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We rigorously derive the leading-order terms in asymptotic expansions for the scattered electric and
magnetic fields in the presence of a small object at distances that are large compared with its size. Our
expansions hold for fixed wavenumber when the scatterer is a (lossy) homogeneous dielectric object with
constant material parameters or a perfect conductor. We also derive the corresponding leading-order terms
in expansions for the fields for a low-frequency problem when the scatterer is a non-lossy homogeneous
dielectric object with constant material parameters or a perfect conductor. In each case, we express our
results in terms of polarization tensors.

Keywords: polarization tensors; low-frequency scattering; asymptotic expansions.

1. Introduction

The scattering of electromagnetic fields at low frequencies that occurs due to the presence of a small
object has previously received considerable attention; see, for example, Kleinman (1965, 1967, 1973),
Kleinman & Senior (1982), Dassios & Kleinman (2000) and references therein. A review of work
prior to 1965 was conducted by Kleinman (1965) and, more recently, Dassios & Kleinman (2000) have
written a monograph. Kleinman (1967, 1973) has shown, by making the Rayleigh approximation, that
the first non-trivial term in the low-frequency far field scattering expansion of the electric and magnetic
fields involves k?/r, where k is the wavenumber and r is the distance from the object to the point
of observation. Furthermore, he shows that this Rayleigh term can be written in terms of electric and
magnetic polarization moments' that can be identified with the corresponding dipole moments in the
leading-order k?/r term for the far field patterns of radiating dipoles. Later, it was shown how the
polarization moments in these expansions can be expressed in terms of polarization tensors (Kleinman
& Senior, 1982). In particular, in the case of a perfectly conducting scatterer, the electric moment can be
expressed in terms of a polarization tensor that is related to the isolated conductor polarization tensor of
Schiffer & Szegd (1949) and the magnetic moment can be expressed in terms of a polarization tensor,
which is related to their added mass tensor (Keller ef al., 1972). Kleinman and Senior claim that, for the
case of lossy and non-lossy dielectrics, the polarization tensor, associated with the electric and magnetic

! Polarization (moments and tensors) should be understood in the sense of the definitions in, e.g., Dassios & Kleinman (2000),
Ammari & Kang (2007) and is not related to the polarization of electromagnetic waves.

(© The authors 2014. Published by Oxford University Press on behalf of the Institute of Mathematics and its Applications.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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moments, is a generalized form of the isolated conductor and added mass tensors (Kleinman & Senior,
1982), which Dassios & Kleinman (2000) call the general polarization tensor.

Ammari et al. (2001) have revisited the problem of determining the perturbation in the electro-
magnetic fields for a small object. For a bounded domain, where the tangential traces of the electric
and magnetic field are available on the boundary, they obtain the leading-order terms in asymptotic
expansions for the perturbation in the near fields due to the presence of an object as 6 — 0, where § is
the object’s size. Ammari & Volkov (2005) have also considered the unbounded problem and obtained
the leading-order terms in asymptotic expansions for the perturbation of the far fields as § — 0. Their
expansions are expressed in terms of a polarization tensor that is related to the general polarization ten-
sor defined in Dassios & Kleinman (2000). In the related problem of electric impedance tomography,
Ammari & Kang (2007) define a generalized polarization tensor that, in the lowest order case, agrees
with the earlier general polarization tensor. They are able to show that the complete far-field expansion
of a potential field satisfying a scalar Laplace transmission problem can be expressed in terms of this
new tensor (Ammari & Kang, 2007). Similar results have also been obtained for the near-field expan-
sion of a potential field satisfying a Laplace transmission problem on a bounded domain as well as for
the Helmholtz (Ammari & Kang, 2004a,b) and linear elasticity (Ammari & Kang, 2004b) transmission
problems. By considering the low-frequency eddy current problem, Ammari ez al. (2014) have recently
shown, when the skin depth is of the same order as the size of the object, that the leading-order term in
an asymptotic expansion of the perturbed magnetic field as § — 0 can be expressed in terms of a new
form of polarization tensor for conducting objects.

The ability to describe the perturbation in the electric and magnetic fields, caused by the presence
of a small object, in terms of polarization tensors has recently attracted considerable interest as it offers
possibilities for determining the shape, location and material properties of the inclusion from measure-
ment of the perturbed fields (Ammari & Kang, 2004b, 2007; Ammari et al., 2014). Indeed, a number
of inverse algorithms for determining the entries of the generalized polarization tensors from measured
data, and henceforth determining the shape, location and material properties of an object, have been pro-
posed and are discussed in Ammari & Kang (2004b, 2007) and Ammari ef al. (2014). Such approaches
could potentially have important applications in medical imaging including the location of tumours and
the detection of land mines.

Before stating the contributions made in this work, we make the notions of low- and high-frequency
problems and near and far field, which we plan to use, precise. In physics it is common to call the
situation of k§ < 1, where § is a characteristic length scale of the object, a low-frequency problem
and that of k§ >> 1 a high-frequency problem. It is also common to call kr < 1 the near field and the
case of kr> 1 the far field. In this work, we are interested in developing asymptotic expansions and
we will therefore call k§ — 0 a low-frequency problem and denote by §/r — 0 distances that are large
compared with the object’s size. We have included the object’s size in these definitions as it is crucial
to the derivation and understanding of asymptotic expansions for the perturbations in the electric and
magnetic fields at distances relative to this length scale. In the earlier work of Kleinman the object size
was not explicitly included and instead it was assumed to be small. In addition, he used the alternative
characterization of k — 0 to denote a low-frequency problem. The k?/r Rayleigh term he obtains cor-
responds to the leading-order term for the perturbation of the fields when kK — 0 and r — oco. However,
there is also interest in understanding how the perturbation of the fields can be interpreted in terms of
polarization tensors at other locations and, in particular, at distances that are large compared with the
object’s size. This, in turn, is important for practical systems attempting to distinguish between different
objects by using their polarization tensors, which might occur at different distances from the measure-
ment system.
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Our novel contributions are twofold: First, we derive the leading-order terms in asymptotic expan-
sions for the perturbation in the electric and magnetic fields due to the presence of a small (lossy) homo-
geneous dielectric object for fixed k as max(8/r, §) — 0: such that it describes the fields at distances that
are large compared with the object’s size for a small object. Secondly, we derive the leading-order terms
in asymptotic expansions for the perturbation in the fields due to the presence of a non-lossy homoge-
neous dielectric object as max(§/r, k§) — 0: such that it describes the fields at distances that are large
compared with the object’s size for a low-frequency problem. Our main results are expressed in terms
of polarization tensors, although we also give an intermediate step where the asymptotic expansions we
obtain are expressed in terms of polarization moments, which enables easy comparison with radiating
dipoles. The resulting expansions for the exact fields contain the same terms obtained previously by
Baum (1971), although our derivation is radically different, includes the object’s size and uses, as its
starting point, the same representation formulae as Kleinman (1967). The methodology employed in our
paper greatly extends that presented in Kleinman (1967, 1973) through the use of multi-index Taylor
series expansions and involves the derivation and application of new sets of integral identities to handle
the new aforementioned cases. The polarization moments that arise are expressed in terms of tensors
that are related to the general polarization tensors defined in Dassios & Kleinman (2000) and to a subset
of the generalized polarization tensors of Ammari & Kang (2007). We make comparisons with (Ammari
et al., 2001; Ammari & Volkov, 2005), which considers the perturbation in the fields when » — oo and
§—0.

The presentation of the material proceeds as follows: In Section 2, we present the governing equa-
tions and then, in Section 3, we introduce the scattering problem. In Section 4, we present a summary of
our main results. Then, in Section 5, we present asymptotic expansions for the perturbation in the elec-
tric and magnetic fields in terms of polarization moments and prove our main results. The appendices
define a series of integral identities that are required for the derivations in Section 5 and make explicit
the connection between the different polarization tensors.

2. Governing equations
Under the assumption of linear materials, the time-harmonic Maxwell equations for a source-free
medium are

Vx E=iouH,

VxH=0c& — iwe€,
1 (2.1)
V- (e&)=—V-(08),
iw
V. (uWH) =0,

where € and H denote the complex amplitudes of the electric and magnetic field intensity vectors,
respectively, for an assumed e ™'’ time variation with angular frequency w. The parameters €, u and o
denote the permittivity, permeability and conductivity, respectively, and satisfy

0<e<Ce<e<o0, O0<pu™u<u™ <0, 0<o0<o™ <o0.

Following Monk (2003), the scaled electric and magnetic fields are introduced as E :e(;/ ’€ and

H = py/*H, where €y~ 8.854 x 10~'2F /m and po =4 x 10~7H /m are the free space values of the
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permittivity and permeability, respectively, leading to

V x E=ikj,H,
V x H = —iké E,
] (2.2)
V. (&E)=0,
V.- (i H)=0,
where
- 1 io B m
&=—\e+— |, =—, k=wemno,
€0 < a)> Mo

and €,, {1, are, in general, functions of position.

3. Scattering formulation

We consider a smooth closed object D with boundary dD equipped with unit outward normal 72 that
is homogeneous with material coefficients €,, o, and w, and, therefore, is characterized by the con-
stants €,(r) =€, := 1/€p(€, — 0, /w) and [1,(r) = @, := 4/ 1o for r € D. The object is surrounded by
an unbounded region of free space R3 \ D and the complete configuration is illustrated in Fig. 1. The
electric and magnetic fields satisfy (2.2) in D and in R3 \ D, with €,(r) = f1,(r) =1 forr e R3 \ D. The
fields also obey the standard transmission conditions

nxE|lL—nxE|_=0,
nxH|, —nxH|_ =0,
n-E|l.—n-¢E|_=0,
n-Hl,—n-pH|-=0
on dD, where + indicates the evaluation just outside D and — just inside D. It is convenient to split

the total electric and magnetic fields into incident and scattered components, E = E™ 4 E* and H =
H™ 4+ H*°, where the analytic incident fields are chosen to satisfy (2.2) with €, =, =1 for all of

Fi1G. 1. Illustration of a small object D located in an unbounded region of free space.

ST0Z ‘ST AfeniceH Uo ASBAIUN Basuems 1e /B10's jeuInolpiojxo Tewew l//:dny woJj pepecjumod



THE PERTURBATION OF ELECTROMAGNETIC FIELDS 5 of 28

R?, which, by linearity, the scattered components also satisfy outside the object. The scattered fields
represent the perturbation in the electric and magnetic field due to the presence of the object and satisfy
the radiation conditions

lim (r x (V x E*) + ikrE*) =0,

r—0o0

Iim (r x (V x H) +ikrH**) =0,
r—00

where r=|r| and F =r/r.
Rather than the usual Stratton—Chu type formulae we follow Kleinman (1967) and use the alternative
expressions

E“(r) = %V, X (V, X / w(r —r)n' x H*|, dS/> +V, x / w(r —r)n x EX|.dS"  (3.1)
aD aD
and
H*(@r)= —%V,. X (V, X / w(r —rHin' x E*|, dS/> +V, x / w(r — ' x H*|.dS', (3.2)
aD aD

which are valid for r € R? \ D, for the representation of the scattered fields (see also Jones, 1964, p. 55;
Monk, 2003, p. 230). In the above
eik\rfr’\

uk(r — r') = m (33)

is the standard free space Green’s function for the scalar Helmholtz equation with wavenumber k and,
to avoid confusion, we make explicit that V, denotes differentiation with respect to r.

We restrict consideration to D = §B + z where B denotes a smooth closed object with known (unit)
shape, 8 is the object’s size and z represents the translation from the origin. This means that the centre of
the object is now located at a constant distance z = |z| from the origin and the distance from the centre
of the scaled object to its surface becomes |r§| = §|r|. The configuration is illustrated in Fig. 2.

FI1G. 2. Illustration of an object B scaled by small § located in an unbounded region of free space.
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The scattered electric and magnetic fields external to the object are now given by

Esc(l‘—i— _ﬁ B A oy !
z7)= . V,x | V, x w(r —oryn x k*(r')|,. ds
9B

+ 8%V, x / u(r — 8r'n' x e (')|4 dS’, (3.4)
B
sc 182 Y SC /) !
H' (r+z)=—7V,x V, x w(r—ory x e ()|, ds
aB

+ 8V, x / u(r — 8r'a' x *¢(r')|, dS’, (3.5)
3B

where we have used the notation e(r') = E(8r' +z) and h(r’) = H(8r' 4+ z). These scaled total fields
satisfy the system

V. x e =iksji,h,
V, x h = —ikéée,
V, - (é,€) =0,
V- () =0

(3.6)

in B, with €, = €,, i, = 1, and the incident and scattered components satisfy a similar system in R3 \ B,
with €, = [t, = 1. The fields also satisfy the transmission conditions

Axet, —nxe|l_=nxec|, —nxec|l_ =0,
Axh®, —axh®_=nxh, —ixh<_=0,
i-eCly —n-ee’|_=(— Dn-e",

iR —d e k|- = (, — Dic- R

on JB.
In Sections 3.1 and 3.2, we introduce two contrasting expansions for the scaled fields that we apply
in the case of a small (lossy) dielectric scatterer and a non-lossy dielectric scatterer at low frequencies.

3.1 Scattering by a small (lossy) dielectric scatterer

In the case of a small (lossy) dielectric scatterer, we assume that the fields e and & for fixed k can be
expanded as

de - -
e=els_o+38 —| + 0> =8 +8& + 0@, (3.7
dé 5=0
dh 2 7 7 2
h=h|a:o+5$ + 0(8%) =ho + 8hy + O(8%) (3.8)
§=0

in B and in R? \ B and that they are convergent as § — 0. We also assume that similar expansions hold
for the incident and scattered components and that the incident field, being analytic, admits a complete
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Taylor’s series expansion in R3. Substituting (3.7) and (3.8) into (3.6), and equating coefficients of 89,
it follows that
V, x by =V, x hy =0,

V. x ey =V, x ey =0,

~in ~sC (39)
Ve -hy =V, -hy =0,
V&=V, & =0
in R? \ B and in B. Equating coefficients of 8! yields
YV, x & = ikjiho,
V, x hy = —iké &, (3.10)

V- -é=V. -h =0

in B, with €, = €,, i, = i,. By equating ' coefficients, and considering the incident and scattered com-
ponents, a similar result can be obtained in R3 \ B, with €, =i, = 1. For m=0, 1 the §” coefficients
of the fields satisfy the transmission conditions

AXEN, —axet_ =i x &, —h x| =0,
N ~in N ~in N ~SC N ~SC
nxh,|l—naxh,|_=ixh,|l —nxh,| =0,
) (3.11)
A ~SC A~ ~SC A ~in
n-e /| —n-ee, | _=( —Dhn-e,,

~sC ~in

ik, — i, o=, — Dich

m

on dB.

3.2 Scattering by a non-lossy dielectric scatterer at low frequencies

In the case of scattering by a non-lossy dielectric scatterer, where €, =¢€, /€, at low frequencies, we
assume that the fields e and & can be expanded as

_ _de 2y _ 3 z 2
e=e|s—0 + kb a0 | + O((ké)*) =eo + kbey + O((kd)?), (3.12)
dh 2 = = 5
h=hls_o+ ks ——|  + Ok8)?) =ho + kSh; + O((k8)?) (3.13)
d(kd) k5=0

in B and in R? \ B and that they are convergent as k§ — 0. We also assume that similar expansions hold
for the incident and scattered components and that the incident field, being analytic, admits a complete
Taylor’s series expansion in R3. Substituting (3.12) and (3.13) into (3.6) and equating coefficients of

(k8)°, it follows that the fields é(s)c, ﬁgc, é})", ﬁg‘ satisfy a similar system to (3.9) in B and in R3 \ B.

ST0Z ‘ST AfeniceH Uo ASBAIUN Basuems 1e /B10's jeuInolpiojxo Tewew l//:dny woJj pepecjumod
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Equating coefficients of (k6)' yields

Vr/ X h] = —ig,-éo, (314)

in B, with €, = €,, (i, = 4., and the corresponding coefficients of the incident and scattered fields satisfy
a similar system in R \ B with €, =i, =1. For m=0, 1 the (k§)" coefficients of the fields satisfy
similar transmission conditions to those given in (3.11).

4. Main results

In this section, we summarize the main results of the paper that will later be proved in Section 5. We
reiterate that we call the situation of k§ — 0 a low-frequency problem and that, by §/r — 0, we denote
distances that are large compared with the object’s size. This is different from the characterization
in Kleinman (1967, 1973), which omits the object’s size in the definition of a low-frequency problem.
The leading-order k% /r term he obtains corresponds to the case where k — 0 and r — oo. Our results
relate to the perturbation in the fields at locations where the distance from the object to the point of
observation can be characterized in terms of the object’s size.

The case of the scattered fields at distances that are large compared with the object’s size due to the
presence of a small (lossy) dielectric scatterer, for fixed k, is described by the following theorem.

THEOREM 4.1 For a smooth closed (lossy) object B located at a distance |z| from the origin, lying in
free space and scaled by §, the scattered electric and magnetic fields admitting expansions of the form
described in Section 3.1 at a distance r = |r| from the centre of the object and |r + z| from the origin for
fixed k take the form

3 Likr 1 ) .
E¥(r+z)= i <r3(3(f ([ A(e)IE™ (2))F — [ Ap(e)IE™ (2))
ik _ _ A
- 172(30- ([ (e )DIE™ @) — [ Ap(e)IE™ () +F x ([ #p(1,)IH™ (2)))
k2 . .
- 7(f x (F x ([#p(e)E™ (2))) +F x ([[///B(Mr)]]Hm(z)))> + oI 4.1)
and
53 eikr ) )
H*(r+z) = o <’3(3(f (LA () IH™ @) — [ (1) IH™ (2))

ik . . )
- 172(3(f~ WA () TH " @)F — [ A () IH™ @) — F x ([Ap(e) 1E™ (2)))

k2 . .
- 70 x (F x (A5 )NH™(2))) — F x ([[///B(Er)]]E‘“(z)))> + o 4.2)
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as I =max(8/r,8) — 0 where r is independent of §. In the above
.45 = (c — DIB|[; + (c — 1)2/ ra’ - Vrrz?js"(c)|_ ds’ 4.3)
9B

is a symmetric polarization tensor associated with the material contrast ¢ where [I] denotes the identity
matrix and |B| the size of B, and ¥]°(c) satisfies the scalar transmission problem

V, - eVe9=0 inB,
VZ9€=0 inR3\B,
0+ —0°|-=0 ondB,
- VeEl — i eVl =q" - Vyr, ondB,

9 —0 asr— oc.

COROLLARY 4.1 In the case of a small perfect conductor the corresponding asymptotic expansions for
E*(r +z) and H* (r 4 z), for fixed k as I" — 0, are given by replacing [.#5(¢,)] with [.#(c0)] and
[#5(w,) ] with [.#(0)]] in (4.1) and (4.2) in Theorem 4.1.

REMARK 4.1 If we setx =r +z, x = |x| and X =x/x in (4.1) in Theorem 4.1 we can show, for x — co,
with fixed z, that

53]{2 eik(xff-z)

E*(x) = —47((56 x (& x ([45(e,)1E™(2)))
X
+ 2 X (L) IH™ 2)))) 4+ 08 (4.4)
as § — 0, with a similar expression for H*(x). By noting that ¥ x (¥ x A) = —([I] — #£DA for any

vector field A and applying simple manipulations, we can show that (4.4) is the same as Ammari &
Volkov (2005, Theorem 1.1) for a single scatterer. Note that the polarization tensor that appears in
Ammari & Volkov (2005, Theorem 1.1) is equivalent (apart from a minus sign) to (4.3). This is eas-
ily seen by considering the definition of the potential, the application of the divergence theorem, the
symmetry of the polarization tensor and considering the scaling that appears in their Theorem 1.1.

The corresponding result for the scattered fields due to the presence of a non-lossy dielectric scatterer
at distances that are large compared with the object’s size, for a low-frequency problem, is described by
the following theorem.

THEOREM 4.2 For a smooth closed non-lossy object B located at a distance |z| from the origin, lying in
free space and scaled by §, the scattered electric and magnetic fields admitting expansions of the form
described in Section 3.2 at a distance r = |r| from the centre of the object and |r 4 z| from the origin

ST0Z ‘ST AfeniceH Uo ASBAIUN Basuems 1e /B10's jeuInolpiojxo Tewew l//:dny woJj pepecjumod



10 of 28 P. D. LEDGER AND W. R. B. LIONHEART

take the form

3eikr /1 ) )
E¥(r+z)= i <r3(3(f ([ A(e)IE™ (2))F — [ Ap () IE™ (2))
7 A _ A
- 172(30- ([Ap(e)IE" @ )F — [Ap(e)IE™ (2) + 7 x ([.4p(11,) IH™ (2)))
k2 . .
- 7(? x (F x ([Ap(e)IE™(2))) +F x ([[<%B(Mr)]]Hm(z)))> +0(8%) 4.5
and
3 eikr 1 ) )
H*(r+z)= = <r3(3(f (A () IH™ (2)F — [ Ap () IH™ (2))

ik . A ‘
- 172(3(?~ A (u) IH ™ @NF — [ A () IH™ @) — F x ([Ap(e)IE™ (2)))

2

k . .
- 70 x (F x ([ Ap(n)IH™ (2))) — F % ([[///B(Gr)]]El“(Z)))> +0(8% (4.6)

as & =max(§/r, k8) — 0, where k and r are independent of §. In the above [.#5(c)] is the symmetric
polarization tensor given in (4.3).

COROLLARY 4.2 In the case of a small perfect conductor at low frequencies the corresponding asymp-
totic expansions for E*(r +z) and H*(r +z) as & — 0 are given by replacing [.Zp(¢,)]] with
[Ap(c0)] and [.#p(w,) ] with [.#(0)]] in (4.5) and (4.6) in Theorem 4.2.

REMARK 4.2 Theorems 4.1 and 4.2 are the same, apart from the remainders, E*(r 4+ z) and H*(r + z),
and take a similar form to that of a radiating dipole (Jones, 1964), when the products of polarization
tensor and incident fields evaluated at the centre of the object are replaced by appropriate electric or
magnetic dipole moments. Note that Theorem 4.1 is not a consequence of Theorem 4.2 as the former
also holds in the case of a lossy dielectric object. However, by fixing k in Theorem 4.2 the results
agree for a non-lossy object. By fixing §, letting r — oo and setting z =0 in Theorem 4.2, then the
result of Keller er al. (1972) for E*(r) and H*(r) as k — 0O can be recovered. However, importantly,
Theorem 4.2, and hence the aforementioned simplification, is not applicable to lossy objects, as is
sometimes advocated e.g. Kleinman & Senior (1982), since €, would be a function of & in this case (see
also Remark 5.1). Furthermore, our results also confirm that the scattering from a small (lossy) object,
or a non-lossy object at low frequencies, behaves like a radiating dipole with appropriate moments,
not only in the far field (as described in, e.g., Keller ef al., 1972), but also at distances that are large
compared with the object’s size.

5. Asymptotic expansions of the fields in terms of polarization moments and proofs of the main
results

The leading-order terms in asymptotic expansions of the scattered fields, in terms of polarization
moments, for the exact scaled fields, the scaled fields expanded in terms of § and in terms of k§, at
distances that are large compared with the object’s size, are described by the following lemma.
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LeMMA 5.1 For a smooth closed object B located at a distance |z| from the origin, lying in free space
and scaled by §, the scattered electric and magnetic fields at a distance r = |r| from the centre of the
object and |r 4 z| from the origin take the form

3eikr R R ik R R R
EXr+2=— <3(3(r Pp)F —pp) — 5 B(F - pp)f —pp +F X mp)
T T I
k2
_ 7(f'x(f' xpB)—i—f‘xmB)) + A (5.1
and
3eikr ik
H*r+2)=—— <3(3(f -mp)F —mp) — —(3(F - mp)F —mp —F X pp)
TT I I
k2
_ 7(? x (F x mp) — F xp3)> + A, (5.2)
where
/ 1 iy /
pp®) :/ rn -uc|, + Er/ x (' x u*®)|, dS’, (5.3)
9B
. Al 1 / A/ !/
mB(V“)z/ Fr' ve, + oule ' xv*)|,dS (5.4)
9B

are the electric and magnetic polarization moments (or their leading-order term, depending on the argu-
ment) for the object B. Depending on whether the exact scaled fields are used, or if an appropriate
expansion is chosen, we have the following:

(@) A=O0(E*f(kS), for some f(k§) that has the property that f(k§) — 0 as k§ — 0, where 5 =
max(8/r, k8) when u* = e, v** = h* and r, k are independent of §. In this case (5.1) and (5.2)
are not asymptotic expansions as f(k§) is used to denote the fact that the higher-order terms
involve the exact scaled fields, but nevertheless the result is useful to make comparisons with
those available in the literature.

(b) A=0(T"), u* =e, and v* =I~1SC assuming that an expansion of the form (3.7) is valid for
e and (3.8) is valid for A. In this case (5.1) and (5.2) are asymptotic expansions for the fields
in the presence of a (lossy) dielectric scatterer for fixed k as I" = max(§/r,§) — 0, where r is
independent of §.

(c) A=0(EY), u* = éff and »*° =ﬁ3° assuming that an expansion of the form (3.12) is valid for
e and (3.13) is valid for A. In this case (5.1) and (5.2) are asymptotic expansions for the fields

in the presence of a non-lossy dielectric scatterer as = = max(8/r,k§) — 0, where r and k are
independent of §.

Proof.
Case (a)

We focus on the expansion for E*(r + z); the result for H*(r 4 z) can be obtained analogously.
Noting that the differentiation in (3.4) is with respect to r, and that the tangential components of e* and
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h*¢ in the integrand are functions of " only, we can rewrite this expression as
sC i52 2 / / ’
E (r~|—z)=7 k“ux(r — 6r'ya + V,.(V,u (r — ér)) -a) dS
aB
+ 52 / (Vou(r — 8r') x b) ds’, (5.5)
3B

where a(r') =i’ x b, b(r) =i’ x e and the results V, x (u; (b)) =V,u; x b and V, x (V, x
() = k*ua + V.(a - Vo) = k*ua + V,(V,u;) -a (Stratton, 1941, page 465) have been applied.
Throughout the proof we assume that the integrands are to be evaluated in the limit as dB is approached
from outside the object.

Let o = (y,...,04) be a multi-index, such that a!=oa!...a,!, r*=r]".. .rfjd and 9] (u) =
9 ... 9% (u). Then, by assuming that §/r — 0, the terms that involve the Green’s function evaluated
atr — 8r in k>uy (r — 8r')a + V,.(Vu,(r — 6r')) - a and V,u; (r — 8r') can be expanded using a Taylor’s
series expansion about r so that

Vo (r — 8r') Z sl 2 ( a“(v we(r)), (5.6)
o,|a|=0
Ku(r — 8rYa + V, (Vo (r — 8r)) -a =ka Z glel> —~ = - r 3% (ur (1))
o,|a|=0 ’

S 8'“'( Do e | a6

o, |o|=0

Focusing on terms with |o| =0 or |a| = 1, these can be explicitly computed as

2 8""'( V) = i (1" - 1) ; (5.8)
— , .

2
r r
=0

1kr 2
Za'“'( a“(ka(r))_ (k(’ PF + —(3(r r)r—r)+ (r—3(r/ f‘)r)) (5.9)

4
lor|=1

a3 8 ey + [ Y004 00w, | -a

la|=0 Joe|=0
ek /K U ¢ n 1 n
=—|—@—(a-rr)+—=@—3@a-r)r)y+ =QB@a-r)r—a) |, (5.10)
47 (r r? r3 )

a3 o T e + | 3 0 T e 9. e | -
la]=1 la|=1
i 3

8€ikr< k .o . o
= ——((r-ra—(a-NHi-rr
4 r
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2
+ ];—2(2(# Pa-+(@a-r@i+ @ -Hr —6@- v -rir)

+ %(3(% Pa+3@a-ryr+3a-Hr—12a-r) @ -i')i')) ) (5.11)

To obtain the asymptotic expansion for E*(r + z), we insert (5.6) and (5.7) into (5.5) and then use
equations (5.8-5.11) and a series of integral identities. To simply the presentation, we gather terms in
powers of r and work towards obtaining an expression of the form

E*(r+z) =tes ) + biss e +ts3)5 + A,
A= (Aps)r + Apsiyp + Agsty) = 0(54)f(k5), (5.12)

where & = max(§/r, k§) and f (k§), which has the property that f (k§) — 0 as k§ — 0, is used to denote
that the higher-order terms involve the exact fields that are functions of k8. The notation #;253,, is used
to denote the leading-order O(k*83/r)f (k§) term with similar meanings for #;5 s and tg,,5. Note that
these leading order terms contain (8/7)?! (k8)>f (k§) with the multi-index 8 = (8, 8) such that | 8| < 3.
The remainder A is a sum of three terms, each involving f(k§), A4/, indicating a term of order
o(k3s* /N)f (k8) with similar meanings for As4/2 and Agse /5. In our derivation the terms involving
different powers of r are considered separately, and, for a fixed power of r, the term involving the
lowest power of k is sought, with k and r independent of §. Higher-order terms, with |«| > 2, are such
that they will be absorbed into A.

Terms making up the ti25: . contribution

Considering (5.8), we obtain

1k82 eikrA N « , lk(Sz eikrA Y « ,
rx n xe* ds = r x rm -V, xe*)dS
47'[r 9B 47'[}" 9B
k283 ikr
- 47; i'x/ F@ - h)ds, (5.13)
0B

where the last two equalities follow by using the identity (A.1) and applying (3.6) for the scattered fields
in R3 \ B since the integrand is evaluated just outside of dB. From (5.9), we obtain

k283 eikrA N ) n ,
r X n xe - -r)ds
dmr 9B
k283 elkr 1, , N A | I, Sey (o B\ A Q!
= rx|—=rx rx @ xe*)ds + - rm -V, xe)r -r)ds
dmr 2 9B 2 OB
k253 eikr
=— F X (f' X / rx @ xe*)ds — ikB/ r@ -m@ -7 dS’)
42)mr B B
_ ke, (? x / r'x @ x e*) ds/> +0 <8k363> f (k) (5.14)
42)mr 9B r : ’
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which follows by using the identity (A.2) and (3.6). Considering (5.10), we obtain

k82 ek ‘ ‘ s eikr / ‘
e / ﬁ/xh“CdS/—/ R x b - P)ids' Y fx/ ' x h*dS’
drr 3B 9B Ay 3B

k253 ikr ,
=— ¢ fx(f‘x/r’(ﬁ-esc)dS’),
dmr 9B

(5.15)

by application of identities (A.3) and (A.1) and using (3.6). Finally, considering (5.11), we obtain

k283 eikr
1 </ ' x B r)ds — / A x B P -f’)i‘dS’)
r 9B 9B

lkz(SS eikrA , NG sc ’ s 3¢3
—— rx/ rx @ xh*)dS 4+ 0 | -k’8 ) f(kd), (5.16)
2 A4nr 9B r

which follows from the identities (A.2) and (A.4).
Summing (5.13-5.16), and using the definitions of py = py(e*®) and mp = mp(h*®), we find that the
order t;253, contribution to (5.5) is

k253 eikr
4r

8
by, =— (Fx (F xpg) +F xmp), Apsij=0 <k353)f(k5). (5.17)
r
Terms making up the t;s:,,> contribution
Considering (5.8), we obtain

62 ikr , k83 ikr ]
C ix | Wxecds=—2"C 5 [ Y@ -Rm®)dS, (5.18)
drr? 2B 4mr? 2B

Tr

which is obtained in a similar manner to (5.13). From (5.9), we obtain

'k83 ikr ]
1ore (3;>< / A x e - F)dS — / r’x(fz/xe”)dS’)
B B

42

k83 et /3 L C 8 50
=——— (f X (i* X / r x @ x e*c)dS’> +/ r x @ x e”C)dS’> +0 <2k 8 )f(sz),
4 r 2 9B 9B T

(5.19)

by using identity (A.2). From (5.10), we obtain

82 eikr
— 5 (/ ' x kB ds — 3/ (ft/ x h*¢ -f‘)f'ds/>
dmr 9B 3B
82 eikr g
= 5 (2/ ﬁ/thCdS’+3i‘x<f‘x/ fz/xhscdS’)>
dmr B 3B

ik53 Cikr I sc / A A /) 8C /
=— (2 rm -e*)dS +3r x | r x r'(n -e*)dS , (5.20)
4rr 8B B
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where the last two equalities follow by using the identities (A.1) and (A.3) and (3.6). Finally, consider-
ing (5.11), we obtain

1k83 eikr
42

<2 / AW X BE@ - 7)dS + / R x b - F)idS + / ' x b - #)r' dS’
JB B JB

2

1 k53 ikr , by
X px / r x @ x h*)dS + 0 (2k282
3B r

_6/33(’%/)(’1%i‘)(r/;.);‘dS/)z_z47‘[}‘2 )f(ks)a

(5.21)

which follows from the identities (A.2), (A.5), (A.9) and (A.4).
Summing (5.18-5.21), and using the definitions of p and mp, we find that the #;53,,> contribution
to (5.5) 1s

1k53 ikr
Lisijm = — (3rx (F X pg) +2pg +7 x mp)
ks 3 1kr 82
v B@F -pp)P —pg + 7 xmp), Ags)e =0 <r2k282> fk8). (5.22)

Terms making up the ts3 3 contribution
There is no contribution from (5.8) to £s3/,3. From (5.9), we obtain

83 ikr , ,
¢ 3 (—3?' X / A x e -7)ds +/ r x (A x e*) dS/)
drr oB oB

3 ik 3
5’e 3,\ ~ / N s¢ / / A/ sc / 8

=—5 (3P x|Fx [ rx@ xe)dS" )+ [ rx @ xe*)dS" | +0 | 5ké | f(kd),
43 \ 2 9B 9B r

(5.23)

by using identity (A.2). From (5.10), we obtain

1kr
x h* - P)rds’ — i’ x b ds’
4k7{r3 ( / @ 4 /33n ) )
i52 eikr ~ ~ A/ Ne / A~/ sc /
= 3 3Fx [ Fx n xh*dS ) +2 n x h>*ds
4k7Tl" 9B 9B
63 eikr
= <3f‘ X <i‘ X / r@' e dS’> +2 /r'(ﬁ/ -e*) dS’> (5.24)
3 b
47Tr‘ 9B
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where the last two equalities follow by using the identity (A.3) and (3.6). Finally, considering (5.11),
we obtain
83 eikr
4 r3

(3 / A xBEE r)dS'+ 3 / A x B -r#dS' +3 / R x B -F)r ds’
JB dB 0B

— 12 / ' x b .i)(r’.f)fds’>
0B

33 ikr 3 3
__o° —=F X / r x (@ x ) dS’ + =# x / ¥ x (' x B°)dS 4+ Ok8)f (k8)
43 2 9B 2 9B
83
=0 <3k8)f(k5), (5.25)
r
which follows from the identities (A.2), (A.5), (A.9) and (A.4).

Summing (5.23-5.25), and using the definition of p, we find that the #3,5 contribution to (5.5) is

3 eikr 3 Likr 3

PP . . 8
53 = g @Br x (F xpp) +2pp) = m@(r “PR)F —Pp)s  Astyp =0 <r3k8)f(k8). (5.26)

Summing (5.17), (5.22) and (5.26), we realize that the each of the higher-order terms will involve the
exact fields, as denoted by the presence of f(k§) in A. We also realize that Ags+/ + Apess 2 + Agst )
can be written as O(& 4)f (kd), since the sum of the contributions can be bounded as Ays4/, + Agegs /2 +
Agstyn < CE*f (k8), where & = max(§/r, k). This follows since (8/}’)‘51 (k8)P> < B for 8/r<1and
k§ < 1 with the multi-index § = (8, B») and | 8| = 4. This then completes the proof for part a).

Case (b)

We focus on the expansion for E*“(r + z); the result for H*(r + z) can be obtained analogously.
We proceed in a similar manner to case (a), again assuming that §/r — 0 and expanding the terms that
involve the Green’s function evaluated at 7 — 8¢ in k?uy (r — 8r')a + V. (Vo (r — 87')) - @ and V,u, (r —
3r’) about r for small 8. In this case, we look for an expansion of the form

|
E*(r+2) =tes)r + s +sp + A= Z(im,k283/r + by + Ensiy) + A,

m=0

A = Ak384/r + Ak284/r2 + A~k54/r3 = 0(F4),

where I = max(8/r, §). The notation f;243 = Lo es /rt+ s /» will be used to denote the leading-order
O(k*83/r) = O(83 /r) term, which simplifies since k is a constant in this case, with similar meanings for
f353,2 and £53 3. We will show that these leading-order terms contain (8/r)f'(8) with the multi-index
B = (B1, B2) such that |B| < 3. The remainder A is a sum of three terms, Apsss /r indicating a term of
order O(k38*/r) = O(8*/r) with similar meanings for At /> and Apss /. In a similar manner to case
(a) we consider only those terms with || < 2 since we will see that terms with || > 2 will be absorbed
into A.

Terms making up the s Jr contribution

By replacing e by &<+ O(5) and k¥ by hy + O(5), and adding contributions from (5.14)
and (5.16) under the assumption that the expansions also hold for €* =1lim, 5+ € (') and h* =
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lim,_, 55+ B*(r), we find that

{ = ks’ eikr;‘ x 7 x / rx (A x &) ds’ —|—/ ¥ x (i x h))ds' (5.27)
RTOE " ’ ” ) '

plus higher-order terms that contribute to A Jr = 0((8/r)8%). By replacing e* by ey + 8&\° + 0(5%)
and h*° by it?)c + Silic + 0(8?), adding contributions from (5.13) and (5.15), and noting that the scattered
fields outside B satisfy a similar system to (3.10), we obtain

~ k253eikrA sonl 7SC ’ ~ /Al ~SC /
sy =— i rx aBr(n ~hy)dS 47 x aBr(n -€y)dS" |, (5.28)

plus higher-order terms that contribute to Apsst /r- Thus, we have that

i L K283k . " 5 4
tiess)r = Ztm,k253/r i (Fx (rxXpg)+rxmp), Aps;,=0 ;3’ , (5.29)
m=0

where pp =pg(€y) and mp =mp (it(s)c) are leading-order terms of the polarization moments in this case.
Terms making up the frs /2 contribution
Again, following similar steps to part (a) and above

i iks” e <3A ( / " x (@ ~S°)ds’> +2 / ' x (i x ey)dS’
yp=— —— rx | rx r xm xe r xn Xe
0k8%/ 4(2)7‘[1"2 9B 0 B 0
—|—i'></ fx(ﬁxisz)dS’),
OB

5 kaS ikr , ] ,
Ligspe = — ! 62 <f‘ X / r (i k) ds’ + 2/ r@ - e*)ds + 3F x (f' X /r’(fz/ -e*%) dS/)> R
dmr oB 0B

so that

) L iksdelkr . - 8
tk83/r2 = Ztt71,k83/r2 = — 412 (3(1’ -pB)r — DB +rx mB), Ak2§4/r2 =0 ﬁé . (530)

m=0

Terms making up the ts /3 contribution
Again similar steps yield

i 53 eikr 3 “ N / , (A/ ~sc) dS/ + / ’ (A/ ~sc) dS/
BP=———F= | rxX|rXx r x(n Xe, r x(n xXe N
0T a2 B 0 3B 0

B 53 ikr ,
b po)p = 4;1% <3f‘ X <i‘ X /aBr'(ft/ -€y) dS’> + Z/r’(ﬁ -€y) dS’> ,
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so that

_ 1 _ 3 gikr . X ~ 53
Byyp = Enpyo = 27 O PP —pp), Awyp=0( 38 ). (5.31)
m=0

Summmg (5.29-5.31) gives the desired result. Note that, in a similar manner to case (a), we have
Apsss I+ At 12+ Apsi = O(I'*), since the contributions can be bounded as Ay r+ Apess P+
Ak54/rz < CI'*, where I' = max(8/r, 8). This follows since (8/r)#18%> < I'Pl for §/r < 1 and § < 1 with

the multi-index B = (B, B2) and |B| =4. In this case, py =py(€y) and mp = mB(h0 ) are the leading-
order terms for the polarization moments, which are not functions of §, so we obtain asymptotic expan-
sions for the fields in the presence of a (lossy) dielectric scatterer as I" — 0. This completes the proof
of case (b).
Case (¢)

We focus on the expansion for E*°(r + z), the result for H* (r + z) can be obtained analogously. We
look for an expansion of the form

1
E*(r+2z) =tpg) +bsyp +is + A= Z(im,k283/r + bk 2 FEnsiyn) + A,
m=0

A = Ak364/r + Ak284/r2 + A~k54/r3 = 0(34),

where & = max(8/r, k), which we obtain by replacing e* by &; es + k(Se + O((k8)?) and h** by hSC
{cShslc + 0~((k8) ) in a similar way to case (b). Following the two previous cases, the n0tat1013 s =
io’kzp /it il’kZ(g} s 1s used to denote the leading order ok*83 /r) term with similar meanings for £ /2 and

fs /13- Note that these leading-order terms contain (8/ 1 (k8)P with the multi-index B = (81, B2) such
that | ] < 3. The remainder A is a sum of three terms, A5/, indicating a term of order O(k*8*/r) with

similar meanings for A /2 and Apst /3. The resulting pp =p B(égc) and mp = mgp (it(s)c) are the leading-
order terms for the polarization moments, which are not functions of k¢ in this case. The higher-order

terms Akz54 /e Ak254 2+ AW /3 can be written as O(& 4, using similar arguments to case (a) and (b),
and the final results are asymptotic expansions of the fields in the presence of a non-lossy dielectric
scatterer as =& — 0. This completes the proof of part (c). 0

REMARK 5.1 To make comparisons with available results in the literature, we first consider case (a) in
Lemma 5.1. By setting z = 0 and identifying 8°p,(e*°) =p and 8*mp(h*) = m as the electric and mag-
netic dipole moments, respectively, then the scattered fields are exactly those of radiating electric and
magnetic dipoles placed at the origin (Jones, 1964, pp. 152—154). If we also fix r, the expansion agrees
with those obtained by Baum (1971) by different means. Baum obtained his result for the unscaled fields

€ and H. To transform to the result of Baum, we additionally set E = 6(;/28, H = M(l)/Z’H, p= 60_1/213

and m = u(l)/ % and take the complex conjugate. Note that the scaling for p is different from E since
Baum scales his electric moment p with €, but does not scale the corresponding magnetic moment 7.
The complex conjugate must be applied since Baum assumes the time variation e'®’. Compared with
the result of Baum, ours benefits from the explicit inclusion of the object size, §, and higher-order terms

which make the dependence on k, § and r explicit.
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If we consider case (c), and set § =1 and z = 0, the form of the order k?/r term agrees with the
Rayleigh term obtained by Kleinman (1973) and Dassios & Kleinman (2000) for the limiting case of
k — 0, r — co. However, as § is not taken into account in their work, it cannot be rigorously applied
to problems described by k§ — 0, and may encounter problems if the scatterer is lossy so that e,
is a function of k. Our result for case (c) benefits from the inclusion of the object size, is valid as
max(8/r, k8§) — 0, such that it holds for distances that are large compared with the object size and for
low frequencies, and applies if the scatterer is a non-lossy dielectric or a perfect conductor. By fixing k
in case (c) we recover case (b) for non-lossy dielectric and perfect conductors. However, it is important
to remark that case (b) is not just a consequence of case (c) since the former also holds if the scatterer is
a lossy dielectric object. It is also important to note that case (b) does not describe the perturbed fields
for a lossy scatterer at low frequencies as the expansion is valid for fixed £ when max(§/r,8) — 0.

By considering a scatterer, which is a (lossy) dielectric or a non-lossy dielectric scatterer at low
frequencies, as described by cases (b) and (c) in Lemma 5.1, we are able to express the leading-order
terms in asymptotic expansions of the scattered fields at distances that are large compared with the
object’s size in terms of polarization tensors and, hence, prove the main results of the paper. We also
consider the polarization tensors that result when the scatterer is a perfect conductor as a limiting case
of a dielectric object.

The zeroth-order coefficients of the scaled fields satisfy transmission conditions of the form (3.11)
on dB, which allows the leading-order terms for the polarization moments appearing in cases (b) and
(c) of Lemma 5.1 to be expressed as

/ i N 1 N /
Dp :/ ria’ (e, — Du™ +r'i - eu™|_ + Er/ x (A" x u*)|_dS’, (5.32)
9B

I AT in =Y sC 1 / A/ sC /
mp = rn - (u,— v +r'n -ev |_+§r x (n x v*)|_ds’, (5.33)
9B

- . i ~sc ; ~in = . = = .
where u* =€, u™ = ¢, v** =h, and v'" = h,, for case (b) and u** = ¢y, u™ = e, v* = hy and " =

1:1})“ for case (c).

Proof of Theorem 4.1. We recall the expansions of the scattered and incident scaled fields in terms of

the coefficients e° hf:, Ei,:: and izi:, m =0, 1, as described by (3.7) and (3.8), and note that the scaled

mo

incident fields can also be expressed in terms of the multi-index Taylor series expansions

. . © gl )

") =E"(r +2)= Y ?(r’)“B“(E”‘)(z), (5.34)
alal=0 "

. . sl .

RN =HOr +2) = ) )" H @), (5.35)
o,|o|=0 .

forr’ € 9B as § — 0, so that on comparison of these expansions we arrive at the conclusion that éi]“ r)=
E"(z) and h, (') = H" ().
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We also recall that e, and ﬁ;c are curl- and divergence-free in B and in R*\ B, and thus, since
B is closed, we can write & = V,.¢* and iz?f =V, . By expressing ¢ = Z?:l(Gr — D(E™(@) -
V. r))0i¢(e,) and U= 2[3:1 (u, — 1)(Hi0"(z) - V)0 () we see that 9;°(c) satisfies

V, ¢V 9 =0 inB,
V29€ =0 inR>\B,
9l+ —9|-=0 ondB, (5.36)
Vel — i eVeeF|_=n"-V'r, ondB,

9 =0 asr— oo.

Inserting u* =& = V,. ¢, u" =& = E"(z), v =h, =V, and v" =h, =H"(z) into (5.32)
and (5.33), using the fact that % fZ)B ' x (@ x V.f)|_dS =— faB i'f|_ dS’ for a continuous scalar func-
tion f (Kleinman & Senior, 1982) and that [, a'f|_dS'= [, ,r'(&" - V,.f|-)dS',if Vif =0in B, we can
finally obtain

pp=[Mp(e)NE" @), mp=[Ms(n)TH" ), (5.37)
where
[ #5(c)]lj = (c — DIIN;|B| + (¢ — 1)2/ rﬁﬁ’ . V,/ﬂj?c(c)l_ ds’ (5.38)
3B

is a symmetric polarization tensor. Inserting (5.37) into case (b) of Lemma 5.1 completes the proof. [l

The above expression for [.#p(c)] is identical to the first-order generalized polarization tensor of
Ammari & Kang (2007, p. 79). By expressing the solution of the transmission problem for ¢;° in terms
of single- and double-layer potentials Ammari and Kang show that this tensor can be computed by
solving an integral equation on the surface of dB. In Appendix B, we discuss this further and show
that the above polarization tensor is also identical (apart from a minus sign) to the general polarization
presented by Kleinman & Senior (1982) and Dassios & Kleinman (2000).

Proof of Corollary 4.1. 1In the case of a perfectly conducting object the boundary conditions on dB are

A

A xecl,=—n' xe_, A -h*l.=—n"-h"_.

Following similar steps to the proof of Theorem 4.1 and using the representations &y = V. =
S (EMR) - Ver)Veds, and by =V, =0 (H"(z) - V1))V, 5, it is seen that the electric
potential cj;fc satisfies
2 7 Q .
Vig=0 inR*\B,
¢°|. =—r, ondB,

¢ =0 asr— oo,
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and the magnetostatic potential I,lec satisfies
Viy=0 inR3\B,
i Vel =—i' -V, ondB,

Y —0 asr— oo.

By substituting the representations u* = é;c = V,Jqssc and v*° =I~1(S]C = V,/I/NJSC into (5.3) and (5.4), we
immediately obtain

Py = [Mp(00)IE™(2), mp=[/p0)]H"(z), (5.39)
where
[#5(c0) 1 = [11;1B| + / i Vgl dS’ (5.40)
B

is the electric polarizability tensor and
[.#50)1ly = —[Tll1Bl — | A€l dS’ (5.41)
9B

is the magnetic polarizability tensor (Keller ez al., 1972). (]

Alternatively, a perfect electrical conductor can be understood as the limiting cases of €, — 400
and u, — 0. In this case, the integral equation approach for the computation of [.#5(c)]l, proposed
by Ammari and Kang and discussed in Appendix B, still holds for ¢ = 400 and ¢ = 0 although, in the
former, it requires the solution of a singular system (Ammari & Kang, 2007, pp. 88-89) and cannot be
computed independently from E™(z) (see also Ammari & Kang, 2007, p. 37).

Proof of Theorem 4.2. We recall the expansion of the scattered and incident fields in terms of the coef-

ficients eSC hqc e‘“ and hm m=0, 1, as described by (3.12) and (3.13). The incident fields H™™ (67" + z)
and Em(6r + z) are functlons not only of 87" + z, but also of k(67 + z) and so they can be expanded
about kz in terms of the multi—index expansions

. . = (k§)
=B +o= Y EO e EY @),
o,|a|=0

) ) 2L (k)
ey =H e v =S EOT geae ),

o,|a|=0

forr’ € 9B as k§ — 0. Thus, we can identify that e e M) = E™(z) and h ") =H"(z).
We also recall that e5° and hac are curl and dlvergence free in B and in R*\ B, and thus, since B

is closed, we can write e V,qu and hf)c = V,JI/I . Choosing ¢ = Zi:l (€, — D(E™(z) - V, )0 (€r)

~ SC
andy = Z?:] (ur — DH(Z) - V7)) 0 (1), with 9 (c) satisfying the transmission problem (5.36), we
can show that ' '
P =Ap(e)E" (2), mp=[Ap(W)IH" 2). (5.42)

Inserting (5.42) into case (c) of Lemma 5.1 completes the proof. (]

ST0Z ‘ST AfeniceH Uo ASBAIUN Basuems 1e /B10's jeuInolpiojxo Tewew l//:dny woJj pepecjumod



22 of 28 P. D. LEDGER AND W. R. B. LIONHEART

Proof of Corollary 4.2. Following similar steps to the proof of Theorem 4.2 and Corollary 4.2, we
arrive at

pp =M E™ (), mp=[.#30)H" (), (5.43)

for a perfectly conducting scatterer at low frequencies. |

6. Discussion

Asymptotic expansions for the perturbation in the electric and magnetic (near) fields, due to the presence
of an object, as § — 0, have been obtained by Ammari e al. (2001). Their formulae are based on a
bounded, rather than an unbounded, domain where the tangential traces of the electric and magnetic
fields are known on a boundary placed at some finite distance from the object. The leading-order terms
they obtain show a similar explicit dependence on the object size to that obtained in (4.1) and (4.2)
and (4.5) and (4.6). However, unlike the results in Ammari et al. (2001) and Ammari & Volkov (2005)
(discussed in the Remark 4.1), our asymptotic expansions in Theorem 4.1 contain additional terms
since they hold as max(8/r,§) — O rather than for » — oo, as § — 0. Additionally, in the case of a
non-lossy dielectric, Theorem 4.2 describes the perturbation in the fields as max(6/r, k§) — 0, which
are relevant for low-frequency problems at distances that are large compared with the object’s size.
The k?/r term is a component in the leading-order terms we have obtained, and we expect our new
expansions will be useful for understanding for low-frequency inverse problems where the interplay
between the wavenumber and the distance from the object to the point of measurement becomes a
critical factor.

As stated in Remark 5.1, by identifying the polarization moments 8’pz(e*) and 8’mp(h*°) with
the electric and magnetic dipole moments p and m, respectively, the fields for case (a) of Lemma 5.1
are exactly those of radiating dipoles. In the case of low-frequency scattering by a non-lossy dielectric
sphere, centred at z, with radius § and described by k5§ — 0, the scattered fields, at sufficiently large
distances, are the same as radiating dipoles centred at z with moments (e.g. Jackson, 1975, p. 413)

1N 1
p=4n8* (S ) E"@), m=4ns’
€ +2 mr+2

) H" (Z)

If the sphere is centred at the origin, then E™(z) = E™(0) and H™(z) = H™(0) are the amplitudes of the
incident plane waves. Theorem 4.2 describes the scattered fields as max(8/r, k) — 0, for an object B of
unit size scaled by 4. If the object B is a sphere of unit radius, the polarization tensor has the known form
[#p(c)] =47 ((c — 1)/(c 4+ 2))[I] (Ammari & Kang, 2007). On consideration of the scaling §, and
the known form of the polarization tensor, we see that Theorem 4.2 is exact in the case of low-frequency
scattering by a dielectric sphere. In the case of scattering by a perfectly conducting sphere the dipole
moments are known as (e.g. Jackson, 1975, p. 415)

p=4n8’E™(z), m=—-2n8H"(z).

By noting that a perfectly conductor sphere of unit radius has polarization tensors [.Z(0c0)]] = 47 [1]]
and [.#5(0)]] = —2x [1]), we see that Theorem 4.2 is also exact in the case of low frequency scattering
by a perfectly conducting sphere.

Finally, to make comparisons with the results sometimes quoted in the engineering literature
(e.g. Das & McFee, 1991; Braunisch et al., 2001; Norton & Won, 2001; Marsh et al., 2013), we take
the component of H* in the direction of 7 for a purely magnetic object and, using the expansion (4.2),
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we find that

sc A e (2, in 2ik in 4
H*(r+z)-r= i (r3"' (A )NH™ () — ’7" ([ A () I H (Z))> + 0(8")

83 .
= =2 Vou - [AMp(u)TH" @) + 0", (6.1)

where the leading-order term is of the form of a H - [A43(u,)|H> sensitivity, with [A3(u,)] =
—(283 /N AB(1,)]. As mentioned in the introduction, the perturbed magnetic field for a conducting
object at low frequencies is described in terms of a different kind of polarization tensor (Ammari ef al.,
2014).
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Appendix A. Integral identities
Kleinman (1967) shows that

/ g deS/:/ F@ V. x F)dS, (A.1)
JB B

holds for a vector field F that is differentiable everywhere in the neighbourhood of 9B for closed B. By
choosing F = G(r' - F), we can use the above result to obtain

/ W X G -F) dS’:/ F@ -V, x (G -#)))dS’
9B 9B
:/ r@a' - v.r -7 x G)dS' +/ @' V. x G -#)dS’
B 3B
= —/ r@-n x G)ds' +/ r@a' - V. x G -#)ds'.
9B

9B
Next, applyingA x (B x C)=(A-C)B — (A -B)C withA =F,B=n x G and C =7’ gives
/ - x G)dS' =7 x / r x (@ x G)dS/—i—/ ' x G -7 ds,
9B 9B 9B
and thus
1 1
/ i x G -F)dS' =—=F x / r x (@ x G)dS' + f/ r@' - V. x G -7)dS'. (A.2)
B 2 B 2 Jon

The result

/ # -1’ x F)pdS =7 x (f' X / n x FdS/) +/ i’ x FdS', (A.3)
9B B 3B

follows from the application of the vector triple product identity withA =B =#and C =#' x F.
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Next, consider

@7 x F)@ -HrdS = /(f A x (F@ - #)irdS
oB

=Fx (f‘x/ ﬁ’xF(r’.f)dS/>+/ ' x F@ -7 ds,
JB JB

where the second equality follows from identity (A.3). Applying the vector triple product identity with
A=B=¢and C=q' x F(r' -7) to the first term on the right-hand side of the equality followed by
applying identity (A.2) and using properties of the scalar triple product gives

’ /oANA ’ ~ IA NG /oAl A~ N
/(f‘-ﬁ xF)(r-r)rdS=<r~{—rx/ 7 deS/—i—/r(n -Vrer)(r/-r)dS/})r
3B 2 B OB

= / A -V, x F)@ -#)*dS. (A4)
JB
The result

(f"ﬁ/xF)r’dS’zf'x/

r/xfz/deS/—i—/ ' -Pa’ x FdS'
3B

B B

1 ’ A/ A
=—Fx / rxi xFdS +/ @i -Vv. x F)@ -7)ds, (A.5)
2 0B 0B
follows from application of the vector triple product identity with A =#, B=r' and C=#' x F
and (A.2).

Unlike the previous identifies, which follow from (A.1) and/or the use of vector identities, the
derivation of the final identity (A.9), which follows below, does not. We first prove the following lemma.

LemMmA A.1 If F is a differentiable vector function defined everywhere in the neighbourhood of a closed
surface 0B, then

/ 1 N / / /
/r’~fl deS’=f/(n-Vrer)r~rdS. (A.6)
0B 2 Jsm

Proof. The vector field ' can be expressed as r' = r/lfl + r’zfz + rgig Noting that 21 =V, r1 =V,r;
and that r|V.r] = %V,f(r’l)2, then, by using similar results for other components, we see that ' =
(Vo (%) + Y, (15)% + Ve (r5)?). Thus,

3
/ 1 - /
/ FoA xFdS =~ Z/ (Vo ()2 A x F)ds' |. (A7)
oB 2\ Jos
Application of the properties of the scalar triple product and cross product enable us to write
/ (Vo () A x FdS' = —/ @ - V,.(r)?* x F)dS'
B B

=— [ @V, x F(@F)H)dS' + / @ -V, x F)(r)*dS, (A.8)
0B JB
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where the first term on the right-hand side of (A.8) is zero for each i since f 0B - V. xG)dS =0,
for a differentiable vector field G, when B is closed. The lemma then immediately follows from (A.7)
and (A.8). [

This lemma then enables us to write the final integral identity as
1
/ -7 x F)PdS = - / @ V. x FYr -r)rds, (A.9)
9B 2 Jop
which follows since 7 can be taken outside the integral sign.

Appendix B. General and generalized polarization tensors

We recall that the fundamental solution to the Laplace equation in R® corresponds to uq (i.e. setting
k=0 in (3.3)) and that, for a bounded Lipschitz domain B with boundary 9B, the associated single-
layer potential applied to a function f € L>(B) is defined as

Spf(r) = /33 uo(r —r')f (r')ds’, (B.1)

with r € R3. The single-layer potential also satisfies
Spf |+(r) = Spf-(r), (B.2)

a 1
%ngli(r) = <:|:2]1 + IC;) f (B.3)

for r € 9B almost everywhere (Ammari & Kang, 2007). In the above I is the identity operator,

e =r

Kgf (r) =p.v./ ——2f () as, (B.4)
op 4|’ —rf?
and K}, is the L? adjoint of Kp.

To simplify the notation in the remainder of this appendix, we drop the prime where no confu-

sion arises. In Ammari & Kang (2007, Definition 4.1), the authors define their symmetric generalized
polarization tensor in terms of multi-indices «, 8 as

(AMp(C))ap = / P9y (c,r) ds, (B.5)
0B

where 1% (e,r)= (AT — IC;)’1 (@' - V(")) (), c is the material contrast and A(c) = (1 + c)/2(c—1)).
In Lemma 4.3, they show that an alternative expression for (.#z(c))agp is

== [ PEas -1 [ o 290 as, (B.6)
0B 0 _

on 9B on
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where 9, (c) satisfies the transmission problem

27 of 28

V.cVd,=0 inB,
V29, =0 inR?\B,
Ul — |- =0 ondB, (B.7)
0, 00y A
_ —c—| =n-V@*) ondB,
on |, on |_

¥, — 0 as|r| — oo.

By restricting consideration to |«| = |8| = 1, the generalized polarization tensor of Ammari and Kang
becomes a symmetric matrix [.#(c)]l;;, i,j = 1,2, 3, which is identical to (4.3).

Kleinman & Senior (1982) and Dassios & Kleinman (2000, p. 168) considers the following scalar
transmission problem for 6;(c), j=1,2,3:

V.cVh =0 inB,
V?0;=0 inR3\B,
6l+ —6|-=0 ondB,
30,
¢
on

(B.8)
36;
on

+

=0 ondB,

0 —r;—0 as|r|— oo,

and present a number of alternative expressions for their general polarization tensor [[Mp(c)]] including

00;
M5 = / 0Ol —r 2| as, (B.9)
0B n +
—(-0 [ #. ds, (B.10)
B
:(l—c)/ L (B.11)
9B on |_

where the equivalence between the different expressions follows from the manipulation of the transmis-
sion conditions and application of the divergence theorem (Kleinman & Senior, 1982).

LeMMA B.1 In the case of |a| =|8| =1 the generalized polarization tensor of Ammari and Kang
is identical (apart from a minus sign) to the general polarization tensor as presented by Kleinman
& Senior (1982), which, in turn, is a symmetric matrix [Mp(c)ll;, i,j=1,2,3 that also satisfies

[ (c)] = —[[Mp()].
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Proof. Transforming the transmission problem (B.8), using x;(c) = 0;(c) — rj, we see that x; satisfies
V-cVyx;=0 inB,
Vi =0 inR3\B,
Xil+ — xjl- =0 ondB,

Brj
=(c—1)— onaB,
on

(B.12)
9%

9y
G| %
on

on

+

xi—~ 0 as|r|— oo.

The solution to (B.12), for each j, can be expressed in terms of a single-layer potential as x;(r) =
Sp )Zj(r), r € R3. This representation automatically satisfies the first transmission condition on dB and
the second condition becomes

A0SR _CaSB)%j =(c—1)% on 9B
o |, an | on '

Then, by using (B.3), we can deduce, in a similar way to Ammari & Kang (2007, p. 77), that
X =0T — K~ '@ - V,/r})(r’), redB. (B.13)

Clearly, f}a (r) has similarities to j;(r). In fact, by limiting consideration to || = | 8] = 1, the generalized
polarization tensor of Ammari and Kang can instead be written in terms of x as the symmetric matrix

LA = / r34(r) dS = / r 3, dS. (B.14)
B B

Finally, we can relate [.#Z(c)] to [Mp(c)] by using a similar approach to Lemma 4.3 in Ammari &
Kang (2007): Recalling that 0, = r; + x; = rj + SgXj, then

a6;
on

1
—A-Vr+ (—2 +K;) %), reoB, (B.15)

and noting that — I + Kj = —(AI — K}) + (A — 1)L it can be shown that

/ 20
Ti 7
o On

ds = (A - 1) / rA\L = Ky~ @ - V) ) ds
_ 2) Jan !
1
= ()\ — 2> H%B(C)]]zj- (B16)

Thus, since A — % =1/(c — 1), and by considering (B.11), we have [[.#Zz(c)]l;j = —[[Mp(c)];. In Das-
sios & Kleinman (2000, p. 168), the authors present an alternative form of their general polarization
tensor where the equivalence with Ammari and Kang’s tensor is almost immediate. g
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