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Abstract: In this report, we use the method of matched asymptotic expansions to approximate the
solution of the time-harmonic electromagnetic scattering problem by a small perfectly conducting
sphere. This method consists in defining two local approximations using multi-scale expansions
over far and near fields, related in a matching area. We make explicit the asymptotics up to the
second order of approximation for the near-field expansion and up to the fifth order for the far-field
expansion. We illustrate these results with numerical experiments making evident the performance
of the asymptotic models.
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Modélisation asymptotique de la diffraction des ondes
électromagnétiques par de petites spheres parfaitement
conductrices

Résumé : Dans ce rapport, nous utilisons la méthode des développements asymptotiques rac-
cordés afin d’approcher la solution du probléme de diffraction d’ondes électromagnétiques par
une petite sphere parfaitement conductrice. Cette méthode consiste a définir deux approxi-
mations locales de la solution en utilisant des développements multi-échelles, dits de champ
proche et de champ lointain. Ces développements sont raccordés dans une zone de transi-
tion. Nous effectuons les développements jusqu’au deuxiéme ordre pour le champ proche et
jusqu’au cinquiéme ordre pour le champ lointain. Nous illustrons ces résultats avec des expéri-
ences numériques qui mettent en évidence la performance des développements en fonction de la
taille de l'obstacle.

Mots-clés : Développements asymptotiques, Equations de Maxwell, Modéles réduits



Asymptotic Modeling of the Electromagnetic Scattering by Small Spheres 3

1 Introduction

Many physical phenomena involve multiple electromagnetic scattering by small obstacles [7,
22| 140, 43]]. All exact theories and numerical techniques for computing the electromagnetic
fields are based on solving Maxwell equations either analytically or numerically. For scatterers of
arbitrary shape, the use of numerical methods is required. Classical numerical approaches like
finite element and boundary element methods, developed for example in [5, 18 [32] for solving
the scattering problem for Maxwell equations, are very efficient when the size of the scatterers
is larger than the incident wavelength. However, these methods become very expensive both
in terms of computation time and memory capacity when the scatterers are significantly small
in comparison with the wavelength and when we deal with large three-dimensional domains.
That is partly due to the necessity of refining meshes as finer as the obstacles are small. An
other method for the multiple electromagnetic scattering problem by large obstacles has been
developed by Ganesh and Hawkins in [23]. This is a meshless method based on the Galerkin
discretization of the corresponding integral equation into local spectral basis depending on the
center of the obstacles. But, according to the authors, this method is unstable when the obstacles
tend to be small. In the same philosophy, the multiple acoustic scattering by small obstacles is
treated in [4} [37]] where the discretization of the integral equation in a Fourier basis is discussed
in two-dimensional domains. These spectral methods allow to get analytical formulations when
the obstacles have particular shapes like spheres [29] [44].

Several methods can be considered to overcome difficulties related to the small size of the ob-
stacles. For instance, techniques of local mesh refinement can be considered but remain limited
and expensive when we have a lot of inhomogeneities. The asymptotic analysis [15} 19} 24} [31]
is therefore a good approach. The asymptotic theory in singularly perturbed domains has turned
out to be very efficient in numerical techniques. Dependence of the solution on a small pa-
rameter is taken into consideration and the initial problem can be decomposed into a collec-
tion of elementary problems. Different methods bring out of this branch of analysis like the
method of multiscale expansions [8} [26], (34, |41]] or the method of matched asymptotic expan-
sions [[12} [13] 30} [38]]. Although these methods lead to different iteration procedures for the
construction of the asymptotics, the approximations coincide locally [16]]. Problems dealing
with multiple electromagnetic scattering by small obstacles have already given rise to numerous
works [[1}[3, 11} 20} 26]. In [26]], Korikov and Plamenevskii used the method of compound solu-
tions, that is a multiscale expansion method, to approximate the solution of the interior Maxwell
problem with a small hole, both for the time-harmonic and the time-dependent Maxwell equa-
tions. They set up a rigourous functional framework to express asymptotic expansions of the
solution, including elliptic regularization, at any order. Error estimates are proved in a dissi-
pative framework. In [3] [42], asymptotic formulas for perturbations in the tangential trace of
the magnetic field caused by the presence of heterogeneities have been derived and rigorously
justified. Nevertheless, only the first term of the volumical asymptotic expansion for the elec-
tromagnetic fields is given. The asymptotic formulas are used in the theory of inverse problems
through boundary integral methods in order to determine physical properties, location and size
of the small obstacles [[1} [2]].

The method of matched asymptotic expansions consists in constructing distinct expansions
of the solution in different regions of the domain of propagation with appropriate scales, and
matching them in intermediate regions also called matching areas [39]. The justification of
matching rules can be obtained from the hypothesis of structure of a uniform expansion into the
whole domain [21]]. This approach allows to define local approximations of the solution at any
order, relatively to the obstacle size but is difficult to justify rigorously [38]. It is typically used to
study the single scattering problem and in this case, involves two different expansions. The tran-
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4 Labat & Péron & Tordeux

sition to the multiple scattering can be performed thanks to an appropriate model like Born or
Foldy-Lax model [, [10]. The Born theory is based on a superposition principle and the solution
of the multiple scattering problem is approximated by the sum of the scattered fields generated
in the presence of isolated obstacles. This approximation is quite accurate when the distance
between the obstacles is sufficiently large. On the contrary, if interactions between obstacles
cannot be neglected, the Foldy theory improves the previous one [20]. Some intermediate mod-
els between Born and Foldy are compared in [11] for the multiple electromagnetic scattering by
finitely many point-like obstacles.

In this report, we develop the method of matched asymptotic expansions to approximate
the solution of the electromagnetic scattering problem by a small perfectly conducting sphere.
We derive explicitly the first terms of the asymptotics, up to the second order for the near-field
expansion and up to the fifth order for the far-field expansion. Moreover, we give a physical
interpretation of these first terms through the idealistic notion of electric and magnetic multi-
poles. In contrast with [26]], this work is concerned essentially with numerical and applicable
objectives. By the way, we illustrate our results thanks to numerical experiments making evident
the performance of the asymptotic models.

This paper is organized as follows. In Section[2] we describe the problem that we consider and
we present the main results that we have established. These results characterize the first terms of
the asymptotic expansions for the electromagnetic scattering problem by a small sphere perfectly
conducting. In Section [3] we display some numerical results to make evident the performance
of the asymptotic expansions. From these local expansions, we construct a global approximation
by truncating suitably the whole domain. In Section |4} we present the full method of matched
asymptotic expansions applied on the electromagnetic scattering by a small perfectly conducting
sphere. We make explicit the matching conditions thanks to the use of modal decompositions for
the near-field and far-field terms introduced in Appendix [C| Then, we pursue the construction
of the first terms of the far-field and near-field expansions based on their modal decomposition
in spherical geometries. In Section |5, we apply our results to define a collected model which
consists in gathering the terms, not with respect to the §-powers, but with respect to their nature,
in terms of multipoles. Finally, we illustrate a multiple scattering model in electromagnetism
based on the Born approximation and we discuss about the Foldy-Lax model.

2 Problem description and main results

In this section, we describe the electromagnetic wave scattering problem by a finite number of
small spheres and we introduce the asymptotic expansions for the single scattering problem.

2.1 Normalization of the equations

The propagation of time-harmonic electromagnetic waves of angular frequency w in a homoge-
neous and isotropic dielectric with electric permittivity ¢ > 0 and magnetic permeability x > 0
is described by an incident wave Re[(€1¢(x), HI"(x)) exp(—iwt)]. The incident field (£, H")
satisfies the time-harmonic Maxwell equations

curl EM¢ — MM =0 in R,
curl H™ + jweEM = g in R?,

Inria



Asymptotic Modeling of the Electromagnetic Scattering by Small Spheres 5

where the electric current density J is a smooth vector field with compact support in R? that is
related to the electric charge density p through the charge conservation principle

—idwp+divg =0 in R3.
Remark 1. When J is of class €, the incident fields £ and H ™ are also of class € into any

bounded sub-domain of R3.

In Table [1} we introduce the classical electromagnetic fields, densities and potentials, with
calligraphic symbols. Afterwards, we define a normalization and we denote the normalized
quantities with straight symbols.

Usual convention Normalized quantities
Electric field E [Vm—1] E cuz€
Magnetic field H [Am~!] H =  euH
Electric charge density P [Cm—3] 0 = Lzp
Electric current density J [Am—2] j = /ﬁj
Electric potential v [V] V =  epzV
Magnetic potential A [Vsm—1] A c2 A

Table 1: Normalization of the electromagnetic quantities

Taking in account this normalization, the incident field (E™¢, H"), that is of class ¥ into
any bounded domain of R3, satisfies the time-harmonic Maxwell equations
curl E™ — jxH™® in R?,

—0
curl H™ 4 jxEe — 1 in R3.
C

The wave-number « satisfies the dispersion relation

k= —,
c

with the wave-speed ¢ = (ue)~ 2.
Remark 2. The charge conservation principle remains unchanged and we have —iwp + divj = 0.

Remark 3. For example, the incident field (E™, H™) can be an electromagnetic plane wave,
- . 1
E™(x) =pexp(ik-x);  H™(x) = —(k x p)exp(ik -x),  withk-p=0, 2.1)

where the wave-vector k that is proportional to the wave-number « sets the angle of propagation
and p denotes the polarization vector.

2.2 Description of the scattering problem

In the presence of small obstacles with characteristic length §, the incident field (E™, H™) is

scattered and gives birth to a new field (EY*, HY") which can be decomposed into the incident

field and a scattered field (Es, Hs)

E:;Ot _ Einc + E6 : Hgot — Hinc + H5.
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6 Labat & Péron & Tordeux

Both the total field (Ef", HY") and the scattered field (Es, Hs) have to satisfy Maxwell equations
in the exterior domain of the obstacles with the same wave-number . The scattered field also
needs to satisfy the outgoing Silver-Miiller radiation condition at infinity

lim r(Hs x Z — Es) =0, r=|x, T=-.
r—00 r
The created fields strongly depend on geometry and physical properties of the obstacles. In this
paper, we consider the multiple electromagnetic scattering by K spherical obstacles B(cx, d),
k =1,..., K, perfectly conducting, each one being centered at ¢; with small radius § > 0, see
Figure [Il We assume that any distance d,; between two obstacles is not small in comparison

(Einc7 HinC) / (E§7 H5)

 —
Cj \
Qs
Figure 1: Domain of propagation
with A. The domain of propagation 25 is defined by
K —
Qs =R\ | B(cx,0).
k=1
The scattering problem reads as
curlEs —ikHs =0 in Qs,
curl Hs +ikEs =0 in Qs,
nx Es = —n x E™ on 99, (2.2)
n-Hs; = —n-H" on 995,
lim 7(Hs x 2 — Es) =0 uniformly in Z,

r—00

where n denotes the outward-pointing normal unit vector of 9. It is well-known that the
electromagnetic scattering problem by a finite number of spheres is well-posed, see for instance
[32},[33]]. Moreover, the solution (Es, Hs) have an analytical decomposition into 5. In Appendix
ID| we recall some properties about its decomposition.

Remark 4. For lipschitz obstacles, the exterior Maxwell problem (2.2) has a unique solution
(Es, Hs) in Hyo(curl, Q) if the tangential trace of the electric field n x E; on 925 belongs to the
Sobolev space

H, ? (divoo,, d%) = {u € H 2 (99y), divog,u € H 2(09s) andu-n = 0 on 895} .
A characterization of this space for lipschitz domains is established in [9]. Moreover, this con-
dition ensures that the normal trace of the magnetic field n - Hs on s belongs to H~2 (09s).

Then, well-posedness in Hyy.(curl ,Qs) derives from the Fredholm theory and can be proved
thanks to a boundary integral equation posed on 95 and the use of integral representation

Inria



Asymptotic Modeling of the Electromagnetic Scattering by Small Spheres 7

given by the Stratton-Chu formulas, see [[14]], or with an equivalent interior problem by equip-
ping the fictive boundary with a transparent condition. These formulations are also equivalent
to prove well-posedness of this problem into Sobolev weighted spaces for curl and div, see [33],
that allows to precise the behavior of the fields at infinity.

Remark 5. The numerical simulation of scattering by small obstacles, using finite element meth-
ods (FEM, DG, HDG, ...), can become very expensive or not affordable in terms of computation
time and memory capacity even in the context of mesh refinement and parallel computation.
This is mainly due to the size of the linear system which should be inverted.

Afterwards, we introduce the results that we have established for K = 1 and ¢; = 0, i.e.
for the scattering problem by one small sphere B(0,J) centered at the origin with small radius
0. We come back to the multiple scattering problem in Section This is driven by the fact
that the numerical validation confirms these results only for one small sphere. For any smooth
vector field u we denote by v, u its normal trace on the unit sphere 82 in R? and ~;u and 7 u its
tangential traces on 82, defined by

Yo = (& - u)|s2 , Yxu = (e, X u)s2, yu = (yxu) X e, 2.3)

where e, denotes the outward-pointing normal unit vector of §2.

2.3 Main results

In this section, we present the local approximations in far and near fields of the solution to
problem (2.2). The asymptotic expansions introduced in paragraphs and have been
derived thanks to the method of matched asymptotic expansions. In the last paragraph, we give
a physical interpretation for the first terms of the asymptotics in terms of equivalent sources that
are electromagnetic multipoles.

2.3.1 Far-field approximation

Far from the obstacle, we prove that the exact solution possesses the following formal asymptotic
expansion B B B B
E5=53E3+55E5+...; H5:(53H3+(55H5+....

For any positive integer p, the far-field terms (Ep, ﬁp) are defined in the asymptotic domain
QO =R\ {0}.

From this point of view, the scatterer is replaced by a point-like obstacle. Moreover, the third-
order far-field terms (Es, H3) are given by

sl (er) + ey (sr)

= K3 1 inc
E3(x):—?hg)(mﬂ)yx(H (0)) — —

v (E™(0))
B (k)

3 inc =
-2k TV'n(E (0))m (2.4)

and

fi?’ hgl)(m“) + m“hgl),(/@r)
2 KT

H3(x) = —k*ASY (k1) v (E™(0)) + 7 (H™(0))
hgl)(m")

+ w31
1RT

(HEO)E (5 5)

RR n° 9169



Labat & Péron & Tordeux

with x = rZ, h%l) denotes the n-order spherical Hankel function of the first kind and +,,, v« and
~; are the trace operators defined in (2.3). The fifth-order far-field terms (E5, H;) are given by

3K Y (ke +m"h(1)/ KT .
v M ( ) 1 ( )’yt(Emc(O))

Bs(x) = 2 1 () (H(0))
° 10t x o 10 ikr
3k5 hy (kr : Kk .
I (€ 0)7 — S (s (1R 0)7)
K* hél)(lﬂ') + nrh(;)/(m“) Sym v\~ K* hél)(ﬁr) A\
6 kT " (JE“‘“ (0)$) 2 mr Tn (JEinC(O)I)x (2.6)
and
By 35 ey 360 A () + rrhd (mr) e
Hs(x) = 7170}11 (’W’W(xl)(E (0)) — 10 F 7 (H™(0))
3k5 hy (kr : Kt =R
R (W) — T h o) (2R 0)5)
K hgl)(m“) + I{T'hgl),(/i’f') oym s K hél)(m“) 2 A
9 KT k& (JHmC(O)l) + 3 ikr Tn (JHiM(O)L)m’ 2.7)

where J,, denotes the Jacobian matrix of ¢ and J¥™ = %(Jo +J7 ) the symmetric Jacobian of o.

Remark 6. The fourth-order far-field terms (E4, 94) are reduced to null-field.

2.3.2 Near-field approximation
Close to the obstacle, we prove that the exact solution possesses the formal asymptotic expansion

Es(6-) =Eo+6E; + 6°Ex + ... , Hs(6-) = Ho + 6Hy + 62Hy + .. ..

~ o~

Here, for any non-negative integer p, the near-field terms (E,, H,) are defined in fast variable

X = % in the dimensionless domain Q given by

Q=R>\B(0,1)
The zeroth-order near-field terms (EO7 ﬁo) are given by
S 1 inc ~ inc 0 1 inc -~ inc
Eo(X) = Rs{i’wn(E (0))z—E (0)} : Ho(X) = —2R3{3%(H (0))z—H (0)}, (2.8)

r

with X = RZ and R = §. The first-order near-field terms (El, ﬁl) are given by

= 1 sym ~ 3 ~\ ~ ‘ inc
Ei(X) = R4{ — % (JER(0) &) + 57n (Jene(0) z)x} + 55 7 (H™(0)),
. (2.9)
= A)a} + =5 7% (E™(0)).
Inria
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Asymptotic Modeling of the Electromagnetic Scattering by Small Spheres 9

The second-order near-field terms (Eg, I:IQ) are given by

~ /i2
Eﬂxyzl{z%@iﬂwﬂn®§+2 2 (E™(0)) —%%@:H@mnﬁ

RS | 3 15
K szm 0) 7 K> Emc 0 K JSYm 0) 7
- g’)/x( Hinc( )l‘) - ?Vﬁ( ( )) + @VX( Hinc( )Z‘)
_ 3K2 EinC(O) _ 37 (EinC(O))C/E + 12 EinC(O) +7 (Einc(O))f
10R3 " 2R "
and
- 1 1 ~T O\~ lﬁlz inc ~ 3 ~T ~
H:(X) = =1 3 (' Hyne(0) )7 — 1—0'yn(H (0))z + gfyt (z " Hyne (0)2)
1K m 32 inc m
R O)8) + 2 <o>>} + 2—7 0
3"{2 inc m(: m(: inc =~
+ 3 (H(0)7 — H HI(0) 4+ ~, (HI™(0))7

where H, denotes the third-order Hessian tensor of ¢.
Remark 7. The Hessian tensor of a vector field f = (f1, fo, f3) " evaluated at 0, is defined by

(He (0))ix = 010;£:(0)
and for x = (=,y, z), we define the product x " H¢(0)x as

(x"He(0)x), = (He(0))i112> + (He(0))iz2y” + (He(0))iz32” + ((He(0))ia2 + (He(0))iz1)zy
+ ((He (0))i13 + (He(0))i31) 22 + ((He(0))ios + (He(0))iz2)y2.

Remark 8. In the context of the multiple scattering by K spheres, the method of matched asymp-
totic expansions involves K + 1 expansions. Firstly, the far-field expansion is defined in the
punctured domain R3 \ | {cx} and read as the superposition of K scattered fields. The formulas
@:4)-2.5) and [@2.6)-(2.7) have to be translated to deduce the scattered field generated by an
obstacle centered at cj. In the other hand, the K near-field expansions, that are defined in the
k-th fast variable X(®) = % *=k are living in Q again.

2.4 Physical interpretation

This section is based on results of classical multipole theory in electromagnetism, see for instance
[28, [35]. In Appendix B, we introduce the notion of electric and magnetic multipoles and we
develop expressions of electromagnetic fields created in the presence of such kind of sources in
static and time-harmonic regime. That allows to describe the first terms of the asymptotics in
terms of multipoles.

2.4.1 First near-field terms

The zeroth-order electric near-field term EO, given by (2.8), can be represented as an electric
field created in the presence of an electric dipole of direction 47E™¢(0), in static regime and
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10 Labat & Péron & Tordeux

the zeroth-order magnetic near-field term Ho as a magnetic field created in the presence of a
magnetic dipole of direction —27H™¢(0) in static regime again. According to (B.4)-(B.10), the
zeroth-order near-field terms can be put in the compact form

Eq = ES[4nE™(0), k = 0], Ho = H3¢[—27H™(0), 5 = 0],

The first-order electric near-field term E; given by (2.9) is represented as the superposition of

¢ an electric field created in the presence of a filiform magnetic current in a magnetic dipole
configuration in static regime, along the direction —2rcecurl E™¢(0) = —2miwH"™(0), where
w denotes the angular frequency of the incident wave,

* an electric field created in the presence of an electric quadrupole along directions (u®, v¥),
in static regime, satisfying the following system of equations

8 . .
wbof — ufof = == (BB (0) - 0, E(0) Goefoa.eo,
8 . . .
wiof ol = T (QEP0) + 0 EP(0) () € {(1,2).(2,3), (3,1},

where u® = (uf,uj, uf), v¥ = (vf, v}, v5) and 9, Ei™ denotes the i-th partial derivative of
the j-th coordinate of E™ for 4,5 = 1,2, 3.

The first-order magnetic near-field term H, given by (2.9) is represented as the superposition of

* a magnetic field created in the presence of a filiform electric current in an electric dipole
configuration in static regime, along the direction —4mc curl H"(0) = 4miwE™(0),

* amagnetic field created in the presence of a magnetic quadrupole along directions (u", v*),
in static regime satisfying the following systems of equations

atelt — ol = 07 (9, ine(0) — 0,17 (0)) (i,5) € {(1.2), (2,3)},
A . 2.11)
ui vl + uffvl = o> (aiH;nc(o) + 0;H™(0)) (i,7) € {(1,2),(2,3),(3,1)} .

where 8iH;“° denotes the i-th partial derivative of the j-th coordinate of H™ for i,j =
1,2,3.

Remark 9. The systems of equations (2.10) and (2.11)) have an infinity of complex solutions.
Indeed, if (u,v) is solution of one of them, then (v,u) or (cu,1v) for ¢ # 0 is also solution.
Actually, this formulation is only a physical interpretation and we have not the uniqueness for
the quadrupole configuration.

According to (B.5)-(B.12) and (B.11)-(B.7), the first-order near-field terms E, and H, can be put
in the compact form

E, = E& [u,vF K =0] + E; 8] — omiwH™(0), k = 0],

quad dip
H, = Hod [u" v" k=0] + Hzligc [4miwE™(0), k = 0].

Remark 10. The second-order near-field terms E, and H, appear like the superposition of oc-
tupoles, quadrupoles and dipoles, but we have not performed the whole computation in this
document.

Inria



Asymptotic Modeling of the Electromagnetic Scattering by Small Spheres 11

2.4.2 First far-field terms
The third-order electric far-field term E3 can be represented like the superposition of

* an electric field created in the presence of a time-harmonic electric dipole along direction
AE™¢(0),

* an electric field created in the presence of a time-harmonic magnetic dipole along direction
—27H"™(0).

The third-order magnetic far-field term Hj can be represented like the superposition of

* amagnetic field created in the presence of a time-harmonic magnetic dipole along direction
—27H"™(0),

* a magnetic field created in the presence of a time-harmonic electric dipole along direction
AE™¢(0).

According to (B.8)-(B.14) and (B.13)-(B.9), the third-order far-field terms can be put in the
compact form

E3 _ Eelec [47TE1HC(O), Ii] + Emag[ _ 271_HmC(0)7 I{]

@ daip (2.12)
Hs = H§s [47E™(0), 5] + H8 [ — 20H™(0), k]

Remark 11. In a same way, we can prove that the fifth-order far-field terms Es and Hj can be
represented like a superposition of dipoles and quadrupoles.

3 Numerical experiments

Numerical experiments allow to make evident the orders of convergence associated to the differ-
ent levels of near-field and far-field approximations that we have postulated in Theorems [1| and
[2)in Section[A.3] To illustrate our results, we propose two test-cases: the first one consists in con-
sidering an incident plane wave involving an analytical solution; in the second one, we consider
an incident gaussian beam [36] involving the numerical approximation of the reference solution.
We compare the local approximations into sub-domains that are independent of § in the suitable
system of coordinates. Moreover, we construct a global approximation of the solution thanks to
the near-field and far-field approximations. However, the numerical order of convergence that
we obtained in the comparisons for the global approximation is non-optimal.

3.1 The reference solution

Test 1: Incident plane wave. The spherical obstacle is enlighted by an electromagnetic plane
wave (E"™¢, H"™) of wavelength \ defined in (2.I)). The wave vector k and the polarization vector
p are chosen such that

0 1 o
k=10 ]; p=10]; K= —. (3.1)
A
—K 0

On Figure [2] we represent cross-sections of the xz-coordinates of the real part of the incident
electric field with \ = 1.
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12 Labat & Péron & Tordeux

T : T , T T 1
[ — D E————
e ——— ———OOOAT I ————————— OO\
a == ==
00—
E———— | e |
e e .
-2 0 2 —2 0 2
X X x
(A 2=0 b)) xz=0 @y=0

Figure 2: Cross sections of the x-coordinates of the real part of the incident electric field associ-
ated to Test 1 with A =1

Test 2: Incident gaussian beam. For the same physical parameters given by (3.1)), an electro-
magnetic gaussian beam of waist w polarized by the vector p and directed along the z-axis, is
given by

Ein(x) — 20 exp(ikz) ox (_1 k(22 + y2)>

9

20 +12z 2 zyp+iz
1T
i 20 exp(ikz) 1 k(22 + y?) Zo’i—zm
Hine(x) = 20OXP02) ( LA(@® +y7) . ‘< p
zo + 12 2 zp+iz 2o +12 ) ) ’
1 1 +1 =ty

k(zo +12) 2 (z0 +i2)?

2 . .. . .
for any x = (z,y, z), where 2y = 5~ denotes the Rayleigh range. This is an approximate solution

of the time-harmonic Maxwell equations assuming that w > % On Figure we represent Cross-
sections of the xz-coordinates of the real part of the incident electric field with A = 5 and w = 5.

—10 — —10 T—— —10 —
51 i -5 | — | _5] - | 0.5
- -
= 0] 1o 0p e . 0 D 0
- -
50 i 51 | — 1 5+ - 8 -0.5
10 | S| 10 e 10 g
~10 =5 0 5 10 -10 -5 0 5 10 ~10 -5 0 5 10
x Yy x
(@az=0 b)) x=0 @y=0

Figure 3: Cross sections of the x-coordinates of the real part of the incident electric field associ-
atedto Test 2with A =5andw =5

Thereafter, we investigate the numerical order of convergence of the far-field and near-field

Inria
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approximations. The norm used in the comparison is the Sobolev L2-norm of the difference
between the reference solution and our approximations, into some domains of interest. To obtain
the data, we calculate

* the reference solution (EX', HY*), based on the computation of the Mie series representa-

tion with analytical coefficients for the first test and approximated coefficients, calculated
from projections of the incident field, for the second one (see Remark [12] below for more
details),

* the near-field approximation (E& P, ITI& p) or the far-field approximation (Ec;, P13, ITI57 P+3)

for P = 0,1 or 2, defined by (A.10) and (A.9),
ref

* the absolute errors ||EX’ — of|| and ||Hf — o or the relative errors ||[EX — of||/||EX|| and
[HEF — o] /||HE||, replacing (oF, oH) either by (E(;’p, H;.p) or (Es pys, Hs p.3), in spherical
coordinates by using a Riemann sum for angles 6 and ¢ and a trapezoidal rule for radius r
into domains of interest,

for a range of ¢ between 10° and 104,

Remark 12. The reference solution (EX', H) is calculated from the Mie series representation

(D:6)-([.7) truncated at n = 5. For Test 1, the incident wave is a plane wave and possesses
analytical coefficients according to its Jacobi-Anger decomposition (D.4). For gaussian beams,
we approximate numerically the projections with a quadrature formula based on Simpson’s
rule.

On Figures |4 and [5] we draw cross sections of the z-coordinates of the modulus of the scat-
tered electric fields Ej” induced by the two different tests with § = 0.5.

T T - T
_26 = i R B
- _
> 0f q » v 0 1w 0 X »
» .'. 0.5
! ! | — ! - ! 0
-2 0 2 -2 0 -2 0 2
x Y x
(@ 2=0 b)) x=0 @©y=0

Figure 4: Cross sections of the z-coordinates of the scattered electric field modulus in logarithmic
scale associated to Test 1 with A =1

3.2 Near-field approximation

To illustrate the convergence results for the near-field approximations, we introduce a subdomain
of 2 independent of § in the fast variable X,

Q2% = B(0,26) \ B(0,0).

For the results on Figures [6] and [7} we investigate the numerical order of convergence for the
L2-norm of the near-field approximations into the domain Q2° with respect to the size of the
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(A 2z=0

b)) xz=0

©@y=0

Figure 5: Cross sections of the z-coordinates of the scattered electric field modulus in logarithmic

scale associated to Test 2 with A =5 and w = 5

obstacles § such that

1
J R
{5

:1:0.1:4}.

Figure [6] makes evident the different orders of convergence for the near-field approximations
(Es,0,Hs,0), (E5 1, H5 1) and (E5 2, H5 ») induced by Test 1, using the L?-norm into the domain

02, see Theorem [2]in Section [/

102
=]
a0
—
o
=
(]
L
5 1012
2
<

10717

[ o0
s
R
9.9-0 e o
_06" a® o°
00 om
60 ot o°
- el P N .
o.o-‘)'o g o°
609.0- . =7 OOO 4.5
0271 2.5 o8 0 1
o
1 DD OO
[ DDD 0%
DZ] 3.5 .. o (-order
©
1000 o 1-order
00° o 2-order
| | L 111 TT o
10 107° 1072 107"
0

(a) Electric field

T T T T
P
1073 |- 00 0
-0‘00 go
s 85
s =0
R @ o
JSad g o®
-8 ‘WQ‘) DDEDOOO
10 [ o_o.o" E!DD ) 4.5 1
o o)
2.5 o7 o1
f5
o
1 DDDD o°
_ )
1078 o22]38.5° | o 0-order ||
©
10° o 1-order
o}
0® o 2-order
10—18\\\\ Lol L LI LILITT T T TTIT
10* 107° 1072 10!
1

(b) Magnetic field

Figure 6: Absolute L2-errors for near-field approximations associated to Test 1 with A = 5

Figure 7] shows the same analysis for Test 2.

We observe that the different levels of approximation follow the rule

P-order approximation

<~

Convergence rate :
(absolute L2-error)

3
S+ P41
Shaihs

The power 2 is due to the behavior of the exact solution EX(5 -) close to the obstacle. Conver-
gence of the near-field asymptotics is numerically validated regarding error estimates provided

Inria



Asymptotic Modeling of the Electromagnetic Scattering by Small Spheres 15

T T T TTTT] T T T T TTTT] T T T T TTTT] T LI T T T TTTT] T T T T TTTT] T T T T TTTT] T T 1 1]
-1 -
%c o9 égﬁ ,6'6“0 5} .
5 | oo
9 107t o B PR
— ooe EID 10_3 [ 69 ﬁ 3.57
S 1 o0 A
~ & o <
% 25 ! .- 1 ,° DD 1
% 1077 | g~°§'o5 ch 1l -5 o N
) Pt o 0-order 10 2.5 o_.o"c’ DDD
;% o? o8B = 1-order ﬁ_gg'umgmﬂ o 0-order
~Eae (]
—_10] =@ 2-order || 00987 o-- 1-order
10 Ll Lol | TTTTI7Im I 10_77\\\\\\\\ Lol T B i——
10°? 1072 107" 1072 1072 107"
0 é
(a) Electric field (b) Magnetic field

Figure 7: Absolute L2-errors for near-field approximations associated to Test 2 with A\ = 5 and
w=>5

by Theorem [2| For the results stemed from Test 1, the different orders of convergence are satis-
fying. For the results from Test 2, the loss of convergence in asymptotic regime can be explained
by the consideration of an approximate incident wave. However, there exists a range of obstacle
sizes for which the convergence is valid.

3.3 Far-field approximation

To illustrate the convergence results for the far-field approximations, we introduce a subdomain
independent of 4,

Q3 = B(0,2)) \ B(0, \).

For the results on Figures [8| and [9] we investigate the numerical order of convergence for the
L2-norm of the far-field approximations into the domain 3* with respect to the size ¢ of the
obstacles such that
1
o€ {10p,p—0.5.0.1.2.9}.

Figure [8] makes evident the different orders of convergence for the far-field approximations
(Es3,Hs,3) and (Es 5, Hs5) induced by Test 1, using the L2-norm into the domain 3%, see The-
orem[T]in Section [A.3]

Figure [9] shows the same analysis for Test 2.

Noting that the fourth-order far-field term is equal to null-field, we observe that the different
levels of approximation follow the rule

P-order approximation = Convergence rate : P + 1.
(absolute L2-error)

Convergence of the far-field asymptotics is numerically validated regarding error estimates pro-
vided by Theorem|[1] For the results stemed from Test 1, the different orders of convergence are
made evident. Moreover, we observe a stagnation in asymptotic regime due to the numerical
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Figure 8: Absolute L2-errors for the far-field approximations associated to Test 1 with A = 5

precision. For the results from Test 2, the loss of convergence in asymptotic regime can be ex-
plained by the consideration of an approximate incident wave. However, there exists a range of
obstacle sizes for which the convergence is valid.

3.4 Toward a global approximation

To link the different levels of approximation of near and far fields, we investigate the relative er-
ror with respect to the reference solution. For the results on Figures[10]and [11] we make evident
the numerical order of convergence for the different levels of approximation induced by Test 1
with respect to the size § of the obstacle. Figure [10|shows the different relative orders of conver-
gence with respect to the reference solution of the different levels of near-field approximations
associated to Test 1.

Figure 11| shows the same analysis for the different levels of far-field approximations associ-
ated to Test 1.

We observe that a near-field approximation of order P is related to a far-field expansion of
order P + 3. Hence, from the local approximations (E(; Pi3, H5 p+3) and (E5 P, H5 .p) given by
Equations (A.9) and (A.I0] for P = 0,1 and 2, the derivation of a global approximation into the
whole bounded domain

Q) = {xeR? 5 < |x <A},

goes through a combination of these both data. We introduce the sub-domains €2 , and Qf of
Q(’;\, related to the validity of the far-field and near-field expansions, see Remarks and in

Sections [4.2| and 4.3}
g,A:{xeR372m<|x|<A}; :{x€R375<\x|<m}.

A global approximation (E; p, H;s p) for P = 0,1 or 2 is then given by

* (Es,p,Hs,p)

* (Es,p.Hsp) =

= (Es.p,Hsp) in O,

(Es,p+3,Hs p13) in O 5,
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Figure 9: Absolute L2-errors for the far-field approximations associated to Test 2 with A = 5 and
w=>

* a combination of the two data in the matching area {x ER3, VI < |x| <2VAS }

We consider a cut-off function x4 : RT™ —— [0, 1] which is equal to 1 in a neighborhood of the
obstacle and equal to 0 far from the obstacle, in terms of distance. For the numerical experiments
we choose x5 = x(—=) where x is such that

VA8
if r <
X € € (R); X(r):{(l) ii;;;, X'(r) < 0 for any r > 0.

A global approximation (Es p,Hs p) of order P = 0,1 and 2 is then defined for x € Q3 by
~ X ~
Es.p(x) = x5 (X)Es.r(5) + (1= xs(x]))Espss(x),

Hy,p(x) = x5 (x| Hs.p (5) + (1= () ) Hi s ().

Remark 13. The choice of the sub-domains Qf and €, is non-optimal to make evident the
order of convergence of the global approximation in the whole bounded domain Q}. Actually,
the dependence on /9 in the sub-domains creates a scale factor in the error computation. Error
estimates would enable to quantify this dependence.

For the results on Figure we investigate the numerical order of convergence for the L?-
norm in the whole bounded domain €2} with respect to the size of the obstacles § such that

1
) —.p=1:0.1:45.
{ipr-1i0104)

Figure makes evident the different orders of convergence for the global approximations
(Es0,Hs0), (Es1,Hs1) and (Es2,Hs2), using the L? norm in the whole bounded domain Qg\
for the electric and magnetic fields.

Remark 14. By virtue of Remark the order of convergence is non-optimal for (Es1,H;1) and
(Es2,Hs2). We observe that the order is degrading between the first and the second order of
approximations.
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Figure 10: Relative L2-errors for near-field approximations associated to Test 1 with A = 5

4 The matched asymptotic expansions

In this section, we apply the method of matched asymptotic expansions to tackle the exterior
time-harmonic Maxwell problem (2.2). Assuming that the obstacle size § is significantly small
in comparison with the incident wavelength A = 2Z, this method consists in defining an ap-
proximate solution using multi-scale expansions over far and near fields, related in a matching
area. We introduce the geometrical setting, the problems satisfied by any term of the asymptotics
at any order and the matching conditions applied on spectral coefficients. It is only in the last
paragraph that we focus on the first terms of the asymptotics.

4.1 Geometrical setting
Before postulating Ansatz of the far and near field expansions, we define the asymptotic domains
where the expansions will be defined. The far-field domain Qf is the exterior domain defined by

Q5 = {xeR® x| >n} with gi_%ng =0. 4.1)

The far-field expansion is then defined in 2* that is the limit of the far-field domain when § tends

to 0, see Figure[13]
Q* = lim Q5 =R*\ {0}. (4.2)
6—0

The definition of the near-field domain Q2§ goes through the coordinate change X = %. Then,
is the interior domain defined in fast variable by

N
N = (X eR?, § <X <)} with lim 2 = +co. (4.3)
50 0

The near-field expansion is then defined in Q) that is the near-field domain when § tends to 0, see
Figure[13],
Q = lim O =R>\ B(0,1). (4.4)
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Figure 11: Relative L2-errors for far-field approximations associated to Test 1 with A = 5

4.2 Far-field expansion

Far from the obstacle, the exact solution is approximated by the far-field expansion
o) 3, B0 ), 5, (4.5)

where x = rZ is the spatial variable in spherical coordinates. This expansion begins at the third
order since all previous terms are reduced to null-fields, see Remark [19|in Section The
set of (E,, H,) with p > 3 is singular solution, reading as (C.6), of the time-harmonic Maxwell
equations in Q* given by (4.2),

curl Ep - mﬁp =0 in %,
curl H, + ikE, = 0 in Q, (4.6)
Tlgrolor(Hp xT—Ep) =0 uniformly in 7.

These problems are ill-posed in Hjo.(curl , 2*) which is the space of vector fields u such that
Vip € €°(R?), 1+ =0 in a neighbourhood of 0, +u € L?(R?), curl (yu) € L*(R?),

because it lacks a piece of information about their behavior at the origin. Actually, the terms
(Ep, H,) are finite sums of multipoles that are explicitly known up to their spectral coefficients
[32]. Obtaining these coefficients allows to define the far-field asymptotic expansion at any
order.

Remark 15. The far-field expansion is defined in Q* but is a suitable approximation of the so-
lution into the exterior domains 2, see (4.I). The proof goes through error estimates. For the

numerical results in Section we have chosen n§ = (6)) 3,
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Figure 12: Relative L2-errors for global approximations associated to Test 1 with A = 5

4.3 Near-field expansion

In the vicinity of the obstacle, the solution can be approximated by the near-field expansion
~ PE ~ PH
Es(0X) ~ ;5 E,»(X), Hs(0X) ~ 1;05 H,(X), (4.7)

where X = § = RZ denotes the fast variable. The set of (Ep, ﬁp) for p > 0 satisfies the nested

Maxwell equations given by

curl E, = ikH,_ in SAE,
{ g v (4.8)

curl H, = —ikE,_; in €,

where () is defined in (4.4). In (4.8]), we use the convention E_l =H_; =0.

Remark 16. These equations are said nested because the problem of order p depends on the pre-
vious term, of order p— 1. They can be read as Maxwell static problems with a non-homogeneous
source term. Moreover, we can deduce from the problem of order p+1, complementary equations
for the divergence of the fields of order p, that are

divE, =0 in Q,
(4.9)

divH, =0 in Q.
The boundary conditions are obtained by identifying the Taylor series expansion of the inci-
dent field in a neighborhood of the origin in the fast variable X = %,

EinC(x) _ Z §p/E\:C(X) 7 HinC(x) = Z 51’|/-\|;:C(X)7
p=0 p=0
where ) 1 i 1
E:C(X) _ Z —'daEinc(O) G 7 I/_\Izlc(x) _ Z adaHinc(O) . Xa7
lal=p lol=p
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Figure 13: Far-field and near-field domains 2§ and (2§ and their limit Q* and Q

with the boundary conditions satisfied by the near-field expansion. In particular, on the boundary
00 = 82 =T, we have

e, X Ep = —e, X E:C on f,
) (4.10)

A~ ~1nc =~

er-Hp:—er~Hp onl.

Remark 17. The terms of order p depend on the zero value of the p-order derivative of the
incident field.

The problems made up of Equations (4.8)-(4.10) with p = 0 satisfied by EO and ﬁo, are
well-posed in the weighted Sobolev space

= {“ € L(Q), curu € L2(Q), divu =0 in Q}. (4.11)
(1+Rr?)2

However, for p > 1 the nested problems made up of the equations (4.8)-(4.10) are ill-posed in

W because it lacks a piece of information about the behavior of the non-leading terms towards

the infinity. Actually, the terms (E,,H,) for p > 1 can be described as the superposition of a

regular solution (Epp, Iflpp) in W of the static Maxwell equations and a finite sum of growing

vector fields which is a particular solution of the nested equations satisfying

o~ ~ o~ ~

max [E,(X) —E,o(X)|= O (RP7?); max [H,(X) —H,o(X)| = O (R"7?). (4.12)

|X|=r R—00 |X|=Rr R—00
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These singularities also called shadow terms are produced by previous near-field terms. Then,
the near-field problems can be solved by induction, where the computation of the shadows goes
through previous terms and the computation of the leading term is done by solving a well-posed
problem in W.

Remark 18. The near-field expansion is defined in Q but is a suitable approximation of the
solution into the bounded domains QF, see (4.3). The proof goes through error estimates. For
the numerical results in Section we have chosen n§ = 2(J)\) 3.

4.4 Matching conditions

The far-field and near -field expansions are related thanks to a matching procedure which requires
the behavior of (E ( H,) close to the origin and the behavior of (E,, H,) towards the infinity. In

a formal way, for p 2 0 we develop (Ep, ﬁp) in a neighborhood of the origin as

+o0 +oo
E,(rd) ~ Y (kr)7E, (7) , Hy(rd) ~ > (kr)TH, (7), (4.13)
q=—00 q=—00

and (Em ﬁp) with fast variable R = % in a neighborhood of infinity as

—+o0 —+oo

= =q, S LN

E,(RZ) el E (vkR)TE,(Z), H,(RZ) el E (kR)TH,,(T). (4.14)
g=—o0 g=—00

The expansions ([4.5) and (4.7) are matched in the overlapping area by using the expansions
([@.13)- (#.14) and identifying the terms with respect to the §-powers. Then, the matching con-
ditions read as

{ ( ) ( p+a p+q) —p=q<0, (4.15)
(E H):O p<0orgqg< —p,
and
{ (B, H,) = (E,_,.H,,) 0<g<p, 416
(EZJ?IZ):O p<0orgq>p, .

The conditions allow to determine entirely the successive far-field terms while the con-
ditions are redundant regarding (C.I5)). This step is formally expressed but fundamental
to the justification of the approximate models. Modal decomposition of the solutions allow to
define the angular terms (E R ») and (EZ, ﬁ;) and make explicit these conditions through the
spectral coefficients.

Proposition 1. The formal matching conditions (4.15) are equivalent to

Hn+2 N
wPhx — % 3 (p—n=2)
n,m . n,m ’
n hn,fnfl
o 4.17)
uP)t — K p—n—2)
n,m - n,m )
n fJn,fnfl

orany p >0, n > 1and —n < m < n. The coe icients u(p) * and u(p)’ are given by (C.5) with
ny g y (C.5

u = E,. The coefficients e, > and b\, "2 are given by (C:9)-(C-10) at the rank p — n — 2.
The coefficients b, o come from the Laurent series expansion of the Hankel function of the first kind

Y, see Proposition @ in Appendix (C
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Remark 19. The coefficients u(p )% and u%’) 2,; are equal to 0 when p < 3. That implies that the
asymptotic far-field expansion is starting at the third order.

Proof. Inserting Laurent series expansions (C.7) of the modal coefﬁc1ents <>EL 2n , 5( o “and S <>n -~
for ¢ = e or h into the modal decomposition (C.6]), we obtain (4.13) with

oo n

E =3 3wl bugcurls: Y, + u;,m% [(q +2)Vs2 Yo + n(n + I)Yn’mer},

n=1m=-—n

= Z Z 7“; mhn,qCUﬂSzYn.m + U;; m hn,t.ﬁ—l [(q + 2)v52Yn,m + n(n + 1)5/n.meri| .
» ’ 5 7 ’

n=1m=-—n

gLPZnX) A(p ) " and <>(p )T for o = e or h into the modal

decompositions of (Ep, Hp), see Proposition E in Sectlon and making the index change
q = ¢ —n — 2, we obtain (4.14) with

Z Z (—m %ﬁg;ﬂ_”_%)hchurlszYn’m

On the other hand, 1nsert1ng the coefficients ¢

n=1m=—n " On,—n—1
1 n
+ (_ Z-HTH_Q h é‘g’bp;bq—n 2) ) h YUn,q+1 |:(q + 2)V32Yn,m + n(n + I)Yn7mer:|7
N Yn,—n—1 ’ ?
4 e n 1 N
T (w2 R by gurlga Vo
P n; m——mn n bn,—n—l ’ “ i
. n+2 1 7 (p—g—n—2) bn g+1
+ ( — ik h,Pd )7 {(q +2)Vs2Y,  +n(n + l)Ynﬁmer} .
NYn,—n-1 1
Finally, according to the matching conditions (4.15]), we deduce (4.17). O

Remark 20. The conditions (4.17) give us some pieces of information about the asymptotic
expansions. Since we have assumed that the near-field expansion starts at the zeroth order, the

coefficients éﬁlp ), and h'7) “m associated to an order p < 0 are equal to zero. In particular, conditions

imply that the coefficients uﬁf’ )-* and u{P)! are equal to zero when n > p — 2. Then, the
modal decomposition for the far-field terms of order p > 3 is a finite sum of multipoles
which needs the knowledge of the near-field terms of order p’ such that 0 < p’ < p — 3 to be
calculated.

4.5 First terms of the asymptotics

In this section, we introduce the problems satisfied by the first terms of the asymptotics and
we make it explicit. We recall that the near-field problems are solved by induction because the
calculation of the near-field term of order p requires the knowledge of the previous near-field
terms. In Figure we illustrate the construction of the first near-field terms, where the arrows
describe the different contributions in order to compute the current term.

We can observe that the construction of the near-field terms does not depend on the far-field
terms. The far-field terms are found through their modal decomposition given by where
the series are actually finite sums going up to n = p — 2. In Figure we illustrate the algorithm
to construct the far-field terms. L

Hereafter, we make explicit the near-field terms (E,, H,) for p = 0, 1, 2 and the far-field terms

(Ep, H,) for p = 3,4, 5.
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Eo Ho
Einc El |/_\|1 Hinc
E H,
Figure 14: Construction of the near-field asymptotics (—— Step 1, —— Step 2, Step 3)

(E07 FIO) (E?n ﬁ3)

(E1,Hy) (Es, Hy)

(Ez, Hy) (Es, Hs)

Figure 15: Construction of the far-field expansion (—— Step 1, —— Step 2, Step 3)

4.5.1 Near-field terms

Zeroth order terms. The zeroth-order near-field terms Eo and I:IO are solutions of the static
Maxwell problems,

curl EO =0 in SAE,
divEy =0 in O, (4.18)
e, xEy= —e, x Ei“c(O) on f,

and R R
curlHy =0 in €,
divHy =0 in Q, (4.19)
e, -Hy=—e, - Hinc(O) onT.

These problems are obtained by taking p = 0 into Equations (4.8), (4.9) and (4.10). The unique
solution of (4.18)), respectively of (4.19), in W see (@.11), is defined for X € €, by

Eo(X) = % [3(5“(0) e )e, — EinC(O)}, Ho(X) = *2*1113 [3(Him(0) ‘e )e, — HinC(O)}. (4.20)
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First order terms. The first-order near-field terms El and Ifll are solutions of the nested
Maxwell problems

curl El = inﬁo in ﬁ,
divE, =0 in Q, (4.21)
e, X El = —e, X (JEim(O)er) on f,

and R R R
curl Hy = —ikEy in 2,
divH; =0 in Q, (4.22)
e, - ﬁl = —e,- (q]]Hinc(O)er) onT.

These problems are obtained by taking p = 1 into Equations (4.8), (4.9) and (4.10). Let us
decompose the vector fields E; and H; under the form

/E\l = /E\LO + /E\l,l and |/:|1 = ﬁl,() + I/:Il,lﬂ

where E1,1 and Iflltl are particular solutions of the respective nested volumical equations

curl El,l = i/{ﬁo in ﬁ, curl |/'\|171 = —Z.K/E\O in Q,
. ~ . ~ (4.23)
div E1’1 =0 in Q, div H1’1 =0 in Q,

and ELO € W and Fll,o € W satisfy the static Maxwell equations in W with homogeneous
volumical source term

curlu=0 in ﬁ,
{ (4.24)

divu=0 in Q.

The boundary conditions satisfied by the leading terms El,o and I:ILO are determined by the
expression of E; ; and H; ;. As a result,

eer = —e, X (Jeinc(0)e, —eer onT,
{ 1,0 (Jgne(0)er) 1,1 . (4.25)

e, - Fll 0=—¢ - (Jyn(0)e,) —e, - ITIM on

A particular couple of solutions of nested problems (4.23) is given by the modal decompositions
(C.19) which require the knowledge of the tangential traces on I' of the zeroth-order near-field
terms. On one hand, according to (C.17), we have

1 1
’YtEO = Z Eg?ZnVSzYLm and ")/tl/:'(] = Z Egg)nszylﬂn on f (426)
m=—1 m=—1

On the other hand, according to (4.20), the tangential traces of Eo and Ho on T are given by
~ . ~ 1. ~
’VtEO = —’ytEmc(O) and ’YtHO = ilythc(O) onl. (4.27)

Hence, using that curlgz = Vg2 X e,., we get from (C.19),
K

LX) = "5

~H™(0) x e,, Hi 1 (X) = ———~vE™(0) xe,, Xe.
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Consequently, the boundary conditions (4.25) are uniquely determined thanks to the relation

—e, X El,l = %%H“‘C(O) on f,
—er'|/'\|171=0 onf.
Remark 21. Noting that
L 1 R
%HIHC(O) X er = 5 ((JEinc (O)E,« - (JEinc (O)GT)T) on F7

the boundary conditions (4.25) can be put under the form

e, x E1 o= —e, x (Jgﬁl(o)ef) onT, 428

e, - i:ll 0 — —€e, (JHinc(O)e7w) on F,

where J¥™ = 1(J +JT) denotes the symmetric part of the Jacobian operator.

The unique solutions in W of problems made up of static Maxwell equations (4.24) equipped
with the respective boundary conditions (4.28)) are

E10(X) = % { — (TR0, ) + g% (JEmc(O)e,«)e,}, X e Q,
Hio(X) = % [;w <Ji,yafi(0)er) — Yn (JHmc(O)er)er], X e Q.

Second order terms. The second-order near-field terms Eg and H, are solutions of the nested
Maxwell problems

curl Eg = mﬁl in (AL
divEy =0 in Q, (4.29)
e, x Ey = f%er X (e:HE;M(O)er) onT,
and R R R
curl Hy = —ikE; in Q,
divHy = 0 in Q, (4.30)
e, -Hy = —%er . (e:HHmc(O)er> onT.

These problems are obtained by taking p = 2 into Equations (4.8), (4.9) and (4.10). Let us
decompose the vector fields E; and Hy under the form

E, = Ez,o + E2,1 + EQ,Q and H, = ﬁg,o + |?|2’1 + |T|2,2»

where EQ,( and Itlu for ¢ = 1,2, are particular solutions of the respective nested volumical

equations, see (C.16),

curIAEQ,g = mﬁl,g,l in S}, curlflu = —mELH in (:27 (4.31)
divEs, =0 in Q, divHy =0 in Q,
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and E2,0 € W and I:I270 € W satisfy the static Maxwell equations (4.24) in W. The boundary
conditions satisfied by the leading terms E; o and Hs ( result from the derivation of the shadow
terms E; , and H, , with £ = 1, 2. Indeed,

_ 1 . ~
e. x Eyg= —5er X (e:HEinc(O)er) —e, X <E2,1 + Eg,g) onT,
R 1 R R R (4.32)
e, - H270 = —587- . (e,T.HHmc(O)e,.) — € (Hg,l + H272) onl.

A particular couple of solutions of nested problems (4.31) for ¢ = 1,2 is given by the modal
decompositions (C.14) with p = 2 and ¢ = 1,2. This calculation requires the knowledge of the
tangential traces on I" of E; o and Hy o for £ = 1 and the normal traces on I' of E; and H, for
L =2.

e ¢ = 2. On one hand, according to (C.I7), we have

1 1
’Yn/E\O = Z g(l(,)mY17m and ’YnI/:IO = Z Eg?y)nyl,m on f (433)

m=—1 m=—

On the other hand, according to (2.8),the normal traces of EO and ﬁo onT are given by
YnEo = 27, E™(0) and  7,Ho = —,H™(0) onT. (4.34)

By using the relations (4.26]) and (4.33)-(4.34), we get from (C.14) forp =¢ =2,

o~ 2 . . o~
Esa(X) = %{ {%EIHC(O) T 2<%Emc(0))er}, Xeq,
~ 271 . . ~
o) = [2%H"‘C<o> " (%Hm%m)er] X e,

e /= 1. On one hand, according to (C.18), we have

2 2
’Yt/E\l,O = Z éé?”ngng and ’Ytl/:lLO = Z /}\Lgfzrlezyim on f (435)

m=—2 m=—2

On the other hand, according to , the tangential traces of ELO and I:ILO onT are given by

N N 9 _
%E10 = —v (JsEyi,T(O)eT) and Hy 0 = 3% (JL}'{I:E(O)eT) onT. (4.36)

By using (4.35)-(4.36), we get from (C.14) forp=2and ¢ =1,

= K - K -~
Eai(X) = o5 (I0)e, ) x e Foa(X) = =25 (T2 (0, ) xe,. Xe

As a result, the boundary conditions (4.32) are uniquely determined by

2

N 1 j . ~

e. X Eyg=—=e, x (e:HEinc(O)eT) + Z—H% (.,]ISYEZ(O)eT) — D x E"™(0) onT,
S 2 3 oAH 2 4.37
R L 2 _ R (4.37)

e -Hyo= —5er (eTTHHm(O)er) +er H™(0) onT.
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The unique solutions in W of problems made up of the static Maxwell equations (4.24) equipped
with the respective boundary conditions (4.37) are

~ 1 1 i/i HQ .
E2,0<X> = g l_ 5% (e:HEinc (O)GT) + E (Jz?:i(o)er) X e, — g,ytElnC(O)

2

4 1 Ii2 .
— { — =n (eIHEi“C(O)eT) - rynEmc(O)}er + @

3 2 10

[3 (3E™(0))e, - E%)} :

and
H — i § 1 T ) % sym 12 inc
Ha0(X) = — [— 4{ - 5% (e,. HH,nC(O)eT.) - (JEM (O)er) x & = =y H"™(0)
3K2 i i
- {7 (e:HHmc(O)eT) + 5 nHmC(O)}eT + s l:s (’ynHmC(O)>eT - HIHC(O)] ,
for X € Q.

4.5.2 Far-field terms

The third, fourth and fifth-order far-field terms are calculated thanks to their modal decomposi-
tion where the series go up to n = p — 2 and by applying the matching conditions (4.17)
with p = 3,4, 5. The third-order far-field terms E3 and H3 possess the following decomposition

Es(x) = iblf 2h§”(m) S 0O curlg: Vi
T m=—1

K> hgl)(ﬁr)—i-nrh(ll)l(m') . 0) 262 WV (kr) < 0
- & Vo Yy — 1 &2 Vi e,

hl’_2 " m:z—l b TS hl’_2 " m=—1 " " (4.38)

and
o K ) ~ )
Hg(X) = —if)l ) hl (m") Z 617mCUI’|S2Y1,m
v m=—1

K2 hgl)(/ﬁr)—kmrhgl)/(m‘) ! ~(0) 2k2 h(l)(mr) ! ~(0)
- hi, Vs2Y1 m — L 7 hi! Y1 me,.

b1,—2 r m;1 Lm ¥ 8251, bi,—2 mzl m (4.39)

This is a sum of electromagnetic dipoles. The expressions (2.4) and (2.5) are obtained by sub-
stituting the relations (4.26)- (4.27) and (4.33)-(4.34) into (4.38)-(4.39). The fourth-order
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far-field terms E, and H, possess the following decomposition

Ei(x) = 2”/;243}; Y (sor mzzhg ) curlg2Ya,,
- %:33 G +:rhé”'<m> miégégnvszym h?’ GG Z &) Yo me,
+ zhl _2 (r mz;h( curlgYy m — h:: h( )(m") +;€rh( ) Kr mzlzl 11 Ve:Vim
b21522 hD( >T Zl: 1} Yimer
and

~ K 2

Hy(x) = R T hgl)(nr) m;2€§?mcurlg2Y2 m
- rii ) m_iﬁ%’)nyl’me"

but ﬁg)fn = eé‘j,; = ﬁglfn = @_ﬁn =0forany —-n < m < n (n =1o0rn = 2) according to
(C.17)-(C.18). Hence, we deduce that E, and H, are identically zero. The fifth-order far-field
terms E5 and Hs possess the following decomposition

Kt of
hs h meurlg2Ys
2ibs s (kr mZEQ urlg2Y5 ,,

k* B (kr) + bl Y (kr) ) VeaVpm +

2iha 3 iR =, iho,—3 ikr

3 h(l) h(l)/ 1
h{Y (k) Z 22 curlg Yy + —— 1 (r) + wrhy * (s7) 3 @) VsaYim

ih1,—2 iKkr 1m

Es(x) =

3t W 2
kY hy (k1) &0 Y e,

m=—2

th )
RR n° 9169

m=—1

213 h( ) (kr) ! 2)
Y;
LTI > AnYime (4.40)

m=—1

m=—1
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and
~ KA () 2 )
Hs(x) = — - hyV (wr) E est) curlgaYa
2ibo,—3 Rt
rh ) (er) e (kr) S~ G0 36t h () <
h 2Y5 2 V) h( ) Ya.me,r
2iby, 3 ikT mgz 2.m V52 Y2, +ih2,_3 ' m§:£2 2,mY2,me
K3 (1) : ~(2) K3 h(l)(m)erh(l)l(m) '\ 2
- hi I52Y1,m 1 1 S Ve Yim
iy ! m:z_ LmHis2 1 Zf)l,—Q ik et 1,m V8211,
22 (kr)
h m*=r-.
ihl,—z inr mzzl LnYime (4.41)

That is a sum of electromagnetic dipoles and quadrupoles. The normal and tangential part of
the electric and magnetic dipoles are given by

1

3 32 '
Z /e\(l?r)nval,m = 17,?) t(Elnc(())) . Z ey, mYLm — 1’?) ,yn(EIHC(O))’
m=—1 m=—1
1 1 ) |
h(1 r)nvsz)YLm — 31”(9) (HlnC(O)) : Z h(Q) N = 731/15) ’Yn(HmC(O))~

m=—1 m=—1

The normal and tangential part of the electric and magnetic quadrupoles are given by

ZQ: e VYo =~ (IER(0)e, ) Z e ¥y = —%% (Tew(00e,),
22: ) V2Yam = %% (33 e, ) ; Z S Yo = g% (T (0)e,).

m=—2 m=—2

It suffices to substitute these expressions into (4.40)-(4.41) to obtain the result.

5 Conclusion and perspectives

In this report, we have applied the method of matched asymptotic expansions on the electromag-
netic wave scattering problem by a small sphere. We have performed the near-field expansion
up to the second order and the far-field expansion up to the fifth order. This work is essentially
concerned with numerical objectives. The theoretical justification of the matched asymptotic
expansions, in particular the proof of error estimates, will be tackled in a further work. In this
conclusion, we introduce two different applications of the asymptotic expansions, in particular

¢ the derivation of collected dipolar models improving the third-order far-field approxima-
tion,

* the application of the Born theory for the extension to the multiple scattering, neglecting
interactions between the obstacles.

We will end this section with on-going works and perspectives.
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5.1 Collected models

The main interest of asymptotic analysis lies in describing the leading behavior of the solution
when one of their parameters tends to zero or to infinity, here the size of the obstacle tending
towards zero. For numerical analysis, information is exploitable if we can indeed calculate the
leading term, hoping that the computation will be less expensive than the computation of the
numerical solution. Besides, we observed that the more we increase orders of the approxima-
tions, the more we consume derivatives of the incident fields. But, for realistic applications, it is
not always possible to have access to these derivatives. With this in mind, we are interested to
collected models which consist in gathering the different terms, not with respect to the §-powers,
but, with respect to their nature in terms of multipoles. In particular, if we do not want to use
derivatives of the incident fields, we consider only the dipolar terms stemed from the expansions.
From a far-field point of view, the dipolar collected model reads as

5 = [ Oy SO0 (W0
[ty + 20T hi (k) Z’i’"hgw(“” (€ (0) — 2[5y + 2 h?; ) (€ (0)e,
and
HE = —[(n0)* + 3<’;”73)5}hg”(m«)yx(EmC(o))
N [(m;m ~ 3(;@85)5} Y (kr) J;;rh(f)'(m) + (H(0)) + 2 (5;5)3 - 3(;@3)5 hgl;(:r) (0.

where 7, 7; and Yn are fleﬁned by (2.3). This approximation improves the third-order far-field
approximation (§3E3, 03H3) and its computation time is unchanged because it is only amplitude

of the dipole which have been changed. According to (B.8)-(B.9) and (B.13)-(B.14)), the previous
expressions can be written in the compact form

3(k6)?
10

3(K0)?
10

)EinC(O):| n Emag[_ 27m(1 — 3<K56)2)Hi“(0)} },

dip
JE"(0)] + HEee | — 2m(1 — ?’("T‘S)Q)Him(())] }

S = 53{53155 [4x(1+

HS! = 53{H§1g |4m(1+

In Figure we illustrate the performance of the collected approximation (E(;COI, ch’l) and we
compare it with to the third-order far-field approximation (§3Es, §°H3).

In pre-asymptotic regime, we can remark that the order of convergence for the collected
approximation is close to six but the error does not decrease a lot in comparison with the third-
order far-field approximation. Actually, in the fifth-order far-field term, the predominant term
when ¢ is large enough is the dipolar term while the dominant term is the quadrupolar term when
0 decreases. For the same computation cost, the error decreases with a factor approximately
equal to 6.0.

5.2 Born approximation

The extension to the multiple scattering can be done directly thanks to the Born model. It
consists in superposing the scattered fields generated by the K isolated obstacles centered in ¢y,
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Figure 16: Absolute L2-errors for far-field approximations of the electric and magnetic fields

k=1,..., K. Interactions between obstacles are neglected. By considering this approximation,
the third-order far-field terms are given by

~Born
_ﬁz{

(1) (1) (1)
_h (H|X—C;€D+H|X—Ck|h (K“|X Ckl) EIHC( )_2h1 (le_ckD (k)(EmC( ))e(k)}

ik|x — ¢

o
Y (klx = ey H™ ()

ik|x — ¢

{—hﬁwv ex )Y E ()

1) 1
g (H|X_Ck‘) HmC( ) + h‘g .)(KJ|X— clf),}/T(Llf)(HinC(Ck))e'(rk)}7
1K|x — ¢

E
Il
—

18 (sfx — cx|) +
2 iKk|x — cg|

K|x — cglh

and the trace operators 77(; ), V(Xk

XCk

and v(k) are defined

where er

by (2.3) relatively to e It is also p0531b1e to mix the Born approximation with a collected
approximation. In Figure we illustrate the third-order Born approximation for K = 13
obstacles, where the physical parameters are given by (3.I) with A = 5. We draw cross sections

in a logarithmic

) denotes the unit vector =

: . . ) . ~Born
of the x and y-coordinates of the approximate electric field given by §°E;
scale.

By virtue of (2.12), the previous expressions can be put into the compact form,

~Born

Z ESII‘E,C 47TElrlc ck)] (x —cp)+ EE;g[ 27‘(Hinc(ck)] (x —ci),
~Born ;( . 3
Hy (%) = Y HES [4mE™ (cr)] (x — ex) + HEE [ — 2mH™ (cr)] (x — c).

k=1
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Figure 17: Cross sections of the x and y-coordinates of the scattered electric field in a logarithmic
scale

Moreover, each of the K near-field expansions are defined in the fast variable X*) centered
around the k-th obstacle,
X — Ck

0
For any k = 1,..., K, the near-field terms (E;k), ﬁ;k)) are the same than for one obstacle except
the awareness of translations. However, the Born model is restricted to very small obstacles, that
are sufficiently far enough away from each other.

X*®) —

5.3 Other perspectives

A better approximation for the multiple scattering is the Foldy-Lax model which takes into ac-
count the interactions between the obstacles. Actually, the total scattered field is obtained by
considering the superposition of scattered fields generated by the incident field and by consider-
ing also that all the isolated scattered fields as new sources for the other obstacles. The scattering
problem related to this model is set by looking for an approximation of the scattered field as a
superposition of K unknowns electromagnetic dipoles

K
B = S LB [ag] (x — ) + ERS (] (x— i) }.
k=1

K
HE = S LRSS [dR] (x — i) + HEE[d]] (x— i)},
k=1

whose directions can be written thanks to the collected model,

3(k6)> 3(r0)?

d; =4r(1

Ywi(ck), dj =-2r(1-
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The vector fields w} (¢) and w§(cy) can be determined by solving the following linear systems

wE (i) = 53{5““ (c) + § ESiec[dmw (ce))(ck — co) + Eqe[—2mwi (co)] (cx — 04)}, k=1,..., K,
=1
Z;ék

WI;;I(Ck) _ 53{Hinc + ZHEIIEC 47TW€ Cy ](Ck — Cp) -+ H$p [ QWW?(C@](Ck — Cg)}, k= 1,...,K.
F;ﬁk

We are still investigating the Foldy-Lax model for electromagnetic waves. We are interested by
the numerical comparison between the two models, Born and Foldy-Lax, with a spectral method
looking like the Ganesh’s method in [23]] but adapted to small obstacles as in [4]]. Besides,
the proofs of existence and uniqueness for solutions of elementary problems as well as the con-
vergence proofs justifying the asymptotic expansions have to be developed in order to validate
theoretically our results. The theoretical aspects will be performed in a further paper, for ob-
stacles of arbitrary shape. Since the method of matched asymptotic expansions allows to define
analytical approximations in geometries for which a parametrization give us explicit eigenfunc-
tions of the vectorial Laplace-Beltrami operator, we could adapt the process and develop the first
terms of the asymptotic expansions for ellipsoidal or spheroidal obstacles. An other perspective
is the extension to time-dependent Maxwell scattering problems. Thanks to the identification of
the time-harmonic symbol —iw with the partial time-derivative 0;, we plan to adapt this work on
the Maxwell’s equations in time-dependant domain, that have been already done for the wave
equation in [30] in contrast with the Helmholtz equation in [6].
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A Comparison with the existing literature

In this appendix, we make the relation between the matched asympotic expansions and the
multiscale expansions provided by the work of Korikov and Plamenevskii [26] for the study
of electromagnetic scattering by a small obstacle. We summarize the results of [26] related
to the time-harmonic Maxwell problem and we make explicit the first terms of the multiscale
expansions when the scatterer is a small sphere.

A.1 Summary of the results

In [26]], Korikov and Plamenevskii make the asymptotic analysis of the scattering problem of
electromagnetic waves by a small obstacle with smooth boundary included in a bounded domain.
They consider either a perfect conductor condition or an impedance condition on the boundary
of the domain of propagation. They deal with the time-harmonic Maxwell problem including
elliptic regularization and the time-dependent Maxwell problem. Here, we are concerned by the
results that they obtained for the time-harmonic Maxwell problem. Let Q2 and w be bounded
domains of R? with smooth boundaries, containing the coordinate origin. We denote the small
cavity ws = %w, where 0 > 0 is a small parameter, the domain of propagation Q5 =  \ w; and
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['s its boundary. We introduce the time-harmonic Maxwell system with elliptic regularization,
also called the extended Maxwell problem, which consists in seeking EY", HY* € H!(Qs) and a},
a? € H'(Qs) satisfying

icurl HY' — i Va§ + 7EY = f! in Q;,
—icurl EY" —i Va2 + THY = f2 in Qj,
—idivEY + 1a} = g* in Qs,
—idiv HY" + 7a} = ¢2 in Qs, (A.D
nxEX =0 on Ty,
n-HY" =0 on I,
a% =0 on I's,

with f1, f2 € L?(Qs) and g*, ¢*> € L?*(Qs). In (Ad), the parameter 7 is related to the wave-
number by 7 = —k and they assume that 7 = a — iy with @ € R and y > 0. The system (A.1))
can be put in the compact form

{ (A(Dx) +7)us = £ in Qj, A2

FU5 =0 on F(s,

where Dy = —i0y, us = (ES", HY", a},a2) " belongs to the vector Sobolev space H*(€2;) given by

Hl(Q(;) = Hl(Q5) X Hl(Q(;) X Hl(Q(;) X Hl(Q(;)

and tot tot
i cul HY" — i Va} —EY" -
. tot - .2 o
—icurlEg" — i Va Es - T
A(DX)U5 = . 5 tot 4 5 Fqu - tot !
—idiv Eg H;
i div HE® .
Hereinabove, 1 and 1 are unit tangent vectors such that n x E{* = —(EY" - 7)1, + (EY - 1) To.

The regularized operator satisfies the relation
A(Dy)? = —A,.

Remark 22. According to [26] Proposition 6.7], if the wave-number 7 and the right-hand side
f=(f1, 12, g, g% of (A2) are subject to the compatibility conditions

div f¥ —irg" =0 inQs, fork=1,2,
fZ-n=0 onl,

then the components a} and a2 of the corresponding solution us; = (EY*, HY", a}, a?) vanish in

Qs while (EY", HY") satisfies the non-extended Maxwell system.

The method of compound solutions, or the multiscale expansion method, allows to derive an
asymptotic expansion for the solution us of and to justify it by proving error estimates.
For the sake of shortness, we present their results by considering only the terms that appear for
the non-extended Maxwell problem. The solution us has the following asymptotic expansion for
almost any x € Q;

Zé”(vn )+ (XD (X)), (43)
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where X = % denotes the fast variable and x € %,>°(2) is a cut-off function which is equal to 1
in a neighborhood of the origin and to 0 at infinity. Let us denote

~N+1
Us ~ Uy —|—u5+7

where
N+1

25 Vn +X|X| Z(S Wn

and 1) ™! denotes the remainder of (A-3). The shift into the outer and inner expansions is chosen
such that the remainder uj N+1 be subject to the following error estimate

[a¥ 0,0, < coNFETE (A.4)

for any ¢ > 0 where the constant ¢ does not depend on §, see [26, Theorem 7.2]. Hereafter,
we present the problems satisfied by the different terms of the asymptotic expansion. Firstly, we
introduce the Taylor series expansion of v,, in a neighborhood of the origin, respectively of w,,
at infinity,

va) O)Ix|7 + 7P () : =Y " wl?(0,¢) W +wPTU(X),  (A.5)

q=1

for any positive integer p.

Far-field problems. The first term v, in the asymptotic expansion belongs to H!(Q2) and corre-
sponds to the solution of the limit problem,

(A(Dy) +1)vg=f in Q,
T'vg=0 on 0.

For any n € N*, v,, € H'(Q) solves

1 k .

(A(Dg) + 7)va = =x(x))rwi, (6, 0) - - x([x))] Zwﬁ @ ‘k in ©,

I'v, =0 on 0f).
Near-field problems. The first term wy in the asymptotic expansion satisfies the static Maxwell

problem

_ . 3 J—
{ A(Dx)wo =0 inR>\ @, (A6)

I'wy = —T'vp(0) on Jw.

This problem is well-posed in the vector weighted Sobolev space W1(R? \ @) defined by

Wi(R*\ @) = {u | Vu € L*(R* \ @) and %u € L*(R? \w)},

where L?(R? \ &) denotes the vector Lebesgue space given by

L3R\ @) = L*(R®*\ @) x L2(R*\ @) x L*(R3*\ @) x L3R\ @).
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For any n € N*, w,, € W{(R? \ @) solves
A(Dx)w,, = —rw?, in R*\ @,

I'w, =-T ngbkzk(& ©)|X|* on Jw.
k=0

A.2 Comparison with the matched asymptotic expansions

In this paragraph, we compare the different terms of the asymptotics involved by the method of
compound solutions and the method of matched asymptotic expansions. Indeed, the two asymp-
totic expansions involved by these two different methods are closely related. In the particular
case of the scattering by a small sphere, we make explicit the first terms of the asymptotics de-
rived by Korikov and Plamenevskii. The zeroth-order term v defined in the slow variable and
corresponding to the solution of the limit problem can be identified with the incident wave,

vy = (Einc, Hinc7 0, O)

The zeroth-order term wq defined in the fast variable satisfies the static equation (A.6) and the
boundary condition reads as

Pwy = —T'(E™(0), H"™(0),0,0) on dw.

Hence, in virtue of problems (4.18)) and (4.19), wq can be identified with the zeroth-order near-
field term. As a result,

Wo = (Eﬂv i:IOv 03 O)

The Taylor series expansion (A.5) of v, in a neigborhood of the origin corresponds to the Taylor
series expansion of the incident field,

[x|”

vo(x) = vo(0) + |x| Ju, (07 + X ZTH,, (0)F + O (x). (A7)

|x|—0

Besides, the only term that is non-equal to 0 into the Taylor series expansion (A.5) of wq at

infinity is w(()3) and in the particular case where w denotes the unit open ball, we have

Wi (60,9) = (3 E"(0)F ~ E™(0), — (3, H™(0))7 ~ H™(0)),0,0).

withz = ‘xil The first-order term v, defined in the slow variable is the unique solution in H*(2)
of the homogeneous time-harmonic Maxwell problem

(A(Dy) +17)vi=0 in Q,
I'vi=0 on 01},

thus, vi = (0,0,0,0). The first-order term w; defined in the fast variable is the unique solution
in Wi(R? \ @) of the nested Maxwell problem

A(Dx)Wl = —TWy in R?) \w,
T'w, = —T'(v{V(0,0)X]) on .

RR n° 9169



38 Labat & Péron & Tordeux

Noting that vél) corresponds to the term behaving in |x| into the Taylor series expansion (A.7) of
Vo, ie. ,

vV (0, ¢) = 14, (0),

in virtue of problems (4.21) and (4.22)), w; can be identified with the first-order near-field term
W1 = (E17 ﬁ1703 0)

For the particular case of a sphere, the Taylor series expansion of w; at infinity is given by

1
wi(X) = w0, 0) = + WP (0, 0)

X X2’

with

~ 3 2 m, s~ RPN
Wi (0,0) = (= %UEROF + S0 By (D)F, £7 (IR (0)F = 30 (T (0)2)7.0,0)
iT

Wi (0, 0) = (= T (H™(0)), i 7 (E™(0)), 0,0).

The second-order term v, satisfies the same problem than vy, thus v, = (0,0, 0, 0). The second-
order term wy, is the unique solution in W1(R3 \ @) of the nested Maxwell problem

A(Dx)Wg = —TW1 in R?) \m,

T'wy = —T(v? (6, 0)|X]) on dw,

where véQ) corresponds to the term behaving in |x|? into the Taylor series expansion (A.7) of vo,

ie.,

1. ~
Vi) (6,0) = 57 Hy, (0)7.

As a result, regarding problems (4.29) and (4.30), w- can be identified with the second-order
near-field term

Wo = (/E\27 I/:I27070)'

Furthermore, for the particular case of a sphere, the Taylor series expansion of wy at infinity is
given by

5 1 1
X) — (5) 0 (3) 0 (1) 0 L
W2( ) Ws ( 7@)|X|5 +W2 ( ’¢)|X|3 +W2 ( 7@)|X|7
with
2 272 ; 1 R
Wé@ (97 ‘P) = (g’}/n (xTHEi“C(O) x)x + TE)'Yn(EmC(O))x — 5’)/75 (l‘THEinc (O) x)
; 2
1T PR T
+ S (TR (0) 8) — T (E™(0)),
o 1 ~T . N\o ﬁ inc -~ § T . =~

2

e (0m)7) + 2 (H(0)),0,0) s
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and
i sym =~ 37—2 inc inc =~
Wi (6,0) = (= S (TFm(OF) = 5 (E™(0) = 37, (E™(0)7),
' S ~ 3 2 inc inc ~
~ G TERO0)R) + 5 (H(0) = 33, (H™(0))2),0,0).

72

2
inc inc S T inc inc =~
wi (0,0) = (5 (E™(0) + 7 (E™(0))7), = (H™(0) + 7 (H™(0))7),0,0).
The third-order term vj is the unique solution in H!(Q) of the time-harmonic Maxwell problem
(A(D) +7)vs = ~x(x)rws (0. 0)

1 1 1 .
~ [A(D). A (wé”w, g WO + w6, <p)x3> in €,

I'vy=0 on Jf).

Hereinabove, the right-hand side is not equal to 0 that implies the term v3 is not identically zero.
If we denote

1

1 1
Vi(x) = vs(x) + X(|x|)<wél)(9, w)m +wi?(o, ‘P)W +wi (6, ‘p)W>’

then, V3 satisfies the time-harmonic Maxwell problem outside the origin coordinate,

(A(Dg)+71)V3=0 in Q\ {0},
I'V3=0 on Jf).

Thus, in virtue of problem (4.6)), the term V3 can be identified with the third-order far-field term
V3 = (E37 i:l370v 0)

Remark 23. A difference between the asymptotics involved by the two different methods appears
at the third-order term (and not before).

A.3 Error estimates

According the previous paragraph, we can state that, at least for the first terms, the asymptotic
expansions involved by the method of matched asymptotic expansions and the method of com-
pound solutions locally coincide. In addition, according to the article [16] of Dauge et al. in
which it is shown how the terms involved by the two different approaches can be split into a
finite number of sub-terms in order to reconstruct the other expansion, we can assume that the
two different expansions will locally coincide at any order. From the error estimate which
evaluates the L2-norm of the remainder into the whole domain €25, we could deduce local esti-
mates for the matched asymptotic expansions. However, our frameworks are slightly different.
The first noteworthy difference is that they consider dissipative medium which guarantees the
coercivity of the Maxwell operator whereas we consider real wave-numbers. That implies the
loss of coercivity and consequently the loss of stability. The second difference is the considera-
tion of a bounded whole domain whereas we consider unbounded domains. Hence, we should
adapt the estimates in local Sobolev spaces. In spite of that, it seems possible not only to adapt
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error estimates to a more general framework but also to improve it because these estimates ap-
pear non-optimal in the sense where an order-upgrading is required. For P = 3,4 or 5, let us
introduce the vector fields (E; p, Hs p) reading as the sum of the first far-field terms

P P
Esp =) 0'Ep; Hsp =) 6"H, (A.9)
p=3

p=3
and for P = 0,1 or 2, the vector fields (E(;, P, ITI& p) as the sum of the first near-field terms,

P P
Esp=) O0"E,; Hsp =) 6°H,. (A.10)
p=0 p=0

Adapting the error estimates of Korikov and Plamenevski [26], we can postulate two theorems
which precise the expected order of convergence.

Theorem 1. For any P = 3,4 or 5, there exists a positive o such that for any r1 > rog > do there
exists ¢ > 0 such that for any positive § < &y, we have

|Es — E5,PHO,G(TO,T1) < c ottt ) |Hs — Hs p 0,C(ro,r1) = et

Theorem 2. For P = 0,1 or 2, there exist &y, R* satisfying R* > &g > 0 such that for any Rq
satisfying 1 < Rg < R*, there exists ¢ > 0 such that for any positive § < dy, we have

~ 5 -~ 5
|Es(8-) — Es.pllo.e(irg) <0772 IHs(6 ) — Hs pllo,e(i,rg) < 0712,

Remark 24. In [3]], Ammari et al. showed that estimates in Theorem [2| hold for P = 0.

The rigorous proof of error estimates for the matched asymptotic expansions will be done in
a further paper.

B Multipole theory in electromagnetism

If fields are associated with forces, potentials are associated with energy and work. In the
presence of a charge distribution p and a current distribution J in the free-space with a time-
harmonic dependency, electromagnetic fields (€, H) are generated and can be described by their
potential decomposition

1
E=-VV+iwA, H = pcurl A, (B.1)
where the electric potential V and magnetic potential .A are given by
1 : ply) 1 / , Jy)
V(x) = — exp(ik|x — dy, Ax) = — exp(ik|x — dy.
00 = gz |, explinhe—y) 720 ay 0) = 4 | explink —yl) = dy

According to Equation (B.1)), applying the normalization of Table |1 the normalized electromag-
netic fields (E, H) read as

E=-VV +ikA, H=curl A, (B.2)

where the electric potential V and the magnetic potential A are given by

1 1 j
Vi) = - [ eplinx -y 20 dy A = [ ety Yy, @)
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Remark 25. These formulas are also valid in electrostatics or magnetostatics, i.e. with w = 0 and
where we deal with the following equations

curlE=0and divE = o or  curlH =1 anddivH =0.
C

B.1 Electric multipoles

A N-point charge distribution is an idealistic configuration for electric charge distributions. It
can be represented as a combination of Dirac distributions dy, at points x; for k& € [1, N] with
charge amplitudes ¢, that are constants in static or time-harmonic regime,

N
0(x) = > qid, (%)
k=1

The electric multipoles stem from an asymptotic process describing an ideal electric charge dis-
tribution. An electric multipole of order 2%, or electric dipole for N = 1, electric quadrupole for
N = 2, electric octupole and so forth, is obtained in bringing together a 2"-point charge such
that:

* there are 2V ! positive charges (+¢) and 2"V ~! opposite ones (—¢) such that the geometric
centers of the positive charges and the negative ones are blended.

* the charge amplitudes are given by ¢ = %, where ¢, is measured in Coulomb and any
distance between two opposite charges is proportional to e.

By in bringing together, we mean that any distance between two charges are tending towards 0,
while the amplitudes are tending towards infinity. In Figure we schematize an electrostatic
dipole and quadrupole, where we have denoted by ¢ the parameter supposed to tend to 0.

—-q T2 2 +q

Figure 18: Electrostatic dipole on the left ; Electrostatic quadrupole on the right

Electric fields are produced through a such configuration thanks to the relation E = —VV,
where V, is the scalar electric potential induced by ¢ in a multipolar configuration. In particular,
Equations (B.2))-(B.3) with x = 0 allow to deduce a general form of the electric field Ef’f@c created
in the presence of an electric dipole centered at the origin along a direction d,

Edfyld, = 0l(r,0.0) = ;75 {3(d - e, (0, 0))e, (6,9) — d ], (B.4)
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where e, = (sin 6 cos ¢, sinfsin ¢, cos§) ' . Moreover, the electric field ng:d created in the pres-

ence of an electric quadrupole centered at the origin along directions (u, v), in a static regime,
can be represented as

)T

Eelec

e uvon =0 0,0) = o L [(u-v) — B(u-e)(v e, e

+[(u-e)(v-eg) + (v-e)(u-ep)les + [(u-e.)(v-e,) + (v~er)(u-e¢)]e¢,}7

(B.5)

where (e,, eg, e,) denotes the spherical coordinate system.

Remark 26. The formula (B.4) can be found in [28, Section 1.16] as well as a discussion about
multipole of superior order but we have not found the formula (B.5) in the literature. The

computation of Eg{f;d goes through its potential decomposition (B.2) with

. q(e) 1 1 1 1
V u, v,k =0] = lim —= - - )
quad] ] e—0 4m | |x —c1(e)]  |x—ca(e)] |x—c3(e)] |x—cale)]

where ¢ (€) denotes the center of the k-th charge. In the configuration of Figure the centers
read as ¢y (e) = “171, cae) = —%, cs(e) = “172, cq(e) = —“172 withdy —d; =uanddy +d; = v.
Moreover, the charge ¢ is given by ¢(¢) = 4.

In classical magnetostatics, the presence of an electric current distribution j on a system of
electric dipole, drag the creation of a magnetic field. A filiform electric current distribution is

described by a curve v and a constant intensity I,

Ivz/j-nds,
s

where S denotes any wire section, ds its surface element and n its unit normal vector oriented
with respect to v, see Figure For ~y parametrized along a direction d as in Figure this
current affects the vectorial magnetic potential as

L

Section S

Figure 19: Filiform current between two opposite charges

In particular, Equations (B.2)-(B.6) allow to deduce a general form for the magnetic field
Hﬁli‘;f created in the presence of a filiform electric current of intensity I, between two opposite
electric point charges along the direction d,

I
HSeC[d, & = 0](r, 0, @) = 47r;«2 (d x e,). (B.7)
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In the time-harmonic regime, the charge conservation principle involves the creation of currents
in the presence of charges and reciprocally the creation of charges in the presence of currents.

In particular, the charge ¢ is linked with the current intensity I, as I, = —iwg. The presence
of an electric dipole along a direction d generates electromagnetic fields (Eﬁliff, Hﬁligc). The two

following expressions generalize the previous ones that are expressed for x # 0. According to
Equations (B:2)-(B-3) and Remark[2] electromagnetic fields read as

elec _exp(ikr) 3 3ik 9 1 ik )
Edip [d,%](r,@,w) = 47r7’{(7”2 - K )(d'er)er + (— 2 + ” + K )d (B.8)

and

exp(ikr) (1

Hgligc [d7 “](73 0, 90) = dnr ; - ZKZ) (—’LK,CD X €. (B.9)

B.2 Magnetic multipoles

The notion of magnetic multipole, although very controversial in classical physics and running
counter to the existing theory, enriches the theoretical background of Maxwell’s equations. The-
oretically, it consists in adding magnetic sources to the Maxwell’s system - a magnetic charge
density v and a magnetic current density m - related with a similar magnetic charge conservation
principle —iwv + div m = 0. These densities become sources for the following equations

, m
divH=v and curlE —ikH = ——.
C
In this case, when we consider that the two other equations are homogeneous, we would have
H=-VV, +ikAny and E = —curl A,

By analogy with the previous section, the magnetic fields Hy;'® and H % created in the presence

of a magnetic dipole/quadrupole depending on respective directions d, and (u,,v,) have the
following representations in static regime

mag o o ) _
HE [, i = 0](r,0,0) = T {3(d,-ee, ~d, | (B.10)
and
3710
Hgfa%[uua Vy, K= 0] (Tv 93 99) = 16774 { [(uv : Vu) - 3(uu : er)(vu : er)} e,

+ [(uy &) (v - €g) + (v - €,)(u, - €g)|eg + [(uy - €.) (Vi - €,) + (Vi - &) (uy - e“’)}e“"}'(B.ll)

Moreover, the electric field Eg;;g created in the presence of a filiform magnetic current density m
between two opposite magnetic point charges of direction d, in static regime reads as

L
mag _ _ ¥
Edip [dm, s =0](r,0,¢) = " irer (d x e,). (B.12)

Finally, the electromagnetic fields (Ej ®, Hi; ) created in the presence of a time-harmonic mag-

netic dipole along a direction d, are given by

ma ) 3 3 1 .
HIZE(d, K] (r. 0, ¢) = “{;;%:7“){ (3-8 ) dree + (- L s Kz)d} 5.1

and

exp(ikr) ( 1.

ES8[d, k)(r, 0, ¢) = el (ol m) (ikd) x €. (B.14)

dip
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C Solutions of time-harmonic and nested Maxwell equations

C.1 Well-known properties on the scattering by spheres

Modal decomposition of solutions of Maxwell equations results from the spectral decomposition
of tangential vector fields in L?(8?), where 8? is the unit sphere. A tangential vector field X in
L?(8,) reads as a series which converges into L*(S,)

A=) ) N Vs Yom + A, curlg Yy (C.1)
n=1lm=—n

where 8, denotes the sphere of radius p, see for instance [[17, 32} 33[]. The coefficients A}y, and
Ah.m are defined as the projections of A onto the orthogonal basis of the tangential vector fields
in L?(8?), composed of vectorial spherical harmonics Vg:Y,, ,,, and curlg:Y,, ,,,

1
n(n+1)

- 1 -
)\fhm = / A-Vs2Y, ,(Z) ds; /\51 m=—— / A-curlg2Y, o, (E) ds. (C.2)
s, S,

' n(n+1)

The spherical harmonics Y, ,,, constitute an orthonormal basis of L?(8?), see [33]],

20+ 1 (n— [m)) |
nam (0, ¢) \/ I (ot mpr (cos 0) exp(imp)

For any integer m € [0,n], P, ., is the m-th Legendre function of order n defined for ¢ € [—1, 1]

by N
Punlt) = (1= 2% (§) a0,

where ¢ — P, (t) is the Legendre polynomial of order n

Pty = S (:t)nu — ),

ALY

The tangential operators Vg2 and curlg: are given in spherical coordinates by

851, €y — 89 €.

1 1
Vs2=0peg+——0, e, ; curlg: = Vg2 x e, = ——
s 050 T Ging P ¥ urls: s " sind

Proposition 2. The vectorial spherical harmonics Vs2Y,, ., and curls2Y,, ., are the eigenvectors
with multiplicity 2n + 1 associated to the eigenvalues —n(n + 1) of the vectorial Laplace-Beltrami
operator Agz defined on the unit sphere, reading as

Agz = VSZ (dngz) — curlgz (0111‘152)7

where surface operators divsz and curlgz are respectively dual operators of Vg2 and curls> for the
pivot space L*(8,). In particular; the following properties hold

1. ‘|v82yn7m||8752 = ||CurISZYn’mHg,82 = n(n+ 1)’

2. the vectorial spherical harmonics are orthogonal in pairs and for (n,m) # (n/,m’), we have

VS2Yn,m : VS2Yn/,m’ ds = / curlng,wn . curlngn/,m/ ds = 0.

82 82
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The tangential trace decomposition in L?(8?) is the first step to determine modal de-
composition of solutions of time-harmonic Maxwell equations. The second one is the use Debye
potentials, see [32], which introduces a link between a scalar solution u of Helmholtz equation
and vectorial solutions of time-harmonic Maxwell equations given by

1
(curl (ux) , —curl curl (ux)).
K
When u is a singular solution of Helmholtz equation, u can be represented as the series which
converges in L2 (R?\ {0}),

loc

=" tpm b (5r) Y m(E), (C.3)
n=0m=—n

where L2

2 (R3\ {0}) is the space of scalar functions u such that

Vih € €2°(R?), ¢ = 0in a neighborhood of 0, ¢u € L*(R?).

The function hg) denotes the n-order spherical Hankel function of first kind and we have the
following properties:

Proposition 3. For any n > 0, the spherical Hankel function of the first kind A s defined as
hY = Jn + iyn, where j, denotes the spherical Bessel function of order n and y, the spherical

Neumann function of order n. Both are solutions of the spherical Bessel differential equation in C*,
d d
" (r2£) + k2% = n(n + Du.

The spherical Bessel functions are smooth nearby 0 whereas the Neumann functions are singular.
Moreover, the spherical Hankel function can be described as a Laurent series expansion in a neigh-
borhood of 0 as

AV (z) = Z Be 2°.

l=—n—1
The coefficients b, ¢ read as
in,e if ¢ —nisevenand { > n,
Bre = Q@ Dne if¢t—nisoddand £ > —n — 1,
0 otherwise,

where j,, ¢ and v, ¢ are coefficients into series expansions of j, and y,, given by

VT (=)=
Jne = 2600 (S5 D(HEE 4 1)
0 otherwise,

if¢t —nisevenand £ > n,

4+n+1
(_1)n+1 ﬁ (_1) 2
e = 2T (E (5 4 1) |
0 otherwise,

ift —nisoddand £ > —n — 1,

with T denotes the Euler gamma function, see [25] for more details.
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The coefficients u,, ., in (C3) are defined as the projections of u onto the basis of L*(8?)
composed of Y,, ,,, on every sphere §, of radius p > 0

1 / ~
Un,m = —— u(X)Y,,,m (T) ds.
WD) s, " )

Then, the associated Maxwell solution u is also singular and reads as the following series which
converges in Hy,(curl ,R3\ {0}),

oo n t
u=> > {uimcurl (WD (k)Y (F)X) + u;:"curl curl (h5}>(m)yn,m(f)x)}. (C.4)

The complex magnitudes u,; ,, and uj, ,,, are defined as the projections of n x u onto the basis of
tangential vector fields in L?(8?) on every sphere 8, of radius p > 0

urf,m == (1)7 ) Up,m = — (1) : (1) ) (CS)
hn (Kp) hn (kp) + Kphn” (Kp)

with A\, and )], ,, are spectral coefficients (C.2) with A = n x u.

C.2 Solutions of time-harmonic Maxwell equations as series

An outgoing solution (Ep, Flp) with p > 3 of the time-harmonic Maxwell equations reads as the
following series which converges into Hy,.(curl ,R3 \ {0}), see for instance [32],

EP(Tv T) = Z Z ’éfffl;f (r)curls2 Yy, m (Z) + éﬁzﬁt(r)VSQYn,m(i) + é(vaz;:(T)Yn,m (@)er,

)
n=1m=-n

s n (C.6)
Hy(r,2) =Y > AP (r)eurlsa Y, 1 (3) + hEL (1) V2 Yom (F) + hEY () Yo (7).

n=lm=—n

Convergence results are detailed in [27]. The radial coefficients are defined as projections of the
vector fields onto the basis of L?(8?) composed of curlg:Y}, ., Vs2Y,, m, and onto Y, e,

1 _
éflp,;lx (r) = 7/ E,(r,Z) - curlg2Y,, ,,(Z) dz,
? n( 82

n+1)

1 ~ R
ety = ——— [ E,(r,%)- VsV, (Z) dZ
en,m ) Tl('fl+1) ~/82 p(’I’,SIJ) 8 s (LE) x,
i) = [ (B0.9) o) Vi@ o,
~ 1 ~
B O [ Fy(r3) - curlsa Y (2) .

’ nn 82
= 1 ~ N - Inria
hﬁfﬂ,’:(r) = m /2 H,(r, @) - Vs2Y, ,,(7) dz,
S
W) = [ (A9 e) Vanl@) 6o
52
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According to Eq. (C.4)), these projections can be expressed thanks to the Hankel functions Ay

e (r) = wli B (), R (r) = =it il (sr),
ulPht / ~ ulPh ,
BPL) = U (0D or) 4w (5r)), RER) = "B (B0 () 4+ wrhl) (),
(p),t p),x
1 n,m ~ D)un m
,é,gf”;lr(r) _ n(n tﬁr)u h(l)( r, hgllfz;lr(T) _ n(n +Zliz'u ) hg)(lﬂ“),

where the complex magnitudes u E;LX and ugf 2,f are modal coefficients ) with u = E The

magnitudes u(p )X and u(p )t are not only defined through the spectral decomposmon of E but
are also related to the modal decomposition of near-field terms using the matching condltlons
(4.15). These conditions allow to establish that in (C.6]), only a finite number of coefficients are
not equal to zero. To give details of this dependence, the study of behavior of the far-field terms
(Ep,H,) is required That goes through a Laurent series expansion of the Hankel functions of the

first kind A% . According to Proposmon 3| the radial coefficients {7 (p ) ' and <>(p VT foro =e

nm’

or h can be described as Laurent series expansions in a nelghborhood of 0 as

ggfjmx = u(p Z Bn,e( HT h%pznx = n m Z Bine( /QT
I=—n—1
) = S L oy, ) =B S P L o), (07)
l=—n—2 v l=—n—2 ¢
~(p).r 00 7 (p),r
€n,m (T) _ . (p)t hn,l-‘rl 2 h" ,m ( ) h’ﬂ f+1 Z
T 3 e 3 e

C.3 Solutions of the static and nested Maxwell equations as series
C.3.1 Solutions of the static Maxwell equations as series

A regular solution (Epyo, I:Ipyo) with p > 0 of the static Maxwell equations in the exterior domain
) reads as the following series which converges into H(curl , 2),

Z > ;Zf; (VszYn,m(fv‘)f(n+1)Yn,m(§)er),

n=1m=-—n

X)=2, 2 ﬁﬁi’é (Vs2Yam(@) = (0 + 1)V m(@e, ).

n=1m=—n

(C.8)

The spectral coefficients éﬁf ), are defined as projections of Epp onto the vectorial spherical har-

monics Vg:Y,, ,,, on the unit sphere 82,

1 ~ _
e = — x Epyp) - curlg:Y,, ,, ds.
€n,m n(n T 1) /82 (er p,O) Curlg2 Yy m dS

(p)

The others coefficients hy, 7, are projections of Hp o onto the basis vector fields Y,, ,,e, on 82,

1 ~
hsgzn = _TL +1 /52 (e'r ' Hp,O)Yn,m ds.
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In order to obtain the boundary conditions (4.10) and apply the calculation of these coefficients
in pratice, we require the following recursive relations for any p > 0,

o) — _ ainc ) . .
e = n+1 Z o /52 e, x (d*E™(0) - e2)) - curlg2Y,, ,,, ds
_ zp: Hg {—n hn,l—n—l é\(p_g)
n hn,fnfl o (C9)

(=1

and

hn m = n_|_1 Z a'/ daHlnc( ) a nmdS—ZKE hn/ n—1 'Elpl'ﬂe)' (C.10)
82

lee|=p hn,fn 1

The coefficients b,, , denote the coefficients before the ¢-power of r into the expansion as Laurent
series of the n-order Hankel function A% of the first kind, see Proposition in Section

Remark 27. Expressions in Equations (C.8) define a regular solution of the static Maxwell equa-
tions in exterior domain €. To show that, we go through intrinsic expressions of the rotational
and the divergence of a smooth vector field u = u,e, + u, given by

1 1 1 . 1 1.
curlu = Ecurlgzut + Ecurlgzur + EaR [Rer X ut], divu = ?8}{ [RQUr] + Elegzut, (C.11)

where the operators curlg2 and divg: denote respectively the dual operators of curlgz and Vg
for the pivot space L?(82). Since the following properties hold

curlg2Vg2Y,, ,, =0 e, X Vg2V, ,, = —curls2Y,, . ; divs2Vs2Y,, ,,, = —n(n+1)Y,, ., (C.12)

~

we observe that (Epyo, H, o) satisfies

o )
= 1 €n,m
curl EP,O = E Zl _Z_ Rn+2 [_ (n + 1)cur|S2Yn,m - (n + 1)er X VSZYmm] =0,

OIS & R
curl H, o = — >y s [~ (n+ Deurls2Y,, 0, — (n+ 1)e, x Vs2Yy ] =0,

. 1 oS} n /églpzn
divEyo =3 Sy — [n(n 4 1)V + divs2 Vg2 Yy, 0] = 0,

N © n (p)
divH, o = iQ >y Z”I; [n(n +1)Yym + divs2 V2 Yy, ] = 0.

C.3.2 Solutions of the nested Maxwell equations as series

Proposition 4. For any p > 0, a solution (Ep, IA-Ip) of the nested Maxwell equations reads as the
following series which converges into Hy,(curl ,R? \ B(0,1))

P P
- Z E-Pvé’ F’p = Z Flp,éa (C.13)

£=0 =0
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where

Eo=> Y &P (R)curls Yo+ 00 (R)Vs2 Yo + E00 () Vi mer

© n (C.149)
Hyo=>" > hP2(R)curlsa Yo + W2 (R)Vs2 Yo m + WO (R)Y i ey
n=1m=—n
The radial coefficients are given by
- L
~(p), _ 2] 1 bn,@—n—Q D(p—~
nmeK(R) - _Rn+275 ﬁ hn T hsﬁm )’
& () = — K L=nbpin-1 )
o, B Rn+2_£ n hn —n—1 n m
4
A(P) r _ K hn,éfnfl ¢
an(R)__RTH_Q_[ hn—n L (n"_l)/\'(npm)u
- ’ (C.15)
7P, x (R) = K l B —n—2 S(r—0)
n,m,t Rn+2 ¢ n bn 1 €n m
L
7(p)st _ K {—n bné n—1 ¢
hn’m’Z(R) o _Rn+27£ n bn —n—1 hglpm ),
’]:L(p) r (R) . ,‘Qe bn,ffnfl (n+ 1) h(p—é)
T, Rn+2_[ hn —n—1

Remark 28. In (C.14)), the series with £ = 0 correspond to the series expansions of (Epp, Iflpﬁo),
according to the following identities

~(p)
é(p)’XOZO' /\(p)to €n,m Sp)r L= n—i—lg(p) '
n,m, ’ n,m rRn+2’ n m, Ro+2 o
7(p)
/};(P)vx —-0: h(p)t o hnp,m . h(p) r . n +1 ()
n,m,0 — Y n,m,0 — Rn+2 ) n,m,0 — Rn+2 n,m:*

Remark 29. The sub-terms (Ep_, 05 ITIM) are built such that they satisfy sub-nested Maxwell equa-
tions in the following sense

curlE, , =ixkHp_1 -1 In Q, curlH, y = —ikE,_1 1 in Q. (C.16)

In (C.16)), we use the convention Ep’g = ITIN =0if p < 0or £ < 0. If each sub-term (Ep,b ﬁp ‘)

)

satisfies the equations (C.16) then the near-field term (EW ﬁp) defined as (C.13) satisfies the
nested Maxwell equations (4.8)).

Proof of Proposition[d] The famlly (Ep., H,.() satisfies the nested Maxwell equations (C.16)). Ac-
tually, we apply operators on the previous series in order to compare them to the modal

RR n° 9169



50 Labat & Péron & Tordeux

coefficients of (ixHp_1 —1, —ikE,_1 1),
curl Ep7g =

o0 n
= X = t = r
E E (curl Ep7g)n7mcurI52Yn7m + (curl Ep’e)n,mV32Yn7m + (curl Ep,g)n’mYn,meT,
n=1m=—n

curl prg =

o0 n
3 X 3 t 5 r
E g (curl HM)n,mcurlngmm + (curl Hp,g)n,mvngnym + (curl Hp7g)n’mYn7mer,

n=1m=-—n

where the modal coefficients of (curl /E\pyg, curl ITIM) are given by

= 1 1 -~ 1~ 1 ~
(curl Epe) ), = @iy — 2O [RE]L (curlHyp)) = B, — o[RS
n,m R 3T, R s, n,m R 1M, R T,
~ 1 ~ 1 ~
(curl Bpe),, = 200 [RE (curl )., = 0 [RRYY)),
~ 1 N 1)~
T (e F, ), = DR
That is due to properties (C.12)) and also to the following one
curlgzcurls2Y,, ,, = n(n+ 1)Y, ..
Expanding radial coefficients of (curl Ep, ¢, curl I:IM), we observe that
-1
=~ \t . -k (£=1) =71 bn,t=1)—n-1 70 C(p=1)t
(CUI" Ep7€)n,m = K Rt2—(€-1) n —n—1 hnI?m = Kk en,m75717
= \r . KL Be—1)—n—1 T (p—0) . Ap=1)r
(curl Epve)n m- W n+2—(£—1) (n + 1) hn,m = WRey mi—1
” R hn,—n—l Y
-1
0 t . —R (Z - 1) —-n hn,(é—l)—n—l ~(p—t) . T(p-1)t
(curlHy(), = —ir TR T) - T— T L3 Sy
(CUI’| H )r = —iK —r be-1)-n-1 (n+1) ep—0) — _ g pe—
Dt n,m R+2—(£-1) bn,fnfl ,1m - n,m,—1’
and o
~ x ) KT 1 4142n—0)bye—n-1 ~(p—0)
(curlE, (), . =ik ) gy — €rm
o 0—1
~ L x . —iK 14(1+2n—0Obpr—n-1 (p—0)
(curl Hp’e)”lﬂ” - R”+2*(Z*1) ﬁ hn —n—1 hn;l?m .

o~ ~

Furthermore, we have ¢(1+2n —¥¢)b, ¢—n—1 = by ¢—n—3 and then, the set of shadows (E, ¢, H,, ¢)
satisfies the nested Maxwell equations (C.16). Finally, the sum of shadows satisfies the property
(4.12) because n +2 — ¢ >3 —pforanyn > 1 and ¢ < p. O

C.3.3 First terms of the near-field expansion as finite sums

The decomposition of solutions of the nested Maxwell equations can be extended to more com-
plex geometries as well as those of the time-harmonic Maxwell equations, but in general with
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infinite series, see [27, [32]]. In the particular case of scattering by a sphere, considering the
boundary conditions (4.10), these series are actually finite sums. The following corollary that is
a consequence of and (4.10), characterizes the zeroth-order near-field term (Eq, Ho) as a
finite sum of dipoles.

Corollary 1. The zeroth-order near-field term (T:'O, IA-IO) have the following modal decomposition

1 1
~ 1 0 =~ 1 ~(0
Eo= 5 Y. @ {VSZYW - 2Y1,me,} L Ho=— >R, [vszyl,m —2Y; mer]. (C.17)

m=—1 m=—1

The result is due to the following lemma in which we decompose a vector field in the basis of
the spherical harmonics. Then, we observe that in (C.8), there is only a finite number of radial

coefficients éff}n and Eéozn not equal to zero. In particular, it is for n = 1.

Lemma 1. Let u be a constant vector field of R3. Let us denote (u1,uz,us) its coordinates in the
canonical basis of R3. The normal and tangential traces of u on 82 read in the basis of spherical
harmonics as

u +iug |87 Uy — tugy 8T 4
U= —4/—Y] _ ———/ Y] —Y;
Yol > 1/ 3 1L 1+ 5 A/ 3 111 + uzy/ 3 110,
uy +tuy 8w up — tus | 8w [ 4w
YU = 71 B 2 §VS2YL*1 —+ 71 5 2 ?VS2Y1,71 —+ us ?VS2Y1,0°

The following corollary characterizes the first-order ner-field terms (El, ﬁl) as a finite sum
of dipoles and quadrupoles.

Corollary 2. The leading part of the first-order near-field term (E,o, IA-ILO) have the following modal
decomposition

2 2
N 1 N 1 N
El,O = E Z /e\glzn [VSQYQ,m - 3Y—2,mer ; Hl,O = g Z hgr)n |:v52Y2,m - 3Y2,mer:| .

m=—2 m=—2

(C.18)
The associated shadows (/E'l,l, IA-IM) have the following modal decomposition
~ 1K ! ~ ~ i !
E171 = —? Z hg?,),bcurlszifl,m; Hl,l = ? Z /€\<1(,)T)HCUI’I52Y17m. (C19)
m=—1 m=—1

The result is due to the following lemma in which we decompose a vector field reading as
Me,, where M is a constant matrix, in the basis of the spherical harmonics. Then, we observe
that in (C.13)-(C.14), there is only a finite number of radial coefficients 3532,1 and ﬁ%lzn not equal
to zero. In particular, it is for n = 2.

Lemma 2. Let M be a constant matrix of size 3 x 3. Let us denote (m, ;) its coordinates relatively
to the canonical basis of R3. The normal and tangential traces of the vector field Me, on 8§ read in
the basis of spherical harmonics as

mi1 — Mo, 87 mio+m 8
’Yn(Mer) = 1’1#2'2\/ E(Yzz + Yo, _2) + %\/ B(YQQ —Ys o)+

mi3+msgq1 [8T Mo 3+ msgo [8T ms3 [16m
5 15( 2,1+ Yo, 1)+ 9% 15( 2,1 2, 1)+ 9 5 12,0
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2ms 3 —mi1—m 4 miq1—m 8
M (Mer) =33 21’1 22 \/ £V52Y2,0 + %\/ 1—75T(V52Y2,_2 + Vg2Ya2)

mi3+m 8w mao 3+ m 81
+ 1’343’1\/;(V52Y2,—1 + Vs2Yo1) + % \ B(V32Y2=1 = VsYe 1)

/8 - /8
+ W %(VS2Y272 — V52}/27_2) + W ?ﬂ-(CUI’IS2Y1,1 — CUI’IS2Y17_1>

_ /8 — [4
+ w ?ﬂ(curlszYm + CUI’ISZYL_l) + w %CU”ISQYLQ.

D Analytical solution of the scattering problem by one small
sphere

In this section, we develop the Taylor expansion of the analytical solution of the electromag-

netic scattering by a small sphere. The result validates the expression of the far-field expansion

(53E3, 53ﬁ3). In a first time, we recall some results about regular solutions of Maxwell expan-
sions in order to introduce the modal decomposition of the incident field.

D.1 Analytical decomposition of the incident field

The incident electromagnetic fields (E™, H™) are regular solutions of the time-harmonic Maxwell
equations, in any bounded domain of R3. Then, we can decompose these ones into the basis of
regular solutions of the Maxwell equations, related to the spherical Bessel functions j,,, see [32],

E™x) =D > {hialﬁnjamcurlszm,m@

n=1m=-—n

inc jn(lir)—i—lﬂ‘j;l(lﬂ“) ~ jn(“r) —~
+en7m{ — VYo (@) + 220 n(n+1)Yn,m(x)er(x)] .1
and
H™ ) =Y Y { — e jn(kr)curls2Y;, 1 (3)
n=1m=—n
inc jn("ﬂ')""_’%rﬂl(ﬁr) ~ jn(’ﬂ") ~
—l—hn’m[ — Vs Yo (@) + 22 (n + 1)Yn,m(x)er(x)] o2

In (D.1)-(D.2), the modal coefficients have the following expression for any § > 0,

. ) 1 / . -
eg,lc'rn = — - B n X El C X .curl 2Ynm T dS,
N R AC LGS )(x) - curls2 Y, 10 ()

hinc — _ 1 1
L Jn(Kk0) n(n+1)

(D.3)

/ (n x E™)(x) - Vg2V, (Z) ds,
{IxI=3}

where n denotes the outward normal unit vector to B(0,d). This is the generic expression for
regular electromagnetic waves. In general, there is not analytical expression for the coefficients
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associated to this expansion. But, in specific cases, we can effectively compute it exactly. For in-
stance, an electromagnetic plane wave directed through the z-axis and polarized by e; possesses
the Jacobi-Anger decomposition [[18] Section A.3.4]

2n+1 7. R R
i+ 1) [Jn(ff5) (curlg2Y), 1(Z) — curls:Y,, _1(Z))

 ju(R0) + RS (k)

exp(—ikz)e; = \/7?2(77:)’”“1’1

(Vs2Yna (@) + Vs Y1) .

K0 (D.4)
Lemma 3. The sums of dipoles in the modal decomposition of the incident field are given by
: ; 1 ; ! ) i .
Z ellninv82yl,m = 5 ")/tElnC(O)v Z ellncynyl,m = 3 77LEmC<O);
m=—1 ’ 2]1’1 m=—1 ' 2]171
1 ) 1 . (D.5)
- 1 - . /3 .
hi" Ve Y3 = — H™ (0 ; hie v- = nl_lmc 0 7
m;1 1,m V8211, 2j1,1% ( ) m;1 1,mT1, 72j1,17 (0)

where j1,1 = % denotes the first coefficient in the expansion of the spherical Bessel function j,, see
Proposition [3]in Appendix (C.I).

Proof The result is obtained by identifying the Taylor expansion of (E™, H") in a neighborhood
of 0
E™(x) = E™(0)+ O (r), H™(x) = H™(0) + O (r),

r—0 r—0

with the expansion of the modal decomposition in a neighborhood of 0 given by

. 1
) 2 .
EW@:J¥>§:#;WyHM+HMmy%OUL
; :

r—0
m=—1

. 1
. 2 i
HmC(x) — % E hlln,sn [ngylym + Yl,mer} + O (7")

r—0
m=—1

D.2 Analytical decomposition of the scattered field

According to (C.6), the solution of the exterior Maxwell problem (2.2)) have an analytical solu-
tion. Actually, the scattered fields (E;s, Hs) can be decomposed in the basis of singular solutions
of the Maxwell equations,

Es(x) = Z Z N, (0)AH (k1) curls2 Y, (2)

n=1m=-—n

+%m@[

(1) (1’
by (K1) + krhe” (KT) Vs2Vim(F) + - n(n + 1)Yn,m(f)er}
ikr ikr
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and

n

Hs(x) = Z Z —enm(0)AY (kr)curlg: Y, . (Z)
n=1

m=—n

hg)(f-@r) + m“h,(ll)/(m") h,&”(m)
2Y, T 1Y, T .
QKT Ve2Yom(T) + iKr n(n+1Yom(@)er (D.7)

+ by (6) [

In (D-6)-(D.7), the modal coefficients depend on the small parameter § through the expression
(C.5)

) 1 . N

enm(d) = - / (n x E™)(x) - curlg2Y,, ., (Z) ds,

B (k6) + kRS (k6) M + 1) Jjx=sy

) 1 (D.8)

By (8) = / (n x EM)(x) - V2V, m(7) ds.

A (k8) n(n +1) Jyw=s)

Remark 30. Identifying (D.3) and (D.8]), we observe that
. , .

WD (k6) + kohS (k6) A (k6)

This relation makes evident the dependence in §.

The following proposition gives the Taylor expansion of the exact solution (Es, Hs) at the
fifth order. That allows to find the third-order far-field terms given by (2.4)-(2.5) and also the
expression of the collected model presented in Section

Proposition 5. The analytical solution (Es, Hs) have the Taylor series expansion when ¢ tends to 0,

Eit) = (x0)'{ (5 - 200

IR )y H(0) x e

3(K0)? hgl)(/w)Jrnrhgl)/(ﬁr) inc 3(K0)? hgl)(m") inc
-+ 200 — WE™(0) —2(1+ 2 ) B, E (O)e,}
+ O (8°)
§—0

and
3(k6)?

Hs(x) = (Hé)?’{ (1 -2

1 3(kd)? h(ll)(m’) + nrhgl)l(nr) inc 1 3(kd)? hgl)(lﬁl’r’) inc
(7 B ) IRT nH (0) + 2(5 10 )7%’” (0)er

)1 (57 E7(0) x e

2 10
+ O (6°).

6—0

Proof. By inserting the expressions and (D.5) into (D.6)-(D.7)), we obtain

jl("ﬂs) { (1) inc
Es = — 7}1, RT H 0) x e,
g hgl)(mé) 211 1 (k) (0)
. Y ; (1)( )+ h(l)'( ) h(l)( )
_ .]1("4‘6)—’—%5]1(/?6) "L hl RT .H’T 1 KT 'YtElnC(O)+2 1‘ RT 'YnEmC(O)er +€62(X)
WY (k6) + koh(M (k6) 211 iKr irr ’
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and
4 YAG j )
Hy — (1) J1(K6) + K le()ff ) L0 (o) BT (0) x e
hi” (k6) + KkORY (K6) 211
: (1) (1)’ 1)
KO i | hy’/(kr)+ krh Kr ine B (or e
h( g( <)5) 2j11 — iR = )%H (0) +2 lm(r )%H (0)er| + 9H5.2(x),
K ,

where the remainders &;, and §);» are of second order (n > 2) in the expansions (D.6)-(D.7).
We remark that €55 and $52 are in O(6°) when 6 tends to 0. Then, we expand the coefficients
depending on ¢

J1 (/‘6(5) jl,l 3 j1,3 j171f)1’0 5 6
= o — 5 O (5
h%”(n&) o (rn,_2>2}<"‘) +,9,00),

J1(kd) + kg1 (KG) 21 3 [Z11bio | 413
& W =, ) { ;
hy” (k6) + Kk6hy” (Kd) b1,—2 (h1,-2)*  b1,—2

|6+ 0 (%),
6—0
and we inject them into the previous expansions in order to obtain the result. O

The following proposition gives the Taylor expansion of the exact solution (E;s(d - ), Hs(d - ))
at the first order. That allows to find the first near-field term again, given by (2.8).

Proposition 6. The analytical solution (Es(6 - ), Hs(d - )) have the Taylor series expansion in fast
variable, when ¢ tends to 0,

(5 = & [21.(E¥0)e. 2 (E%0)] + 0,0

6—0
1

55 |2 (H(0) e, = 7 (H™(0)| + 0 (3).

H5(0X) = - 50

Proof. Thanks to the Taylor series expansion of (Es, Hs) in Proposition [5, we have

hY (k6R) + koRAY (kR) h(l G

_ 3 11 1 inc inc
Eg(éX)—(né){ L 2 (E™(0) — 2" (E (O))er}—i—&go(é),
Hs(6X) = (x3)? WY (koR) + kORRY (kOR) (Hinc(o))+h§1)(n6R) H=0))e.] + 0 ()

SR =R 2iroR i ikoR " T T 550 )

According to the Laurent series expansions of the spherical Hankel function of the first kind, we
have

Y (k0R) + mORAL (KOR) B, (k6R) ™% +O(671)
1KOR ¢ |

h(l (H&R) 2[’)17,2
1KOR i

(k0R) ™% + O(61).

Then, we obtain the result by substituting the previous expansions into that of (Es(d-),Hs(d-)).
0
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