is
observed that

f , l e1k|r r| l eirk[r—r’| eik[r-r'|
) =y’ ,Tk_zv'vf r—rl [r=r]
1. 8 (ik 1 & (ik)"? -
=213 Ul ey 4y 3 Byl )

In the last sum, the term that corresponds to n = 0 is zero since 7% — 1 = 0. The term
= 1is also zero since v, v, |r — r'|' ! = 0. Furthermore, for n = 2,

n— -~ —r ® —-r n—
vl = = = D]+ (n -3 l’) (TZ Dle—r™ (84)
r—r
Finally the fundamental dyadic has the expansion
1S (itk
fer =1 5 U5 ) (55)
n=0
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where
HVPE L2t 4 s NI 7"*2—1)~ AT =1 (r=r)®(r—¥)
‘Y"(l‘,l‘)—- " T n+2 I+(n 1) n+2 |r—r'|2
(86)
forn=0,1,2,.... From (77) and (86) it is derived that
& (itk)"
T¥(r) = EO%TCD,,(r) (7)
and
i) =1 3 g5 (58)
bazo M
where
. Ao (n=1) 2
ni2 - (r—r):  (r—r)®n
{u(ZT +n)[ | q + T
a7 . I _f®(r_r/)
2(n— (2 - W) (=)
wn =3 = )R S
q e o
+[A(n + 2)7 2 + 2p(7"F2 — 1)]"Tr(_5T')}. (89)

The expression in brackets in (89) involves only the unit vector (r — r)/|r — 1| and
therefore is bounded in r. Hence, as r - + o0 the order of T..¥,(r,r’) coincides with the
order of r"~ 2. In particular T,.§, and T,.¥, vanish as r > + co. Substituting (77), (81), (82),
(85), (87) and (88) into (25) and equating equal powers of k, the following integral
relations among the coefficients ®,, ®,,..., P, are obtained

0,0 = a0+ g 3 (3) [[8,6) T, (er)

~3,(r,7) - T,®,_(r)] dS(r) (90)

where

(91)
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and y,(r,r"), T,.7,(r,1’) are given by (89), (92) respectively. Since
wre)=o(1),  ro e (92)

the integral relation (90) assumes the following asymptotic integral representation for the
nth coefficient

®,(r) = a,(k - r)"

e :go(z) [18,) - Tody (0.0) — oy (e.1) - T,()] d(r)

-1-0(%), r— +oo. (93)

By straightforward calculations it can be shown that the nonvanishing part of the
asymptotic expression (93) satisfies equation (78). Consequently a particular solution of
the nonhomogeneous equation (78) is provided by

~

(1) = a,(k - r)’

n

n—1
+ 3 (B [[840) T 00) = 5 0r) - T,0,(0)] (). (99

Since ¥,(r,r’) is a constant dyadic the p =n — 1 term in (94) can be omitted without
effecting the particular solution of (78). Nevertheless keeping the term p = n — 1 in the
sum P (r) provides both a particular solution of (78) and the asymptotic behaviour of
® (r) as r > + 00. In particular for the case of a cavity the p = n — 1 term can always be
omitted since T.¥,(r,r’) is of the order of 1/r as r - + o0. The solution of (78) is now
written as

®,(r) = P,(r) + Uy(r) (95)
where the function P,(r), given by (94) satisfies (78) and describes the nonvanishing
behaviour of ®,(r), as r —» + co. The function U, (r) satisfies the homogeneous equation

AU, (r) + (1 —72)vv - Ufr) =0 (96)
the boundary condition
LU,(r) = —LP,(r), res, (97)

where L is the identity operator when § is rigid and the surface stress operator T when the
scatterer is a cavity and for r - + o0

wnzqéy (98)
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Introducing the vector and the scalar Papkovich potentials A" and B”* through the
representation

U() = A"+ 2 (2= )V(e- AT+ B"),  n=0,1,2,... (99)

and substituting into (96) it is concluded that

AA"=0, n=0,1,2,.., (100)
AB"=0, n=0,1,2,.... (101)

It is well known that the potentials A" and B” for the homogeneous equation (96) are not
independent. As a matter of fact the vector potential A" alone suffices to solve Equation
(96). Nevertheless, in applications [7, 8], it is crucial to introduce both potentials A” and
B" and to use their dependence in order to be able to find closed form solutions for the
corresponding potential problems. Recapitulating, the steps one has to follow in order to
evaluate the nth coefficient @, for the low-frequency expansion of the displacement field
are: (a) evaluate the integrals in (94) to find P,(r) and (b) find harmonic functions A” and
B" such that

L|&@) + 2 (= DV (- A + B"(r))] = —LP(M), res  (102)

and
1
() + 3 (7 = DV (r - A(r) + B7(1)) = o(}), Fe 4.  (103)
Then the nth coefficient is given by
®,(r) = P,(r) + A"(r) + 3(72 = 1)v(r - A"(r) + B"(r)). (104)
In particular, for the first two coefficients
Py(r) = ay,
P(r) = ay(k - 1)
l 7 il 7 > 4 ! J
g [ 18 () = 9(er) - o] dS(). (105)
Since
o T2
(e r) = ——1, (106)

the functions Py, P, for the rigid scatterer become
Pfgd(r) = @, (107)

42 , ,
Tmge J T ®o(r) dS(r) (108)

PiE(r) = (k- 1) —
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and for the cavity
Ps*(r) = a, (109)
Pe2(r) = a(k - 1), (110)

where a,, a, are given by (91).

In particular, the solution ®, for the cavity is always equal to a, as it is given by (91).
Indeed the constant function ®, = a, satisfies, for n = 0, Eq. (78), and the conditions (8§0)
and (93). The uniqueness theorem implies that there is no other solution.

7. The far-field behaviour at low-frequency. In order to derive the low-frequency
expansions for the scattering amplitudes g,, g, and g, the expansions (77), (87) and

o0

eIkt = g ~1)" (”k) - r)", (111)
ewrr= 3 -l (12)
are substituted into (49)—(53) to obtain

S G fa @ et rrase. )

A, = 31; éo (irk ) éo(ﬁ)(- ) fe e ryrase). (1)

h=g 3 (00 3 (B)(-3) fomrx o rrase. )
b=35 3 5 3 (v fne me orase. o)

L= 3 23] re e orase). o)

Inserting the expressions (113)-(117) into (56)—(61) it yields

6.0 = 8 U 3 (R0 [ne e o ast)
' n=0 T p=0 s
(118)
eidre fy 1 0 (.Tk)n+l n n p+ ,
gred(s k —4“3 ,EO ! o pgo(p)(_;) - fT () - 1r)*dS(r),

(119)
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) = s $ IR 5 (5)(<2) e fran 060 aste)

(120)

for the case of a rigid scatterer and

)n+2

cavny i) — R
gt = 4 3 !

£ ()

Ja =2+ 2% @4 f(p,,_p(r/) ®u(i-r)dsr),  (121)

3 ()4

-f[zf 8@, (r)®N +¢ @ ) X¥|{F r)dsr), (122)

)n+2

cavuy(r k 1 E (

||M=

S - (7 - YRR AT
cavny . - —
&y k) = 4z n§] ! pgo ( p )( )

-f[zf ® ¢: @, (V) @i — & ®,_(r) X i](Fr) dS(r). (123)

The series expansions (121)-(123) start with n = 1 since all the terms that correspond to
n =0 involve the surface integral f,#’dS which vanishes by the divergence theorem.
Therefore the normalized spherical scattering amplitudes are O(k) for the rigid scatterer
and O(k*) for the cavity, as k — 0. In particular the leading term approximations for the
rigid scatterer, as k — 0, are

g(EK) = — oot [Ta(r) ds(r) + O(k), (124)
gied(e, k) = — Z%—é . / T, ®,(r') dS(r') + O(k?), (125)
RN ___<p fT ®,(r) dS(r) + O(k?). (126)

Similarly, by means of the formula
fﬁ' ® r dS(r') :f vrdv = Vi, (127)
s V-
where V is the volume of the scatterer. It is obtained that the leading term approximations
for the case of a cavity, as k — 0, are

ik3r3

g (i k) = - BT

[(1 =2+ 2% ®#]

[Va()@r /cp ) ® ' dS(r )}+0(k4), (128)
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. A [ 3
gsavny(f-, k) = — l{:';[ v 5 -2 ® 19 /(I) ® n’ dS( )
- -f(Dl(r’) X fl'dS(r’)] + O(k*), (129)
vi i k’ 1
g (¢, k) = '47: [ ~8° ¢ — 2 ® ¢ /Cbl(r) ® it dS(r')

+5-/<1>,(r') X ﬂ’dS(r’)] + 0(k*). (130)

The low-frequency expansions for the scattering cross-sections are derived by substituting
the corresponding expansions (118)-(123) into the formulae (70) and (71). The leading
term approximations, as k — 0, for the four problems of concern here, can be obtained by
first expressing the relative integrals in terms of # alone, then use formulae [see Appendix).

f i dQ(t) =0, (131)
=1
e o . 47 -
f PO fdP) = —1, (132)
=1 3
f P®E®tdA) =0®0®0, (133)
fif=1t
f FRF®F®FdN(F)
H=1
4 |. . 3 i X . R 3 R . X
I®I+l21e,® > ® & ® j+2]e,®l®e,
i f= i=

(134)

and finally perform the indicated contractions.
Following this program one obtains for
(i) P-incidence on a rigid scatterer.

i
0‘.7‘ = —e———— 73
"B 62 —/|;1:|[

+\3- / T®, dS(r)

2

- f T®, dS(r)

2 o [roaste) 2} a(i) + o(?)

akTeC chb ds(r) - 41:1[1 + (13— 1)i ® #] d2(F) -£T<I)OdS(r’) + O(k?)

2

+ 0(k?). (135)

127p )
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(i1) S-incidence on a rigid scatterer.
s 1 . . o
Ofgid = [the same as 0f;,, with @, corresponding to S-mmdence]. (136)

(ii1) P-incidence on a cavity.

3.4
7k

oc];vity - f T
1672 =1

[(1—2r)1+ 272 @ #]: [Vao ®F — f<b1(r’) ® i dS(r

2

14
+l—a,-*—2t® & d,(r)®n !
Za, f.r) ~0- [o) x 0 aste)
V 2
+|7a0-¢—2f®¢; ftb,(r’)®ﬁ’dS(r’)+1§~fd)1(r’)><ﬁ’dS(r’) }dﬂ(f)
5 s
+0(k¢®)
3k* | 8712
= —— + 7V %a, - tQtdQ(t)-a
16772{ 32 41:1 ®) -8

+/<1> ) ® i dS(r'): f [ (1-202)i®i+27°(1 - 2e2)(i®r®i +1 @1 © )
+4t @18 ¢ +4(r° — DF® ¢ ©F B¢ dQ(F)

:fn ® ®,(r) dS(r +/<1>,(r) X i dS(r) A:](i ~ £ ® 1) d2i) -j;(l),(r’) X i dS(r)

—4/<I>,(r’) ®ﬁ’dS(r'):f i1 X tdf) -f‘bl(r’) X ﬁ’dS(r’)} + 0(k®)

H=1 K

2

34 +
Tk [5(7 2 y2 4 (28¢5 — 4017 +15¢—8)'f<1>1(r) i dS(r')

~ 60m 72
2
— 10| [®,(r) X & dS(r’) +4(r fcp,(r') ® wds(r)| | + o(k®),
N N
(137)
where the norm of a dyadic is defined as
2 3 2
la®bl" = X (ab,)" (138)
ij=1

In the third part of (137) all terms that evaluate to zero has been omitted.
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(iv) S-incidence on a cavity.

1 . . .
O ity = [the same as 02, , with ®, corresponding to S-madence] . (139)

cavity ; ‘cavity

From (135) and (137) it ts observed that the leading low-frequency approximation of the
scattering cross-section for the rigid scatterer is independent of the wave number, while
for the cavity the corresponding approximation is of the order of k*.

In other words, the total energy scattered by a rigid scatterer is by four orders of
magnitude of the wave number, more than the corresponding total energy scattered by a
cavity. Comparing the above results with Rayleigh’s law of scattering for sound waves,
which says that in the low-frequency limit the total energy scattered by a rigid scatterer is
proportional to the fourth inverse power of the wavelength, it is observed that in the case
of elastic waves Rayleigh’s law holds true for the case of a cavity. The corresponding
energy scattered by a rigid body is independent of the wavelength. Comparing the results
(135) and (137) with the corresponding results (73), (74) of Barratt and Collins [2] it is
observed that the leading term approximation, as k — 0, of the scattering cross-section
using the expressions (73), (74) demand the knowledge of the coefficients ®,, ®, for the
rigid scatterer and the coefficients ®,, ®,, ®,, ®,, ®, for the cavity while by means of
(135) and (137) the corresponding approximations are obtained when it is known only ®,
for the rigid scatterer and ®,, ®, for the cavity. Considering the rapidly increasing
difficulty in evaluating the coefficients ®, for specific problems [7, 8], this technique of
evaluating the scattering cross-section using the lowest possible coefficients is very
efficient.

Appendix. The divergence theorem implies that
/ P dQ(F) :f (v1)dv(r) = 0. (A.1)
=1 =<1
Alone the same line, it is obtained that

V( ; ) dv(r)

IO U £ BN AU B I |
—f()/m:l( - +r)r dQ(®) dr = — 5 |i1:lrcz>ralsz(r)+ 5
(A2)
and by solving with respect to the surface integral it is implied that
f ¢ ® FdQ() = 271, (A.3)
=1 3

Formula (A.l1) denotes that the 3 integrals over the unit sphere of all first degree
monomials of the directional cosines of T are zero.

Similarly, Formula (A.3) denotes that among the 3> = 9 corresponding integrals of
second degree monomials there are only three different to zero. They correspond to the
base dyads €, ® &, i = 1,2,3 and they all have the same value 47 /3. For the 3 =27
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integrals of the third degree monomials of the directional cosines, the divergence theorem
provides

[ tet®tda@m = vi®tdr(r) = [ v('%')dﬂﬂ
=1 =<1 w1

;
:]ﬂ/ (—ﬁ®r®f+l®r+r®l%2ﬂnaw
0 ‘=1 r
=—/ r®r®rﬂHﬂ+2 (i®t+t®i)de().
=1
(A4)
From (A.1) it is concluded that
f f®f®fd9@)=%i®f td (r)+4 tdQ(t) ® 1
=1 =1 =1

=0®0®0. (A.5)

Therefore all the third degree monomials of the directional cosines of # have zero integrals
over the unit sphere. For the 3* = 81 integrals of the fourth degree monomials it follows
that

[ teteotetdan) = f vi® t ® t dQ(F)
H=1

(e

-3 ®t®t®i+I®it®t+1Q®I®t+t®Ft 1
:flf QIR FT+IQTF+ERIRE+T®F lrzdﬂ(i')dr
0 ‘fi=1

3
-2 PRI 2
me_]r t®F®FdAF)
+% [0t +t010F+i0t1]d0). (A.6)
=1
Inserting (A.3) into (A.6) it is confirmed that
f P®E®EQtdAR) = [®e®e®e+e®e®e®e+e®e®e®e]
H=1
l5[l®l+e®e®e®e+e®1®e] (A.7)

where repeated indices, in (A.7), indicate summation from 1 to 3. Continuing this
technique for higher degree monomials it is concluded that the integrals over the unit
sphere of all odd degree monomials of the directional cosines of f are zero. In addition,
those of the integrals of the above monomials, of degree 2n, that, do not vanish, have the
same value which is equal to 47/(2n + 1)!!, where the double factorial represents the
product of the odd natural numbers from 1 to 2n + 1).
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The above computational technique is very efficient, especially where the degree of the
monomials is n > 2, e.g. for n = 8 there are 3® = 6.561 integrals to evaluate, where with
the use of the above method there is no need to evaluate any integral.
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