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Abstract

We develop a computational method based on a scalar potential representation, which efficiently re-
duces the solution of Maxwell’s equations to the solution of two scalar Helmholtz equations. One of the
key contributions of this paper is a theory for the translation of Maxwell solutions using such a represen-
tation, since the scalar potential form is not invariant with respect to translations. The translation theory
is developed by introducing “conversion” operators, which enable the representation of the electric and
magnetic vector fields via scalar potentials in an arbitrary reference frame. Advantages of this represen-
tation include the fact that only two Helmholtz equations need be solved, and moreover, the divergence
free constraints are satisfied automatically by construction. The availability of a translation theory for
this representation can find application in methods such as the Fast Multipole Method.

For illustration of the use of the representation and translation theory we implemented an algorithm
for the simulation of Mie scattering off a system of spherical objects of different sizes and dielectric
properties using a variant of the T-matrix method. The resulting system was solved using an iterative
method based on GMRES. The results of the computations agree well with previous computational and
experimental results.

1 Introduction

Perhaps there is no need to stress the need for efficient numerical solvers for the Maxwell equations in
frequency domain, as they are fundamental to many problems in theoretical and applied electromagnetics.
Decomposition of the solutions of these equations into multipole and related series are basic to multiple
scattering theory. Due to the vector structure of these equations, the representations involve often unwieldy
expressions involving series over the vector spherical harmonics. This leads, first, to rather complicated
(long) expressions, which themselves can be a source of error, and, second, to excessively large numbers
of unknowns in function representations. However, despite these difficulties, researchers have developed
the theory for the translation of such series with vector spherical harmonics and methods to compute the
translation coefficients (see, e.g., Refs. [19, 8, 16, 6, 23]).

Any solution of the free-space Maxwell equations can be expressed via two scalar potentials, which are
solutions of the scalar Helmholtz equation (see e.g. [12]). The translation theory for the latter equation is rel-
atively well developed both for function representations via multipole-type series and the far field signature
function (e.g. [18, 9, 12]). However, to apply this translation theory to the scalar potential representation
of solutions of the Maxwell equations, several issues must be addressed. The purpose of this paper is to
provide such a theory and apply it to Mie scattering problems.



In a sense the method, which we develop in this paper, is similar to the method of translation of solutions
of the biharmonic equation, that we developed previously [14], where it was shown that any solution of the
biharmonic equation can be expressed as a combination of two solutions of the Laplace equations. However,
when the biharmonic solution is expressed in this form, the translations cannot be done independently.
Instead the two functions must be translated jointly, which, however, can be handled relatively easily by
the introduction of the concept of a sparse “conversion” operator. In fact given a fast-multipole method
routine for the Laplace equation, we show there that using the conversion operators, it can be used as a
fast-multipole method routine for the biharmonic and polyharmonic equations.

We following an approach similar to that paper and introduce a potential representation, and the concept
of “conversion” operators for the vector Maxwell equations, and show that given a multipole routine for the
scalar Helmholtz equation, a routine for the vector Maxwell equations may be obtained using the conversion
operators. Of course these conversion operators are different from those for the biharmonic equation. A
major difficulty that is faced with the vector representations, of maintaining the divergence free nature of
the solution, is avoided by construction.

The method of scalar potentials can be applied for the solution of different boundary value problems.
In this paper, for illustrating the use of the scalar potentials and the conversion operators, we demonstrate
how they may be used for the solution of multiple scattering problems, such as multiple scattering off many
spheres [4, 16, 24] using a variant of the T-matrix method [17, 20, 22] with solution of the linear system using
a GMRES-based iterative solver. The results of computations satisfy the Maxwell equations by construction,
and are validated by an a posteriori check of the error in satisfying the imposed boundary conditions. They
are also validated by comparisons with the theoretical and experimental data of Xu and Gustafson [25, 26].

2 Mathematical preliminaries

2.1 The Maxwell equations

In the frequency domain the phasors of the electric and magnetic field vectors E and H for a monochromatic
wave of frequency w satisfy the Maxwell equations

Vx E=iwpH, VxH=—iweE, V-E=0, V-H=0, (1)

which in the absence of sources and currents are valid in the carrier medium of electric permittivity € and
magnetic permeability p. As written, these vector equations incorporate eight relations (the equations for
the three components of the electric and magnetic fields, and the divergence free constraints).
The solution of these equations is composed of two fields describing incoming and outgoing waves. The
latter (radiating) waves satisfy the Silver-Miiller radiation conditions
lim (,ul/QH(Md) X r—rel/QE(Md)> =0, li_1>1(1) (61/2E(Tad)>< r+ru1/2H(Md)> =0;r =|r|, reR3. (2)
T

r—0

Let the radiating field have all its singularities inside a sphere of radius a, while the incoming waves are
regular by definition everywhere in R3.

Taking the curl of the first equation (1), one can see that in a domain free of singularities the electric
field vector, E, satisfies the constrained vector Helmholtz equation

(V2+Ek)E=0, V-E=0, k=uw/c, (3)

where k is the wavenumber, c is the speed of light, ¢ = (eu)fl/ 2
field vector, H,

(V’+k)H=0, V-H=0. (4)

. The same equations hold for the magnetic



It is not difficult to show (e.g., see [12]) that in any given reference frame the electric and magnetic field
vectors can be expressed via two scalar potentials, ¢ (r) and ¢ (r), that characterizing the TE and TM partial
wave polarization, respectively:

1
E=Véxr+Vx (V¢xr), H o (VY x r+V x (Vo x 1)), (5)

where each potential satisfies the scalar Helmholtz equation
(V2+E)¢=0, (V>+K)y=0. (6)

The decomposition of the electric field (5) is equivalent to Egs. (3) and (4), and therefore, the two scalar
functions ¢ and ¢ completely characterize the electromagnetic field, and all mathematics related to solution
of the Maxwell equations can be expressed in terms of these potentials. We call this method as the “method
of scalar potentials”. In this theory we work only with ¢ and 1 and the actual values of E and H are
obtained as needed via direct application of Egs. (5) or by use of some equivalent operators acting on the
representations in terms of the scalar functions ¢ and .

2.2 Expansions of solutions over the basis of spherical wave functions

Solutions of the scalar Helmholtz equation can be also decomposed into the incoming and outgoing wave
functions. The latter satisfy the Sommerfield radiation condition

(rad) (rad)
im | [ 22 ik || =0, lim |r % —ikyred) | | =0, (7)
r—00 or r—00 or

which are equivalent to the Silver-Miiller conditions (2) (e.g. see [12]). Consider a sphere of radius a and
the reference frame with the origin at the center of this sphere. Solutions singular (radiating) and regular
inside the sphere can be expanded as series over the spherical basis functions S})* (r) and R}’ (r), as

)= D> ¢Sy org(®)= > ¢RI (r), ®)

n=0m=-—n n=0m=—n

and similarly for ¢ (r). Here
R (r) = jn(kr)Y,"(0,¢), Si*(r) = hn(kr)Y,"(0,0), n=0,1,2,..., m=-n,.,n, (9)

where j,(kr) and h,(kr) are the spherical Bessel and Hankel functions (of the first kind), and ¥,*(6, ¢)
are the orthonormal spherical harmonics:

2n+1 (n —|m|)! ~
Y (0, 0) = (-1)™ Pl (cos §)ei™ 10
Im| |m|+n
ml (. (=1) _ oyIml/2 d o
P (p) = onpl ( /“L) dﬂ|m|+n H 1) ’
n=20,1,2,..; m= —n,..,n,
Im|

where P, "' are the associated Legendre function expressed above via the Rodrigues formula. Here and
below we will use Cartesian (z, y, z) and spherical coordinates (r, 8, ¢) related by

r =(x,y,2z) = r(sinf cos p,sin O sin p, cos 9) . (11)



The traditional way to represent the vectors E and H is to insert expansions of type (8) directly into Egs.
(5) and obtain (e.g. for the radiating solution):

o0 n

E(r)=)_ > [¢nMO" @)+ NG (@), (12)

n=0m=-—n
ME™ () = VS (1) x T, NE™(r) = Vx MEP™(x),
where M$)™ (r) and N{¥™(r) are singular spherical vector basis functions, and the ¢™ and ¢™ are coeffi-
cients of the basis functions (not to be confused with the scalar potential functions ¢ and v)). This requires
heavy use of vector algebra and the translation theory for vector functions. While such theories and meth-
ods are available [8, 6, 23] one of the purposes of the method of scalar potentials to reduce the complexity
by avoiding operations with vector basis functions. (Of course, we did need to use them to demonstrate
comparisons between our results and those of other authors.)

The expansions (8) specify mappings {¢ (r),¢ (r)} = {®,¥}, where ® = {¢'}, ¥ = {¢]'}
can be thought as matrices or vectors (with a proper alignment of the coefficients) and can be called as
function representations in the space of expansion coefficients. As these representations are available for
some domain, functions ¢ and v, and so E and H can be computed.

2.3 Expressions for operators as matrices relating expansion coefficients

Let A be a linear operator acting on functions, so that 5 = A[¢]. Further, let the functions 5 and ¢ be
expressed in a series over a functional bases (which can be the same or different), as in Eq. (9). In this case
the operator A can be represented as a matrix, A, acting on the coefficients of expansion of ¢ in its basis
and transforming them in to the expansion coefficients of $ in its basis. Thus, the action of the operator on
the functions can be written in the equivalent forms

o~

p=Alp) = @ =Ad. (13)

The entries of the matrix A as well as the vectors ® and & will, in general, depend on the particular
expansion bases, and we should indicate this explicitly or implicitly. Since the entries of the vectors ® =

{¢Z}'} and & = {57’3}} are each characterized by two indices, the entries of the matrix A relating them can

mm/

be characterized by four indices, A™7 = (A)™7" .

Differential Operators: The first type of linear operators that are important for the development of
the translation operations, are differential operators. When we differentiate functions, we usually expand
the original function and its derivative over the same basis. A remarkable property of the scalar Helmholtz
equation, is that the matrices of the differential operators are the same when expressed in either the basis
{RI™(r)} or the basis { S (r)} [12]. The basic first-order differential operators here are

10 1/0 0

D,=~5- Dotiy=7|5-Fi5 |, 14
k Oz R <8$ Z@y) (14)
1

Dt = Etv = (tx + ity) Dx—iy + (ta: - ity) Dx:tiy + tzDza

where t = (¢, ty, t.) is some constant vector. These operators can be represented in the space of coefficients
by matrices D, Dy, and Dy, respectively. We remark that the matrices corresponding to these operators



are very sparse, and may be written as [12]
(Dz);ny = 5mm’(a?5n’,n+1 - a$5n’+1,n)a (15)
(Derzy):Lnf,T = m’,m—l(b;mdn’,n—l - bgildn’,n—&—l)a
(Dwfzy):bnf,:? = 5m’,m+1 (b;n(sn’,nfl - bglmildn’ﬂ%#l)v

where d,,,,, is the Kronecker symbol, and a]* and b)) are real coefficients defined as

m m n+1l+m)(n+1-—m m

ay =a, :\/( (2n+1))((2n+3) ), forn > |m|, ap' =0, forn<|m|, (16)
(n—m—1)(n—m)

b — for 0<m<n, 17

n \/(2n_1)(2n+1) orfsmsn a7

by =

n

(n—m—1)(n —m)
_\/ Gn D @nt D) for —n<m <0,

byt =0 for |m|>n.

Instead of using sparse matrices to represent operators, it is sometimes simpler to represent their action via
simple relations between the function coefficients. For example, the action of operator D¢ can be written as

Z Z (Do) o = (te + ity) (BTem it — b7 emil) + (18)
=0m/=—n
(te —ity) (b m¢ bnm+11 ?—&—11) +1. (anmqjmrl - aﬁ_ldf_l) .

Translation operators: The second type of linear operators that we wish to express explicitly are the
translation operators. In the functional space the translation operator generated by a constant translation
vector t is defined as

6=Tt)[0], S(r)=0(r+t). (19)

When both ¢ and ¢ are represented in basis {S] (r)} the matrices representing the multipole-to-multipole
translation operator can be denoted as (S[S) (t). The multipole-to-local operator can be written as (S|R.) (t)
(¢ is in {S* (r)} and ¢ is in {R}" (r)}), and the local-to-local translation operator as (R|R) (t) (both ¢
and ¢ are in basis { R} (r)}. We further remark that the entries of the matrices (S|S) (t) and (R|R) (t)
for the Helmholtz equation are the same for the same t. Further, for the Helmholtz equation all matrices
for arbitrary t commute which each other (except for t = 0, which is a singular point for the multipole to
regular translation operator (S|R) (t)), and also commute with the matrices representing the differential
operators. This observation is the basis for a fast translation method, based on sparse matrix decomposition
of the dense translation matrix, and which was first introduced in [12].

Another fast translation method is based on decomposition of the translation vector into a pair of ro-
tations interspersed with translation along the polar axis direction. If needed all entries of the translation
matrices can be computed using fast recursive procedures [5, 11], which are much faster than direct expres-
sion of the matrix coefficients via the 3-j Wigner or similar symbols.

The translation operators for the case when the translation direction coincides with the polar z-axis,
t =ti, = (0,0,t), we call coaxial translation operators. The representation of these operators is more



compact, since for coaxial translations the order of the spherical basis functions, m, does not change. In
other words, the entries of the coaxial translation matrices have a factor d,,,,,, as for the matrix D, (see Eq.
(15)), which in fact is the coaxial differentiation matrix, since in this case Dy = D,. So performing a matrix-
vector product with the coaxial translation matrix requires fewer operations than the general translation and
can be used in decompositions of the general translation matrix [16]. The coaxial translation operators also
can be computed by a faster recursive procedures than those needed in the general case [11].

Rotation Operators: The third type of operators, which we mention are the rotation operators, defined
as

¢ =Rot(Q)[¢], ¢ =¢(r), T=Qqr, (20)

where r and T are coordinates of the radius-vector in the original and rotated reference frame, assuming
that the rotation transform in three dimensions is performed with real 3x 3 rotation matrix Q. The rotation
operator can also be represented by a matrix, Rot(Q). The entries of this matrix are proportional to d,,,,/. In
other words, the rotation transform does not change the degree of the spherical basis functions. This makes
the rotation operator more compact than general translation operator, and this can be used in decompositions
of the translation matrix. Also the entries of matrix Rot(Q) can be computed by fast recursive procedures
[11,12].

As mentioned before, a particularly important type of decomposition of a translation operator is the
rotation-coaxial translation decomposition, where we decompose the general translation operation into a
rotation of the reference frame to align the z-axis with the direction of translation vector t, then translate
along the z-axis (“coaxial translation”), and then rotate back to obtain the original axes orientation.

If p is the truncation number at which we truncate all expansions in to the functional basis, with n =
0,...,p—1,m = —n,...,n (so we hold only p? terms in each of the expansions (8)), the general translation
matrix has p* entries, and a computation of a general translation via a matrix-vector product requires O (p*)
operations, while the rotation-coaxial translation decomposition requires O(p*) operations.

3 Method of scalar potentials

3.1 Translations of vector functions

We must extend the translation operators for scalar Helmholtz functions introduced above to the case of the
vector Maxwell functions. Since

E(r):E(r+t):vX(r$>+V><V><<r$>+Vx<t$)+V><V><(t$), 1)
E=Tt)[E], ¢=TWt)[¢]. ¢=T(t)[

we see that the translated function is not represented in the same form as the original function. At first
glance, representing the translations via scalar potentials 5, thus seems a non-trivial task. In fact, to retain
the scalar potential form for E (r) in a basis centered at r = 0 we must express it in the form

E(r) = V x (r&)’) 1V X VX (mZ) . 22)

Due to linearity of all operations functions 5 and ibv should linearly depend on ;5 and 1//1\ Such a linear
dependence is provided by conversion operators, which are defined then as

¢ =Cn [Eﬂ +Ci2 [lf/)\] ; (23)
b =Co [3} + Ca2 [@Z] .



The conversion operators can be represented as matrices acting on coefficients over the spherical wave
function basis. It is natural to represent (¢, zp> in the same basis as (¢, w>, and in this case it is not difficult

to see that the entries of the conversion operators will not depend on which basis {S)" (r)} or { R}’ (r)} we
use. Indeed, as we noticed above the differential operators for scalar functions are the same for the both
bases, while the conversion operators can be expressed in terms of such operators. So Egs. (23) imply

®=C; &+ CpY, (24)
lfIv’ = Cgli; + 022‘/1}.

Note that due to the symmetry in representation of the electric and magnetic field vectors (5) (the replace-
ment of ¢ with (iwu)fl k%) and 1 with (iwu)fl ¢ results in the same conversion operation, based on
consideration of the magnetic field vector, we have

Ci; = Cy, Cig=k>Cyy. (25)

Below we derive explicit expressions for these matrices. This shows that these matrices are sparse and
the computational cost of the conversion procedure is low in terms of memory and time.

3.2 Conversion operators

Let us represent functions qg and J in the form
b=0+¢, v=0+¢ (26)

As follows from Egs. (21) and (22) the functions marked with primes satisfy

Vx (r¢) +V x Vx (r¢') = V (tas) 1V X VX (t&) . @7)
The scalar product of both sides of this equation with vector r then yields

rVx Vx (rff) =rVx (tq?) 1V X V X (tzﬂ) . 28)
Due to the relations

Vx Vx (r¢/) =V (¥ +r-VY') + k¢, (29)

VX V x (t&) —V (t- V) + K2, (30)

r-V x (t&) — _(rxt)-Vo. G1)

Introducing the following differential operators

D,y = 7“28—2 + 27«3 +k%r2, Dpyy = (rx t)-V, (32)

or? or

Dt = (r:V) (£ V) + k% (r - t),
Eq. (29) can be rewritten in the form

Dyr [¥/] = ~Dext 8] + Drt 9] (33)



Consider the action of operator D, on a spherical basis function (9) (since the singular and regular basis
functions satisfy the same recurrence relations, it is sufficient to consider only one of them, say the regular
basis functions):

Dy [Ry' (r)] = Y3 (0,0) Drr [jn (k7)] = Y (0, 0) (12 + 1) () (34)
=n(n+1)R) (r).

This holds because the spherical Bessel (and Hankel) functions are the eigenfunctions of D,.,. corresponding
to the eigenvalue n(n + 1). This means that in the space of expansion coefficients, for expansions of type
(8) D, is represented by a diagonal matrix D,.., with entries

(DM)E??/ =nn+ )0mmOnn, n,n =0,1,.... m=—-n,...,n, m =-n . 5n. (35)
This also shows that function ¢’ is determined with the accuracy to an arbitrary function of r (indeed
x (rf(r)) = 0), which in case of spherical basis functions is proportional to the zero order Bessel
function. This function can be deliberately set to zero, since in any case it does not contribute either to
E (r), or to H(r). Accepting this convention, we can define the inverse operator D;,! as an operator,
represented by the diagonal matrix
—1\mm/ 1 ’ —1,00
(P o = gy o dnnts - 1o > 0 (D )gg = 0. (36)
The matrix representations of the operators Dy ¢ and D¢ are more involved and we show how one can
derive expressions for their entries in the Appendix. Similar to Eq. (18), it is convenient to write down the
results of the action of these matrices on the coefficients of some function  :

’

[e.9] n .
m' 7 ;
Z Z r><t nn/ Xn/ 25 (tz+in?LIXn +lo— lycm 1X? t- 2mt2X?) » Loty = to £ ity
=0m/=—n
(37
tm+1y [nbnﬁ 1X¢:Jj11 ( )mem+i] +
mm
Z Z rt nn' le’ = _5 Lo iy [nbn—‘rl Xn+1 + (n + 1>bnmxnm 1] ? (38)
—0m/=—n/ 2t [TLCL Xn+1 + (n + 1)a;,1n71Xn71]
where c* are real coefficients describing infinitesimal rotation, defined as
V(n—m)(n+m+1) for0<m<n
cr={ —\/in—m)(n+m+1) for —n<m<0 (39)

0 for |m| >n

These expressions yield the following expressions, which represent the action of the conversion matrices:

i (tx+iycg$m+1 F oyl — 2mt ol
g1 b {toriy (b + (- | b+ )
" 2n(n+1) Kty 0B ¢n+1 + (n+ 1)bﬁm$31:11 - ’
\ 2kt [namwnH + (n+ 1)anm—11;7T—1] )
n=12,..., m=-n,.,n, lgry=1t; Lty



( ik (tﬁz'yCZ%ZqTH + by gyl - 2mtz1/p\,T> +
o = o — 1 ktayiy ”bﬁfl_l‘g?jll +(n+ 1)b21$?j11 + 41)
T 2n(n+1) kto—iy R ON A + (n+ 1)b,om | — 7
2kt [na%ml +(n+ 1”?—1@?—1}
n=12,.., m=-n,.,n, tpry =1t Tty

where the latter relation between qgﬁ and <Aﬁ, 1@?) follows from the symmetry relation (25).

3.3 Rotation-coaxial translation decomposition

We remark that the rotation transform defined by (20) does not change the form of decomposition (5) as
E and H are treated as physical vectors, which are invariant objects with respect to the selection of the
reference frame, and r and T are referred to the same point in the physical space. Thus in the rotated
reference frame we have for the electric field vector

A~

E(F) = V (?5) YV X VX (w) (42)

Furthermore, expressions for the conversion operators (40) and (41) are substantially simpler for coaxial
translations, t = ¢i,:

~ ~ t PN -~ ~
U = R ey (O b [ + (e D | 43)
~ ~ t ) —~ ~ ~
Ot = O oy LW I [ G + (0 + D0 |
n=12,..., m=-n,..n.

So the rotation-coaxial translation decompositions again appears to be an efficient computational procedure.
We also note that using the notation (24) and (25) we can see that general translation preserving the
scalar potential form (5) can be written as

®\ ( Cui(t) k2Cy (t) ) ( T({t) 0 )(@) 4
v Co (t) Cyi(t) 0 T (t) v /)’
where T'(t) is the translation matrix for scalar functions (e.g. (R|R)(t)). In the rotation-coaxial translation
decomposition this matrix can be represented as
T(t) = Rot ™ (Q(t)T***(t)Rot(Q(t)). (45)

On the other hand we have

® _ { Rot™}(Q(t)) 0 C590T (1) k2C0 (1)
( N > B ( 0 Rot 1 (Q(t)) > ( Cé%am (1) 01211 () )x (46)

< Tcogm(t) TC"‘?”” (t) > ( ROt(‘?(t» Rot((:ll(t)) ) ( $ >



It is not difficult to check directly, that Egs. (44)-(46) result in the following relations
Ci1 (t) = Rot ™ (Q(t))C11™ (1) Rot(Q(t)), Cy, (t) = Rot™'(Q(t))C5"™" (t) Rot(Q(t)), (47)

where the action of coaxial conversion operators C{3** (t) and C57** (t) follows from Eqs. (43). We also
can note that the operator D, defined by Eq. (32) is invariant with respect to the rotation transform, which
preserves the length of the radius-vector. So decompositions (47) can be combined with the form (33) for
conversion operation, resulting in

Dyt = tRot ' (Q(t))D,; Rot(Q(t)), Dyt =tRot '(Q(t))D,; Rot(Q(t)), (48)
where the matrices D, ;. and D,.;, do not depend on ¢ as they represent operators

Dpyi, = (rx 1)V, Dpy, = (r:-V) (i, - V) + k2 (r-i.). (49)

3.4 Computation of components of vector fields

One more operation should be specified as the method of scalar potentials is concerned. Given scalar
functions ¢ and ¢ we should have an efficient procedure to compute components of electric and magnetic
field vectors according Egs. (5). While this can be done directly using Egs. (5), finite differences, and
samples of ¢ and v, more accurate, fast, and consistent way to do this is to obtain expansion coefficients for
the components of these vectors using expansion coefficients of the scalar potentials.

Consider projection of the electric field vector on some direction t. We have (29), (32), (14), and the
fact that (t-V) (r- V) = (r- V) (t-V) + t-V:

E=t-E=t[Véxr+Vx (VY xr)]=(rxt) - Vo+t [V(@+r-Vy)+k’ry] (50)
= (rx t)- Vo +26Vip+ [(r-V) (t- V) + k(v - t)] ¥ = Drxe [¢] + 2Dg [¢] + Drg [¢¥] -
As F satisfies the scalar Helmholtz equation, this function can be expanded into the series over the same

functional basis as ¢ and 1. Denoting respective expansion coefficients as (E;);." and using expressions for
representations of operators Dy ¢, D¢, and D¢, we obtain

1. 1 e
(Et)zl = 5 {'l (tz+iyczmn¢zi+1 + ta:—iyc:): 1¢:Ln T 2mtz¢;n) (51)

tayiy [(n+2) b P e + (n — 1) by +
— k{ oy [(n+2) T 4 (0 — 1) b —
2t, [(n +2) ap'py + (n—1) a?—ﬂ/};n—l]

The same type of expression can be written for the projection of the magnetic field vector, (Hy),,' by re-
placing ¢ with (iwpu) k2 and ¢ with (iwp) " ¢. For convenience of the reader, we list the expansion
coefficients for the Cartesian components of the electric field vector, which follow from Eq. (51) by setting
(tz,ty,t2) = (1,0,0),(0,1,0), and (0,0, 1), respectively:

m Z m— m— mo o m

(Ex)n = 5 [Cn 1¢)n ! +c, d)n +1} - (52)

k

5 [(n+2) b7 + (n = 1) b, ™ + (n+2) b, T 4+ (n— 1) b i

1 m— m— m LM

(Ey)? = _5 [_Cn 1¢n ! + Cn ¢n +1] +

ik I e o m

o) [(n42) bl + (n = 1) b, ™ — (n+2) b i — (n— 1) b
(E)" = —im¢™ + k [(n +2) aphpt g + (n— 1) a?flzp;”,l] )

10



Note also that E - r is a scalar function, that satisfies the Helmholtz equation, and according to Egs. (5),
(29), we have (32) it is simply related to function v:

r-E=D. )], (r-E);=n(n+1)y" (53)
Similarly,
v (Vx B) =Dy [¢], [ (Vx E)T" = n(n+ )¢ (54)

The latter two expressions specify operations, which in some sense are inverse to (52). Indeed, while
equations (52) allow us to get E from given ¢ and v, equations (53) and (54) can be used for determination
of ¢ and ¢ from given E.

Again as in the case of conversion operators, we can see that physical components of the fields can be
computed using rapid procedures, and can be represented via sparse matrices.

3.5 Plane wave expansions

The method of scalar potentials can be used for solution of different electromagnetic scattering problems.
In typical formulations the incident field is taken in the form of a plane wave:

E = (sx q)e*sT, (55)

where s is the direction of wave propagation and q is an arbitrary unit vector (for normalized wave). To
represent this field in form (5) we can take the scalar product of the electromagnetic vector and r to obtain

. . 1 .
Dy [W]=r-E=r-(sx q) ehsT — _ (rx q) sethsT — 7 (rx q) Vekst, (56)

Consider the Gegenbauer expansion for the plane-wave

zksr _ 47TZ Z Rm( ) (57)

n=0m=-—n

Thus we have

Zlk (rx q)-Ve™sT = Z Z AR (v (58)

n=0m=—n

ap == o+ i)Y 60 4 (i)Y 6] ¥ ) 9)

Using the inversion of operator D, in the space of expansion coefficients (36), we obtain

U = _n(sﬁ—ﬁ)k {; [(qo +iay) Y, ™ (8) + (g0 — igy) ey Y, ™ (8)] — ma.Y, ™ (S)}a
(60)
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To determine the function ¢ we take the curl of the electric field vector:

We have then:
Dy, [(25]21' : (V X E) = tkr - [SX (S X q)] gltksT (62)
= —ik [I'X (S X q)] .seiks'r = — [I‘X (S X q)] .veiks-r.

We obtain then similarly to the previous result coefficients for function ¢:

m 4t 1 . my —m—1 . m—1y, —m+1 -m
¢n = _m 5 [(pff + Zpy)cn Yn (S> + (pz - Zpy)cn Yn (S)] - mpZYn (S) )
(63)
n=12.., m=-n,..,n

3.6 Electric and magnetic dipoles

Another elementary solution of the Maxwell equations in a homogeneous medium is produced by a point
singularity (point current source). This field, known as the field of Hertzian dipole of moment p produces
the electric field vector

E(r) = (I + —) -[pG(r)] = pG + %V (p-VG), (64)

where I and V'V are the unity and differentiation dyadic tensors, and dyadic G (r) is the free-space Green’s
function for scalar Helmholtz equation, for a source centered at the origin of the reference frame:

ezkr

G (r) (V2+E)G(r)=-6(r), r=]r|. (65)

Ay’

Consider the representation of the field of the dipole (64) via scalar potentials (5). First we note that for
field (64) function ¢ = 0 (as this function is determined up to an arbitrary function of the distance r = |r|).
This is not difficult to show, since we have from Eqs (64) and (54):

Dy [6] =1 (Vx B) =1 (VG x p) = - 50x-(rx p) = 0. (66)
Equations (64) and (54) yield then

Dy (] =1 B = (1) G+ 13 (V) (pVE) = 15Dep G, (67

In the basis of singular spherical functions {S]* (r)} the function G (r) is represented by expansion
coefficients G

ik ik
GZL B W(Smo(sno, n = O, 1, ey M = —N,y ..oy N (G (I‘) — ng (I‘) = G85’8 (I‘)) . (68)
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Representation (38) of operator Dy.pshows then that for function Dy, [G] only expansion coefficients cor-
responding to degree n = 1 are non-zero, and, in fact, are dipoles for the scalar Helmholtz equation. So,
using inversion (36) of operator D,., and representation we obtain

1 . m . T
1/}2” = —5nlﬁ {(pm + Zpy) b?lnGo 1 + (pm - Zpy) b1 GO Lo QPZCLS”LGS”L} ) (69)

n=01,.., m=-n,..n.

Putting here expressions for differentiation coefficients (16) and (17) and for G}’ (68) we obtain then for-
mulae for non-zero expansion coefficients of function .

1 Py tips
===, 70
17/)1 (247[_)1/2 ( )

1P

y — 1Dy
(12m)1/?’

-1 __ P 0 _
wl - (247[_)1/27 /l)b]. -

Note, that the electric dipole also can be represented in the form:

¥ () = P VG) a2

This can be shown comparing Eq. (69) and Eq. (18) to represent operator p-V. One can also perform an
exercise with vector algebra to show that V x (V4 x r) = E for ¢ and E given by expressions (71) and
(64). Taking into account (71) we can rewrite (64) in the form

E = pG — V. (72)

Similar expressions can be obtained for fictitious point magnetic currents, where H (r) is represented
in form (64). In this case we should have ¢ = 0, while ¢ should be a sum of scalar dipoles with moments
proportional to that given by Eq. (70).

4 Multiple scattering from spheres

To demonstrate how the method of scalar potentials can be efficiently applied for solution of scattering
problems we will provide a solution of a classical problem of scattering off spheres (e.g. [4, 16, 24]). We
also draw attention to a corresponding calculation for the scalar Helmholtz equation presented in [10]. This
requires solution of a boundary value problem for Maxwell’s equations. Assume that in general we have
N dielectric spheres with radii a, of electric permittivity €, and magnetic permeability u, respectively, and
whose centers are located at r;, q = 1,..., N. In the absence of spheres the electromagnetic field is a given
incident field, (E™, H"), while the presence of scatterers generates the scattered field (E*°, H*°®"), in the
domain external to the spheres we have

E = E’Ln + Escat7 H= Hin + Hscat, (73)

and respective decomposition of scalar potentials ¢ and .
On the surface of the gth scatterer, S,, we have transmission conditions

(ng x E)Sq = (ng X Eq)sq , (g x H)sq = (ng x Hq)sq ) (74)

where n, is the surface normal, and (E4, H,) is the electromagnetic field inside the gth scatterer.
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4.1 Scattering from a single sphere

For a single sphere the electromagnetic scattering problem was considered by Mie (1908), who provided a
solution in the form of Mie series, i.e. series for electric and magnetic field vectors via vector spherical basis
functions of type (12). Below we provide a solution of the same problem using scalar potentials.

4.1.1 Boundary conditions for scalar potentials

Consider a reference frame with the origin at the center of sphere of radius a. Denote (E™, H™) the field
inside the sphere. Let then E and E™ be represented in the form (5), (r, 6, ) be the spherical coordinates,
and

="M _ =0a(0,0), ¥—9™| _ =va(0,9), (75)
0 D™t , Pl eyt ,
8_f B - qasr B = ¢a (07 30) ) 8_7;/’} B - Tgr B =1, (9, (,0) .

Then we can express nx (E — Emt) }T:a via these functions and normal derivatives. Indeed,
The boundary condition (3) in terms of potentials can be written as

rxVx (r(¢p—¢™))+rxV x Vx (r (v —¢™))| _ =0. (76)
We have

Vo — V™| _, = ¢ + Ve (77)
Since

rxV x (r¢) =rx (Vo x r) = r’Veé —r (r-Vo), (78)
we obtain

rxVx (r(¢p—¢))| _, =a® ($hir + Vda) — iy = a’V . (79)

Then we have

VW V), = i <¢+r8¢) + 3 3(¢+r6—¢> TR A (¢+Ta_¢)

or 990 or rsin® 7 op or ) |,—,
(80)
= ir% (w—i-rg—f) T:a—i-V <w+a ?9_17/«) r:a) .
So, using the first vector identity from Eq. (29) we obtain
rxVx Vx (r(¢v—9))| _, =airxV (Y +aty) . (81)
We can rewrite the boundary conditions then as
aVoq + XV (g + ay)),) = 0. (82)
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Since for spherical basis vectors we have i, xig = i, i,xi, = —ig the above relation can be rewritten in
component form as

. 00, 0 /
asinf ;‘9 = % (1/1,1 + awa) , (83)

@ 9% _
sinf d¢

Then we can separate ¢ and v by cross-differentiation:

9 1 ad)a 0 . 8¢a
By (sin@ 6@) + 20 (s1n9 50 )
0 1 9 / 0 . o )
¢ (sin9 o Vet aw“)> "0 (Smeae (o + a%))

Introducing the Beltrami operator as

2
A 1 9 <sin93)+ L 9 (85)

9 /
_% (,lvba + awa) .

0, (84)

0.

©9) ~ Sind 00 00 sin? 6 3_902
we obtain
Viop)®a =0, (86)
vﬁw) (o + atply) = 0.

The spherical harmonics Y, (0, ¢) are the eigenfunctions of the Beltrami operator with eigenvalues
—n(n + 1). Hence, we have equalizing to zero each harmonic (exclude zero):

Palr—q = 0, (87)
P + C“/sz =0,
or
Ploeg = ™, _, (88)
o (i oyt
(s e5)] = (e )l L

Note that in case of perfect conductor the field inside the sphere is zero, and, therefore, the right hand sides
of Eq. (88) should be set to zero.

Now we note that for dielectric spheres the same consideration applies to the vector of magnetic field,
where the function ¢ should be replaced by %zp, while the function v should be replaced by ﬁq& (see
(5)). From equations (88) we have then

_ int int
€ ¢’T:a =€ ’ll] ‘r:a ) (89)
1 (9¢ _ 1 int 8¢mt
/"l’ <¢+a8r) T:a_lLLint (¢ +a 67" 7':(1’
where we noticed that for a given frequency
1 1 k?
N Y e (90)

cu_k:w_,u7 wi cAp
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4.1.2 T-matrix

The T-matrix relates coefficients of the incident and scattered fields (e.g. see [20]). In terms of scalar po-
tentials this relation can be found from the boundary conditions (88) and expansions of the scalar potentials
over the spherical basis functions. Since the zero order harmonics should be zero, these expansions are

n=1m=—n n=1m=-n
¢scat Z Z ¢ (scat) mSm , wscat Z Z 17/) scat)mSm )
n=lm=-n n=1m=—n
¢mt Z Z ¢ (int) mRm I/I' w'mt Z Z w 'mt)mRm I/I‘) Y= %’nt’
n=1m=-n n=1m=-n

where £ is the wavenumber for the field inside the sphere, v is the relative refractive index.

Now we note that due to completeness and orthogonality of the spherical harmonics relations for surface
functions (88) apply to each harmonic independently. For each n and m this provides a system of four
linear equations with respect to four unknowns qb(scat ,qb (int)m " scat)m, Q,Z)nZ (int)m

in simpler form, we introduce the Ricatti-Bessel and Ricatti-Hankel functions

. To resolve the system

M (2) = 2jn (2), G (2) = 2hn (2). 92)

In this case

/ int B int
qsg‘bscat)m Vnn(k'a)% (k (1) ut nn (ka) nn(k a’) d),glin)m, (93)
vGa(ka)m, (kinta) — =G, (ka) 1 (Kta)
(scat)ym _ Vnn(ka)% (kmta) B €i:t 17’:1 (ka) nn(kmta) d}(m)m
" vGn(ka), (Kta) — €, (ka) o (kinta) "
(bgzlnt) _ V/U’”Lt C’n(ka’)m/l (ka’) C?% (ka’) Un(ka) gn)m,
i vn(ka)ny, (K™ta) — 5=G, (ka) mn(K™a)
d}(int)m — C’n(ka’)m/l (ka’) _ Cn (ka’) Un(ka) (m)m

VCn(kCL)T];Z (k:i"ta) — L:tg,/z (k‘a) ’I]n(kinta) n

The coefficients relating ¢'°°®™ and "™ to qﬁ(m) " are the Lorenz-Mie coefficients for the TE partial

wave polarization, and the coefficient relating 1{*°*™ and ™™ to 1)7™™ are the Lorenz-Mie coefficient
for the TM partial wave polarization (in optics approximation p™ = p, €™ = v2¢ is usually employed —
in this case the Lorenz-Mie coefficients depend only on ka and v).

Note that expressions for the internal field coefficients can be simplified using the Wronskian for spher-

ical Bessel functions

Cu(ka)n), (ka) — ¢, (ka) nn(ka) = ka {hn(ka) [jn(ka) + kajy, (ka)] — [hn(ka) + kah), (ka)] jn(ka)}

(%94)
= (ka)? [hn(ka)jy, (ka) — ki, (ka) jn(ka)] = —i.
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So

. int ) int ) -1 )
o =~ (VCn(k‘a)n; (K"a) — ==, (ka) wmta)) Ko, (95)
i . mn t_int mn - n)m
Gntim — gy <u<n(ka>n; (k™a) — —, (ka) 1 (k ta)) P

We checked that the obtained solution coincides with the Mie solution. For this purpose we took the
incident field in the form of plane wave (55) and found expansion coefficients for corresponding scalar
potentials using Eqs. (60) and (63). Further we computed coefficients the Lorenz-Mie coefficients and
determined the expansion coefficients for the scalar potentials of the scattered field according to Eq. (93).
Evaluation of the scattered electric and magnetic fields was performed using truncated expansions of the
x,y, and z field components over the singular spherical basis functions, where the expansion coefficients
were computed (52).

4.2 Scattering from several spheres

To check the derived translation relations we considered multiple scattering problem. Solution of this prob-
lem for scalar case (acoustic scattering) using multipole reexpansions was obtained in [10] and in (e.g. [16])
for EM case. In the EM case it is convenient to use 2 component vectors for representation of expansion co-
efficients, where the first component corresponds to potential ¢ and the second - to potential 1. For scatterer
q we can write then

t (¢) ineff
( iéit ) = o (()w) (I)gn,eff 5 (96)
q 0 Ty vy
where T((1¢) and T((;/)) are diagonal matrices of the Lorenz-Mie coefficients (T-matrices) for the gth scatterer,
while &7/ and Wi™/7 are the coefficients of the effective incident field for this scatterer. The latter

coefficients can be thought as a sum of coefficients for actual incident field (e.g. taken in the form of plane
wave) and coefficients due to other scatterers. So we can write

. . 2
i);n,eff _ q)zn N Ci1 I‘:]/q k*Coy (I‘;/q) " 97)
lIlm,eff pn / ,
q q Zq \ Ca(r Cu (rq,q>

q qq

(S|R)(I‘;,q) 0 ,i,;cat
0 (S|R) (r'q,q) ot )
wherer!, =1/ —r/

7q a— Ty is a vector directed from the center of scatterer ¢’ to scatterer g and we used represen-
tation of the translation operator in form (44) with multipole-to-local (S| R) translation operator.
One can substitute Eq. (97) into Eq. (96) to obtain a linear system of type

LA=A" L=T"1_(SR), (98)
where A is a vector stacking expansion coefficients (‘I’ZC‘“, \Ilgcat), g =1,...,N, A™ is the vector of in-

cident field coefficients, T is the diagonal T-matrix composed of Tg(z)) and T((;p) ,q=1,..,N,and (SR)
denotes translation operator, which is composed from blocks of scalar translation operators and conversion
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matrices. This system can be solved directly using standard methods. In practice, we use truncation of the
vectors and matrices with truncation number p to have p? expansion coefficients for each scatterer. This
results in the system of size 2Np?. Computation of entries of the translation matrices takes O(N?p*) oper-
ations and direct solution (e.g. using Gauss elimination or LU —decomposition) can be done in O( (N p2)3)
operations. This complexity prevents one from solving problems with large N and p and some other methods
should be used in this case. For example, the computational work can be reduced to O(N 2103Niw,~), where
Niter 1s the number of iterations, if we use iterative methods and rotation-coaxial translation decomposition.
Indeed in this case each iteration requires just one matrix-vector multiplication involving the system matrix
I;\f&/s Eq. (98) shows this consists of diagonal (T 1) matrix multiplication and multiplication by matrix

(S|R). The latter operation can be performed for expense of (2IV)? p* operations, if instead of (44) we use
decomposition (46). This method works well for N' < 100, while for larger N methods of matrix-vector
multiplication linear with respect to N (or N log V), such as fast multipole methods (e.g. see [7, 15, 13]) or
other speed up techniques [21] must be employed. We do not consider such techniques in this paper.

4.3 Numerical tests

In numerical tests we performed computations off a spatial distributions of IV scatterers of equal or different
size. The truncation number p was selected according

b= [kamax] + pO(kamaxa €, 6)7 (99)

where [] denotes integer part, pg depends on the acceptable error of computation, €, maximum sphere radius,
amax = max {aq}, and separation between the spheres, § = min {b,/a, }, where b, is the distance from the
center of sphere g to the closest point on the neighbor sphere (6 > 1). Such dependences were studied for
scalar case [13], and in the present study we used these results as a guide for selection of p. However, for
every computed case at some p we performed a posteriori error check, to ensure that solution is correct.

The basis for such an error check is the following. As ¢ and v satisfy the scalar Helmholtz equation,
the expansion coefficients for components of the electric field (52) (and similarly for magnetic field) ensure
that the EM field is divergence free. Therefore, all errors (truncation, roundoff, iteration) are related to the
boundary conditions alone. To check that the obtained fields are actually solutions of the boundary value
problem for the Maxwell equation, we sampled the entire boundary (of all scatterers) with M points, y,,, at
which we computed the following errors for the boundary conditions for electric field

i oo )BTl g - [
(3 5 B Gm)?) . i

A similar error measure was computed for the magnetic field as well. All computations reported below were
performed in double precision.

;112
] . (100)

4.3.1 Single sphere

Scattering from a single sphere is classical Mie scattering case, which solutions are investigated thoroughly
(see, e.g. [3]). We validated our computations by comparisons of some standard cases. As a benchmark
case we considered scattering off a perfect conductor, in which case E” = 0 and so instead of general
boundary conditions (74) it is sufficient to use n x E = 0. This also can be considered as a limiting case
with €, — 00, tint — 0. To measure the error we sampled the surface with a equiangular grid with respect
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Error in Boundary Conditions

p

~2
"=_N

Energy Density

ka=10

ka

Figure 1: On the left: the distribution of the dimensionless energy density over a surface of perfectly con-
ducting sphere at ka = 10 for incident wave vector s and electric field polarization p shown. On the right:
different shades of gray show areas of maximum relative error in boundary conditions efﬁf) defined by Eq.
(100), which is a function of ka and py. The thick curve shows conventional dependence py (ka) used by
many authors.

to the spherical angles 6 and ¢ and performed computations for a range of ka and corresponding values of
the truncation numbers p. Some results of error measurements are shown in Fig.1.

For computations we used incident field in the form of plane wave (55), where the electric field vector
had polarization direction p = s X q (usually we directed axes to have s =(0,0,1), p = (1,0,0)). Some
example of computation of distribution of parameters on the scatterer surface is shown in Fig. 1 (left). Here
the arrows show the direction of the wave vector, s, and of the polarization vector, p. The plotted value is

the dimensionless energy density of the electromagnetic field, e = 1 <|E|2 + |H]2>, where E and H are

the dimensionless electric and magnetic vectors (set € = p = 1). Fig. 1 (right) shows eE,’Zf) defined by Eq.

(100) for a 21 x 20 surface grid which we used for error measurement. This error depends on ka and p or

po, which is defined by Eq. (99). The curves of constant egéc) divide the (ka, po) plane into domains shown
in shades of gray. We also plotted the dependence for usually recommended criterion for selection of p (ka)

(e.g. [2])
p=ka+4(ka)® +3 (101)

(one can determine pgy from this using Eq. (99)). As the figure shows the error in boundary conditions in
this case is somewhere between 1075 and 10~%, which also slightly depends on ka.

4.3.2 Two spheres

The case of two spheres is also important for validation of the results, since this introduces separation
distance between the spheres as an additional parameter affecting the error. Also this case validates the
translation theory and the iterative solver (GMRES), which we used in all the multisphere cases for solution
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of the resulting linear system, since this brings substantial speed ups due to rotation-coaxial translation
decomposition.

Energy Density

Error in Boundary Conditions

ka=10

D

> Yy
f,

Figure 2: Two pictures on the left illustrate distribution of the dimensionless field energy density over the
surface of two perfect conductors at different polarizations of the incident plane wave shown by vector p
at ka = 10. The graph on the right shows dependence of the error in boundary conditions egéc) on the
dimensionless separation parameter § and pg for ka = 5. The line here shows pg = 9, which follows from

usually recommended truncation number p = ka + 4(ka)/3 + 3.

Fig. 2 demonstrates some results of computations for two perfectly conducting spheres of equal size.
The picture on the right shows patterns of the dimensionless energy density for ka = 10 and dimensionless
separation § = 2. Comparing these with that shown in Fig. 2 we can see that the presence of the second
sphere is substantial and also orientation of the vector directed from one sphere to the other with respect to
the wave vector s and polarization vector p is important. The chart on the right of Fig. 2 shows computations
of the error in boundary conditions egéc) as a function of py and ¢ (measured for polarization shown in the
left bottom picture for ka = 5). We can see that computations can be stably performed even for the case
when the spheres touch each other (6 = 1). However the truncation number in this case should be larger
than predicted by Eq. (101) if the required accuracy is 10~# or less. The increase in the truncation number
for fixed accuracy depends on ka and ¢ and such corrections should be kept in mind when computations
are performed for multiple scatterers. Note that this effect was also observed in computations of acoustic
scattering (scalar Helmholtz equation, [13]) and the errors for the Maxwell’s equation are about the same
order.

4.3.3 Multiple sphere cases

Many computations were performed for multiple sphere configurations, where we varied the sizes, loca-
tions, and dielectric properties of the spheres, the wave polarization directions and the wavenumber. Figures
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3 and 4 demonstrate some results for random and regular distributions of spheres with the same dielectric
properties € /e = 10+0.14, 4™ /1 = 1. In the first case the size distribution of the spheres was uniformly
random with Gpin/@max = 0.5 and kamax = 10. As the locations were also uniformly randomly generated
inside some bounding box we removed overlapping spheres to leave 100 non-intersecting spheres (some
of them were almost touching their neighbors). GMRES-based iteration process shows exponential conver-
gence in terms of the absolute error in the expansion coefficients (see 3). After achieving some prescribed
error the iteration process was terminated and the error in boundary conditions (100) was measured over
38200 points sampling the entire surface of 100 spheres. As it is seen this error varies in a wide range,
which we relate to the proximity of the neighbor spheres to a given one. If a sphere is well separated from
the other spheres the error was low, and it substantially increases for touching spheres. In any case, the worst
errors were of order of several percents in this case (p = 26).
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Figure 3: Illustration of computations of scattering for 100 spheres of random size and location. The incident
wave vector and polarization are shown by arrows s and p. Intensity of gray shadows on the spheres
correspond to log;, e, where e is the dimensionless energy density. The bottom left picture shows spatial
distirbution of e over the imaging plane represented by dots on the to left picture. The top right chart shows
convergence of the GMRES-based iterative solver, and the bottom right chart illustrates distirbution of error
in boundary conditions €, (100) over 38200 surface nodes.

The configuration shown in Fig. 4 is computed for a little bit higher wavenumbers and we used truncation
number p = 31. Here the spheres of the same size are arranged in a grid with spacing equal to the sphere
radius (9 = 2). The nature of convergence of the iteration was the same as in the previous case, while the
rate of convergence was a bit faster. The iterative process was terminated at about the same accuracy as in
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the case of random distribution, while the error in boundary conditions measured over 47750 points which
sampled the surface with the same density was substantially smaller and did not exceed 2.4-10~°, which is
due to there were no spheres too close to each other.
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Figure 4: The same as Fig. 4, but for regular distirbution of 125 spheres of equal size.

In any case these tests showed that the numerical process is stable and the error in the solution is reason-
ably small. Some additional research is obviously needed to improve the error for the cases when 4 is close
to 1 (while for comparisons with experiments a few percent errors could be acceptable).

4.3.4 Computation of amplitude scattering matrix

The scattering matrix is introduced to handle cases of arbitrary wave polarization (due to the linearity of
the scattering problem) and, therefore, does not depend on the polarization angle. If a group of scatterers
is to be identified as a scattering object the amplitude scattering matrix can be computed. If we direct the
z-axis as the incident wave vector s and consider the scattering plane which passes through the z-axis and
the observation point, which is characterized by spherical coordinates (6, ¢) and is located far from the
scatterer, then by definition the scattering matrix with components Si, ..., Sy that are functions of (6, ¢)
relates components of the scattered far field and the incident field for electric vector as [2]:

scat 1kr—ikz in
(%m)Zif—<& &>(QJ> (102)
E¥ —ikr Sy 51 E"
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where the symbols || and L are related to the components parallel and perpendicular to the scattering plane.
The property of the far scattered field is that the radial component decays faster than the angular compo-
nents, E5“* = O(r~2) (as r - E satisfies the Helmholtz equation), while E;“* = O(r~1), E5® = O(r™1).

Therefore Ef’cat Eget, and B3 = —E5°. The parallel and perpendicular components of the incident
field are related to the x and y components as
Ein cos sin Ein
) = v v z
( ET ) ( sing —cosy ) ( E;" ) ’ (103)

while for the parallel and perpendicular components of the scattered field are

Egeat cosf 0 —sinf cosp  sinp 0 Egeer
( E!wt > — ( 0 1 0 > sing —cosp 0 Escat ). (104)
L 0 0 1 Escat
In computations we can then solve two problems with 2 and y incident electric field polarization, B =
(Eir,0,0) e*=, Ein = (0, E;”, 0) e*#, which produces vectors ES¢@ = (Es¢at, pscat | pacat) and ESC‘”

zx Y Hxy >
(Escat, E;g“t, ESC‘”) respectively. Then, using Egs. (102)-(104) we can derive
ikr N\ —1 . cosep sinp 0
Sy S3 _ e. cosf 0 —sinf sing —cosp 0 | x (105)
Sy 51 —ikr 0 1 0 0 0 1

Escat Escat
T

Escat Escat Cos sin ‘2
ry sinp —cosy /)

Escat Escat

Tz

Note then that the far—ﬁeld pattern can be found from the computed expansion coefficients of scattered field

related to qbnscat " and wﬁfcat)(q)m via (52) for each scatterer in the system of IV scatterers:
n
Escat ZZ Z E(scat mSm I' B I' Zefzk:s Ty Z Z E (scat)( mSm( )
g=1n=0m=-—n n=0m=-n
(106)
ikr
jkr qZ etk nzo m_zn iR (scat)mym (g 4y s’:; = (sin 6 cos @, sin O sin p, cos h) .

Figures 5 and 6 show some comparisons of computations using the present method with computations
and experiments of Xu and Gustafson (2003), which are well documented and data are available via their
web site [26]. First we compared the computations for the 2 sphere configuration, where two identical
touching spheres of optical BK7 glass (refractive index k" /k = 2.5155 4 0.0213i, which corresponds to
€M /e = 6.3273 + 0.1072i, '™ /p = 1) were located along the z axis (the center of the first sphere was
at the origin of the reference frame and the center of the other had positive x-coordinate) and the scattering
plane was at ¢ = (. The size parameter in this case was ka = 7.86. The angular dependences of i1; = |S1|2
and i9p = ]Sg|2 for which data is available are plotted in Fig. 5. In our computations we used p = 21 which
is the same as is used in the computations with vector wavefunctions by [26]. The theoretical results using
the present method and the method used by Xu and Gustafson are almost on top of each other and so both
of them agree well with the experimental data.
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Figure 5: Comparison of computations using the present theory with theory and experiments of Xu and
Gustafson (2003) [26] for amplitudes of the scattering matrix entries. The scattering agglomerat consists of
two contacting spheres of the same size and dielectric properties.

The case shown in Fig. 6 presents 15 sphere configuration, where the larger spheres were made of BK7
glass and are the same as in the case shown in Fig. 5. The smaller 12 spheres were acrylic (refractive index
k"t /k = 1.615 + 0.008i, which corresponds to €™ /e = 2.6082 + 0.02584, u™™ /u = 1). All neighboring
spheres were in contact. The aggregate was oriented by such way that the chain of the larger spheres defines
the z-axis and the centers of the twelve smaller spheres are located in the xz plane. The scattered plane is
tilted by angle ¢ = —3.5 deg. In our computations we used truncation number p = 21. The results of our
computations visually coincide with computations of Xu and Gustafson, and so agree well with experiments.
Here also angular dependence of 412 = |S3|2 is provided.

5 Conclusions

We have developed a theory that enables the solution of the Maxwell equations via reduction of these
equations to two scalar Helmholtz equations. The translation theory is modified to reduce all operations with
vector functions to operations with the scalar potentials. The theory was validated by solution of scattering
problem from several spheres using a posteriori error control in boundary conditions and comparisons with
theoretical and experimental results of other authors. The theory and computational methods based on it can
be developed further for the efficient solution of various electromagnetic scattering problems.
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A Appendix

A.1 Operator D,

The simplest (while not the most elegant) way to obtain representation of operator Dy is to use a direct
method. In this way we have

0 d 0
Drxt = (rx t) -V = (yt, — 2ty) 92 + (2ty — at,) — + (zty — yts) 5 (107)

oy
_ ikr t,sin @ [e*i‘PDxHy — ewD;B,iy] + (tz — ity) [ew sin 0D, — cos GDzﬂ-y] —
2 (tz + ity) [e*i“’ sin 0D, — cos GDm_iy] ‘

According Egs. (14) and (15) operators Dy, and D, act on the spherical basis functions R}’ (r) as follows

D, [Ry' (r)] = ap’q Byl y (r) — ag' Ryl (r) (108)
Doy [Ry? (1)) = 03T R (v) = bR ()

where coefficients a;* and b])* are specified by Eqs. (16) and (17). Then we can use properties of spherical
harmonics (10) to obtain

Dexe [Ry! (r)] = —imt Ry} (r) + % [(tz + ity) e RN (0) + (e — ity )y R (r)], (109)

where the coefficients ¢])* are specified by Eq. (39). Finally, to get the representation of the operator in the
space of coefficients we note that

[z S IR

n=0m=—n

Z Z X Drxe [RyY (r)] (110)

n=0m=—n

n

p"qg

n=0m=-—n
) n

:Z Z XMR™ (r Z Z [Z Z Dyxt)inr Xn R (r).
n=0m=—n n=0m=—n Ln/=0m/=—n

This yields Eq. (37).

Another way to derive Eq. (37) is to note that D, ¢ is nothing but an infinitesimal rotation operator,
which describes rotation by angle dd about axis directed as t. Indeed for such small rotation transform we
have

v =r+dr, dr' = (txr)ds, dr'-Vi¢ = (txr) Vids (111)
Using the Taylor expansion, we have

Y (r+dr’) =4 (r) +dr’ - Vip = ¢ (r) + (t X r) - Vipdd. (112)
On the other hand this is a rotation described by real rotation matrix Q (dJ) :

Y (r+dr’) = Rot (Q (dd)) [¢ (r)] . (113)
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Comparing Egs. (112) and (113), we can see that

d
Dyxt = — JRW(Q (6)) o (114)

Now we can use a result for representation of infinitesimal rotation operator in the space of expansion
coefficients [12], which results in Eq. (37). Note that this operator became especially simple (diagonal)
when the rotation axis is i,. In this case the small rotation angle § is related to the spherical polar angle
only, and we have

. d . o
Drxi, [Ry (r)] = — —=Rot (Q(0)) [Ry! (x)]| = —jn(kr)5=Y," (6,¢) (115)
dé 5=0 Oy
= —imjn(kr)Y," (0,9) = —imR" (r).
This results in conversion operators (43). One also can see that if we sett, = ¢, = 0, ¢, = 1 in Eq.
(109), we obtain the same result. In fact, Eq. (109) can be thought as a result of infinitesimal rotations

about axes z, y, and z, since the infinitesimal rotations commute and so rotation about rotation axis t can be
decomposed into three Cartesian components.

A.2 Operator D,
First we can consider action of operator

(r-V) (t-V) = kr%Dt (116)

on the spherical basis functions R!" (r), where Dy is defined by Eq. (14). So we obtain

) —-m—1p'm+1 m p'm+1
tmfzy b Rn+1 _b'rb Rnfl +

0 k2r et
ml _ Loy — _ /o —
I“EDt '] = 2 ) latiy bﬁf nTZLrl1 —bnmRnnill + (7 (117)
2t, [aZilR;”il - G?Rﬁl]
where
R™(r) = jL(kr)Y (0,0), tosiy = ta £ ity (118)

Further we can express functions R])" (r) in the form

R () = —or " (k) B (1), (19)

n

where R (r) are elementary normalized solutions of the Laplace equation in spherical coordinates

47
n—m)l(n+m)!’

m . m_ nym m _ (_1\7;—|m|
En (I‘)—OénT Yn (97S0>7 an _( 1) t \/(2n+1)( (120)
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It was shown recently [14] that these functions satisfy the following relation

itp—iy(n+m+2)(n+m+ 1)E2f11

t) R = 121
(r-t) By 2(2n + 1)) (121)
itptiy(n—m+2)(n—m+ 1)_23:11 +2t.(n+m+1)(n—m+ 1R},
B 2(2n+1))
+ T2 itw—z‘yﬁzljll + 'L‘tz—i-iyﬁzm:ll - 2tzﬁﬁfl
2(2n+1) '

Therefore, since Dyt = (r-V) (t - V) + k2 (r - t) we can combine the above expressions to determine

tatiy (D™ (n — 1)R$,1—11 +(n+ 2)b$+_11Rﬁ+_1ﬂ +
Dr [Rif] = =5 { te—iy [bn'(n = DRI + (n 4+ 2)b, 77 "R — o (122)
2t, [(n —Da {R™ ; + (n+2)a an]

In this derivation we use definition of spherical basis functions R (r) via orthonormal harmonics (9), (10),
relations (119) and (120), and well-known relations between the spherical Bessel functions of different
order and their derivatives [1]. As action of D;.¢ on basis functions is known, expressions for the matrix
representation of this operator, Dyt can be obtained in the same way as we obtained Dyt (see Eq. (110)).
The final result is written out in Eq. (38).
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Figure 6: The same as in Fig. 5, but for 15 sphere agglomerate of spheres of different size and properties

(shown in the top right picture). The shades of gray here show distribution of log; e, where e is the energy
density over the surface of the scatterers for the x-polarized incident plane wave.
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