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The spectral representation of an electric field in a two-constituent composite medium is revisited. A theory
is developed for calculating the electromagnetic (EM) eigenstates of Maxwell’s equations for such a composite
where the magnetic permeability, as well as the electric permittivity, have different uniform values in the two
constituents. The physical electric field E(r) produced in the system either by a given incident field or by a given
source current density is expanded in this set of biorthogonal eigenstates for any position r. If the microstructure
consists of a cluster of separate inclusions in a uniform host medium, then the EM eigenstates of all the isolated
inclusions can also be used to calculate E(r). Once all these eigenstates are known for a given host and a
given microstructure then the calculation of E(r) only involves performing three-dimensional integrals of known

functions and solving sets of linear algebraic equations.

DOI: 10.1103/PhysRevA.102.063508

I. INTRODUCTION

Eigenstates of Maxwell’s equations in a two-constituent
composite medium were first introduced for the quasistatic
regime in Ref. [1]. They were then exploited for calculating
the macroscopic or bulk effective electric permittivity of a
simple-cubic array of spherical inclusions in an otherwise uni-
form host medium [2]. Lately this theory has been applied to
a discussion of the Veselago lens in the quasistatic limit [3-5].
The theory of such monochromatic eigenstates away from the
quasistatic regime was first expounded in Ref. [6], based upon
an integral equation formulation of Maxwell’s equations.
This was implemented for an isolated spherical inclusion and
for interacting spherical inclusions. Closed form expressions
were derived for the isolated sphere eigenstates as well as for
the interactions between eigenstates of a pair of such inclu-
sions. The expressions for the interactions which appeared in
Appendix B of Ref. [6] were later corrected in Ref. [7]. The
integral equation (2.7) of Ref. [6] may be problematic, due
to the strong singularity of Green’s tensor [Eq. (2.5) of that
paper] when r' = r [8]. However, in practice, it led to the
same results that are obtained in the current article when the
field sources lie outside of an inclusion. Fortunately, all the
algebraic results of Ref. [6], as well as those of the current
article, were obtained without using that integral equation.

In this paper, we present the basic theory of monochro-
matic eigenstates of Maxwell’s equations in a two-constituent
composite medium without using that integral equation. We
also show how these eigenstates can be used to calculate the
physical electric field produced by a monochromatic source
current density or by a monochromatic incident field. In
contrast with previous discussions, e.g., Ref. [6], where that
source was required to be outside of an inclusion, it can now
be either inside or outside of any inclusion, or even at an
interface. Moreover, the inclusion or inclusions are no longer
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required to be finite: Both constituents may now extend out
to infinite distances. A simple example of a composite mi-
crostructure is an isolated spherical inclusion in an otherwise
uniform host medium. When a wave is incident from the host
medium upon this structure, or a field source is present in it,
the conventional approach to calculation of the local electric
field usually requires solution of a new partial differential
equation every time a new situation is discussed. By contrast,
using the closed form eigenstates of this microstructure, any
situation can be treated using only integrals of an eigenfunc-
tion multiplied by the incident field or the field source.

Most naturally occurring materials have a magnetic per-
meability p that is very close to 1. Even ferromagnetic
and anti-ferromagnetic materials exhibit this property above
megahertz frequencies [9]. However, meta-materials have
been synthesized where p differs from 1 considerably, some-
times even achieving negative values [10]. This is why a
spectral representation is needed for calculating the electro-
magnetic fields in a composite medium where both the electric
permittivity and the magnetic permeability are nonuniform.
We therefore develop a spectral representation for a two-
constituent composite medium where both of these physical
moduli have different values in the two constituents. Thus the
theory presented in Sec. V assumes that the magnetic perme-
ability, the electric permittivity, and the electric conductivity
are local quantities but have different uniform values in each
constituent.

The advantages of this approach arise from the fact that
the eigenstates depend only upon the microstructure and
upon the electric permittivity and magnetic permeability
of one of the constituents, called the host medium. Once
those eigenstates are known, the physical field produced by
any incident field or source current density can be found by
calculating spatial integrals where the integrand is the product
of an eigenfunction and the incident field or source current.
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An alternative approach which has evolved recently pro-
poses to expand the local physical field of systems like the
one considered here in a set of so-called “quasinormal modes”
[11]. In contrast with the eigenstates defined and described
in the present article those states are not easily normalizable
and apparently defy any rigorous definition [12]. One con-
sequence of the discussion presented in the present article is
that those quasinormal modes are not needed for developing
a useful method for constructing a convergent expansion of
the local physical field in a set of (bi-)orthogonal states in an
appropriate Hilbert space.

In Sec. II, we develop the basic theory of the EM eigen-
states when wu(r) = u, has the same value everywhere. In
Sec. III, we show how those eigenstates can be used for
calculating a local physical field. In Sec. IV, we consider the
case where the nonhost constituent is composed of a cluster of
disconnected inclusions in the otherwise uniform host which
fills up all the rest of space. In Sec. V, the similarly basic
theory for the case where both n(r) and «(r) are heteroge-
neous is developed. In Sec. VI, we summarize the main results
and discuss some possible future extensions of the approach
presented in this paper. In Appendix, we develop detailed ex-
pressions for the EM eigenstates of an isolated sphere and use
them to calculate closed form expressions for the electric field
produced by a monochromatic point source, when that source
is either outside or inside of the sphere. We also calculate
the scattered field when a plane EM wave impinges upon a
perfectly conducting sphere and compare with a calculation
of that field using a classic approach described in Ref. [13].

II. BASIC THEORY OF THE EM SCATTERING
EIGENSTATES WHEN u(r) = p,

In a two-constituent composite medium where the
magnetic permeability equals u, everywhere Maxwell’s
monochromatic equations can be reduced to

hei
—V x (V x E)+ KE = uVBoE - 25,
C
. 2
O _f_1 __ 4mion , o
u =1 Py = S(l)’ Ki =€ ) k2 = C2 Ko2, (1)
or to
hoi
—V x (V xE) +KE = u®?K6E - 25
C
2
@ _ _Q=L @ _1_ M 2%
u =1 K1 = S(2)’ § - S kl - C2 K12, (2)

where 6;(r) =1 for r inside the k; subvolume, hence-
forth denoted as V;, and vanishes elsewhere, while J,, is a
monochromatic external current density; ¢; and o;, i = 1, 2,
are the electric permittivity and electric conductivity of the
two constituents. We will usually refer to «; as the (complex)
permittivity.

Scattering eigenfunctions of Maxwell’s equations satisfy
Eq. (1) or Eq. (2) with J.. = 0 and special values of u!) or
u®, respectively, and behave as purely outgoing or ingoing
waves at large distances with an amplitude that decreases with

r at large distances. This will be elaborated upon below. The
eigenfunctions E{” and their eigenvalues u'" satisfy
-V x (V xEP) + BE = uVk;0,E(” 3)

n
_V x (V x E?) + BE? = uPK6ED. (@)

It should be noted that, while the physical field E(r, w)
depends on the permittivities of the physical constituents «,
Kk, every eigenfunction depends upon the permittivities deter-
mined by the eigenvalue. Therefore Eqs. (1) and (2) depend
upon k; and k; of the two physical constituents. By contrast,
in Egs. (3) and (4), we can only choose one of these wave
numbers to have the constituent physical value, while the
other will depend on the appropriate eigenvalue. For example,
if k, is chosen to have the physical value w,/kz/i2/c then
k; must be given by ki, = kyyv/' 1 — u,ﬂl). Similarly, if k; is
chosen to have the physical value w./k1t1/c then k; must

have the value k», = kjv 1 — uﬁlz). The asymptotic behavior of
an eigenfunction will depend upon whether k; has the physical
value or the eigenvalue value k;,,.

It is useful to note that, if the field sources are all at
bounded values of » and when only V; extends to infinity, then
for r > 1/k the physical field E(r) behaves asymptotically as
e™1" /r—this follows from Eq. (2) and from the fact that this
field must exhibit a finite, nonzero total outgoing electromag-
netic (EM) power flux. Similarly, if only V, extends to infinity
then it follows from Eq. (1) that the asymptotic behavior of
E(r) is as e’ /r. If both V| and V, extend to infinity then
the asymptotic behavior will be as eX"/r when r € V; and
k;r > 1.If the eigenfunctions are required to exhibit a similar
asymptotic behavior then they can be used to expand such a
physical field.

We will now show that eigenfunctions with different eigen-
values are orthogonal. Multiplying the left-hand side (lhs) of
Eq. (3) by another eigenfunction solution E{! of that equation
and integrating over all space leads to

/dVEf,P =V x (v xEL) + BEL]

= /dV{V [E x (v xE(")]
—(VxED) (VxEDP)+k(E) -EM)]. (5

The first integral on the right-hand-side (rhs) transforms to
the following surface integral over the closed envelope of the
system:

fds- [E) x (V xE])]. (6)

At large distances, i.e., in the radiation zone, these EM fields
have the following properties—see Eq. (16.73) in Ref. [13]:

ikir

EQ Ln, EO@r) = "—a,+0(/), a,Ln,  (7)
r

V x EV = ikm x BV + 0(1/r%), (8)

where r = |r|, n = r/|r|, a,, is an O(°) vector, and the first
term in the above expressions is of order O(1/r). The wave
number k; is either k;, or k,, depending on whether r is in V;
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or V,. Consequently, at large distances the integrand in Eq. (6)
can be written as

E()) x (V x E") = ik[E(Y x (n x E")] +0(1/r)
= ikm(E) -E") + 0(1/r*), (9

where the first term in the last expression is of order O(1/r?)
and is clearly symmetric in E{" and E(". All the other con-
tributions to the integrand of Eq. (6) are of order O(1/r3) or
smaller and thus yield a vanishing result if the system enve-
lope is taken at r — oco. Therefore the entire expression on the
ths of Eq. (5) is also symmetric in E{" and E{"’. Consequently
we get that

/dVE;,p -V x (VX EV) + BE]
= f (dS - n)(ki,01 + ka6)(EL - E(V)

+k§/dv(Efn” EV) — /dV(V x EV) - (V x ED).
(10)

The appearance of kj,0; + k6, in the surface integral takes
into account that both V| and V, can reach out to infinite
values of r = |r|. We note that in the case of a microstructure
with a one-dimensional symmetry, i.e., parallel flat slabs or
parallel cylinders, the asymptotic behavior of the fields will
differ from Eqgs. (7) and (8). This was discussed in detail in
Refs. [5,14,15] for the quasistatic regime. A similar situation
occurs when the microstructure has a three-dimensional pe-
riodicity. This was discussed in detail in Ref. [16] for the
quasistatic regime. Such microstructures will not be discussed
here in any detail.

In the cases discussed here, the permittivities often have
an imaginary part. Therefore that imaginary part will always
be positive if k; represents the usual type of lossy medium.
However, sometimes that imaginary part will have the oppo-
site sign. In any case, k; will also have an imaginary part,
the sign of which will depend upon which of the two square
roots is used in obtaining k; = :l:«/k_i2 . In this paper, we will
always choose that square root which leads to a non-negative
Im k;. This will ensure that at large distances the scattering
eigenfunctions decay to zero and thus that integrals such as
Egs. (5) and (10) converge to finite values.

All the volume integrals in Eq. (10) are symmetric in m
and n. From Egs. (7) and (8), it follows that their integrands
are all proportional to (a,, - a,) e2*" /¢ at large distances. Be-
cause dV = r? dr d<2, therefore when k; is real these integrals
can only exhibit conditional convergence when taken over all
space. If the permittivities x; have the usual physical kind of
positive real and imaginary parts, corresponding to energy dis-
sipation, then the physical values of Re k; and Im k; will also
be positive. In that case, the factor ¢**" will be exponentially
decreasing as r — oo and those integrals will converge ab-
solutely. Moreover, the surface integral will vanish when the
system envelope is at infinity. When «; is purely real then we
can proceed by adding to it a small positive imaginary part i§.
This regularization will again result in absolutely convergent
integrals. If we then take the limit § — O, the values obtained
for those integrals will tend to well defined finite values.

If «; is complex then its correct square root, used for
calculating the value of k;, is the one which results in a
positive value for Im k;. This means that the wave amplitude
decreases to 0 exponentially at large distances. If Im(x;) > 0
and Re(k;) > 0, as is always the case if the i constituent is
a physical dielectric material which exhibits dissipation, then
Re k; will always be positive and the factor " will be an
outgoing wave. However, when ¢; represents a material with
gain, i.e., Im (x;) < 0, then in order for Im k; to be positive
Re k; will have to be negative. The factor ¢ will then
represent an incoming wave, the amplitude of which decreases
exponentially to O at large distances. Therefore there will be
no outflow of EM energy from the system. Also, the volume
integrals in Egs. (5) and (10) will then converge to finite values
and the surface integral of Eq. (6) will vanish. The inflow of
energy will be compensated by energy dissipation in the other
constituent. The total energy must remain constant because
the time dependence of all fields is periodic, i.e., o< €.

It is worth noting that if V| does not extend out to infinity
then the asymptotic behavior of the physical field E and the V;
eigenfunctions is proportional to 2" /r. Similarly, if V5 does
not extend out to infinity then the physical field E and the V,
eigenfunctions behave asymptotically as e*'” /r. If both V; and
V, extend out to infinity then the asymptotic behavior of those
functions will be as ¢/X" /r when r is not in V;.

We also note that, like the eigenfunctions ESL”, the eigen-
values u") usually have complex values. If those values are
translated into special values for «, or ky,, then these too
will be complex valued. Moreover, the imaginary part of
the «;, eigenvalue will have the opposite sign to that of the
physical Im(x) of any real material. That is because in the
other constituent heat and entropy will be produced. However,
because all the fields have a periodic time dependence o< e,
this positive rate of heat production must be compensated
by a positive rate EM energy radiation or a negative rate of
EM energy production and a consequent negative rate of heat
production inside V.

From Egs. (3) and (10), we now get

kul / dve,(EY -ED) = kull / dve,(E)" - E{))
= —i f(ds -n) (k1,01 + ka6,)(ES) - EL")

+k§/dv(E,<,}> -E;1>)—/dv(v x EV) - (V x ED).

(11)
Therefore, if u(! # u'l then
/dve1 (E-EY) =0, (12)

and also
/dV(V x E(V) - (V xE{) = k§/dv(Ef}> -E).

The last result follows because the surface integral in Eq. (11)
vanishes, as explained above.

When «; and k; retain their physical values but «, and
ky are replaced by the eigenvalue values k», = «1(1 — uﬁlz))
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and ky, = ki1 — u,(f) similar results are obtained where the
indices 1 and 2 are interchanged:

u [[aven(s w2 = Gu [[ave (2 ED)
= —i f (dS - n)(ki0 + k2,0,)(ES - E)

+ki / dvV(E -E) — / dV(V xEQ) - (V x EP).
(13)

Therefore, if u> # u?) then

/ dV6,(E? -E2) = 0 (14)

and

m

f dV(V xEQ) - (V xEP) =kt / dv(E -EJ).
Defining the V; scalar product of two vector fields by

(FIE); = /dVQi(F-E)= (E[F);, (15)

we get that the eigenfunctions E{’ form a biorthogonal set
in the Hilbert space of vector functions in the subvolume V;.
Since the integrand in the scalar product of a complex field
with itself is E2, which is not positive definite in general,
therefore the scalar products (E{’|E{); are not ensured to be
nonzero. Therefore this property needs to be verified explic-
itly in each case. As shown after Eqs. (58) and (59) below,
even when the normalization integrals vanish this does not
prevent using these eigenfunctions for expanding the physical
field.

We now note that all the eigenfunctions with eigenvalues
uD £ 1, ul® # 1 will be divergence-free in both V; and V3,
though not at the Vi, V; interface. In fact, at that interface their
normal component will usually be discontinuous. Therefore
we should be able to exploit E for expanding any physical
field E(r) inside V; if J., = O there. Obviously, where J.., # 0
the field E(r) will not be divergence-free and we can therefore
not use the eigenfunctions defined there for expanding the
physical field. As we shall show in Sec. III, we will never-
theless be able to use the divergence-free eigenfunctions to
calculate that field everywhere. These eigenstates were first
introduced in Ref. [6] using an approach based upon a Green
tensor.

The eigenstates fall into three classes. (1) All the eigen-
states for which u') # 1 or u® # 1. In that case, V - E{) = 0
both inside V; and inside V5.

(2) Divergence-free eigenstates for which ) =1 and
kin = 0. Each of these states satisfies V x E{) = V() and
V24 = 0 inside V; for some scalar function v (r).

(3) Curl-free or longitudinal eigenstates E) = V¢ for
r € V;. These vector fields all have eigenvalues s = u) = 1
and k;, = 0. Because the magnetic field H(r) is given by

. C .
H" = —(V x EY),
n la)Mz( n)

therefore H”) = 0 for r € V;. Since the tangential component
of H{"” and the normal component of BY) = 1, H" are contin-
uous at the V;, V; interface, therefore HY) must vanish also for
r ¢ V;. Because E) oc V x H{ with a finite proportionality
coefficient for r ¢ V;, therefore E{ will also vanish there.
Since the tangential component of E{ is continuous at the
Vi, V, interface, therefore that component will vanish at that
interface. Consequently each of the functions ¢” must have
a constant value over any connected portion of the Vi, V; in-
terface. Despite this restriction, a great deal of freedom exists
in the construction of these functions. Therefore it should be
possible to construct them so as to be a complete longitudinal
set inside V;. None of these functions will be divergence-free.
That is because if it were divergence-free then we would have
V2¢{) = 0 inside V; and ¢ =const. over any connected por-
tion of the Vj, V; interface. Therefore ¢,(,i) would have to equal
that constant over all the interior of that connected portion.
Consequently V¢'? would vanish everywhere.

We will assume that the class 1 and class 2 functions com-
prise a complete set of divergence-free eigenfunctions inside
V;. Thus any square integrable, divergence-free field can be
expanded in this basis inside V;.

It should be emphasized that the classes 2 and 3 eigenstates
are not quasistatic. All the quasistatic eigenstates, which are
discussed in detail in Ref. [17] and have only real eigenval-
ues u') > 1, are @ — 0 limits of the class 1 eigenstates. In
that case, the scalar products of Eq. (15) become (y|¢); =
[dVe;(Vy* V).

If J.. = O for r € V; then the physical fields E(r) and H(r)
are divergence-free there. Therefore we only need the classes
1 and 2 eigenfunctions in order to expand the physical fields
there. We shall show below how to represent those fields
everywhere, i.e., in both V| and V, and also at the V|, V;
interface, without having to use any class 3 eigenfunctions.
This is desirable because the class 3 eigenfunctions are more
difficult to calculate numerically due to their huge degeneracy,
i.e., they all have the same eigenvalue s = 4V = 1.

The simple example of an isolated spherical inclusion in an
otherwise uniform host is discussed in detail in Appendix. In
that case, all the eigenstates can be found essentially in closed
form.

II1. USING THE SCATTERING EIGENSTATES TO
CALCULATE A PHYSICAL FIELD

We will usually assume that J., = 0 in V;, from which it
follows, according to Eq. (2), that V - E = O there. We will
also assume that J,, vanishes at sufficiently large distances.
Assuming that the E{" are a complete set of divergence-
free eigenstates in the Hilbert space of divergence-free vector
functions in V| we first try to expand the local physical field
E(r) inside V; as

0,E = 6, ZA;”E;”.

n

(16)

This expansion is valid if E(r) is square integrable over V.
This is always the case if E(r) is the physical field produced
by a source term J,.(r) which vanishes inside V;. In order
to determine the expansion coefficients A", we consider the
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following two integrals:

/dVE,gU [V x (V xE) + KE]

Ao
_ W/W(EE” 'Jex)

Cc

— OB{EL ),
= OR(EN e, - T ), an
C

/dVE- [~V x (VxE") + KGE"]

= u"K(E[ED),, (18)

where [dV(E! - J,.) was replaced by (E("|J.)> because
Jex 1s nonzero only in V;. The lhs’s of these equations are
equivalent, respectively, to

/dV{V [EX x (V x E)]

—(VxEP) - (VxE)+ Kk (E"-E)},

/dV{V [Ex (Vv xEM)]
(VB (VX ED) (R EL)).

Only the first terms in these expressions differ. Those terms
transform into surface integrals over the closed envelope of
the system, which is assumed to be at large distances. As in
the discussion of the eigenstates, both E and E{" have the
form of Egs. (7) and (8) there, since they both have the same
asymptotic behavior of e/%" /r. Therefore the two integrands
under the surface integral tend to the same value as that
surface is sent to co and the integrals are finite and equal.
Also, they both vanish under the regularization, as explained
before Eq. (11). Consequently the rhs’s of Egs. (17) and (18)
are equal and we get

4ri
—(

B o), = (@ —u”)(E[E),

= (u(” —u

Therefore E(r) has the following expansion in terms of the
eigenfunctions:

4ri ( (l)|Jex> EELI)
6,E = 6, a)_ Z <E(1)|E(1)) wD — o’

wWK?>

D) EDED) AV, (19)

(20)

It would seem that this result is valid whenever the integrals
[avED - J,,) are finite. The last equation provides an ex-
pansion of E(r) for any r € V| in terms of a set of integrals
which must be recalculated every time a different source term
Jox 15 used.

In order to extend this expansion to other values of r we use
Eq. (20) to expand the term u‘"k30, E on the rhs of Eq. (1). We
then replace the terms u V.36, E{!) in the resulting sum using
the lhs of Eq. (3). These manipulations result in the following
equation:

u 4nia)u,
(—Vx(Vx)+k§)|: - > AP (1)E<”:| > 2]...

n

2

The expression in the square brackets is equal to what we
shall call the “incident field” E;, which is the unique uniform
medium scattering solution of

4ma)u2

—V x (V x Eg)) + BEg; = — Jooo  (22)

Using Eq. (19) to get an explicit expression for A1), we obtain
the following expansion for E(r), which is valid for any r:

E =E +E,

4ri uD /D (ELP|Je)
P uld (E(”|E<”)2 E(U (23)

Evcl =
wky = u —

where E;. is clearly the scattered field. This equation was
already obtained in Ref. [14]. Comparing the last equation
with Eq. (20), we also get the following expansion for E,
inside Vi:

4ri (1) (E(])|Jex>

01Eo1 = —6, s ; A7 [EDED), 24
The last result is independent of u‘!, as it should be. However,
despite the appearance of u(" and E{" in this expansion, it
really must be independent of them too, since Eq. (22) is
independent of the microstructure. Because of this we can use
a different, simpler, microstructure to calculate E; inside V)
from Eq. (24). However, in order to exploit the expansion in
Eq. (23) for r ¢ Vi, we need to know Eo,; there. In particular,
we can use an artificial microstructure to calculate Ey; using
the last equation. In that microstructure, V, can be a sphere
that encompasses all the field sources J., but is otherwise
as small as possible. In that case, the eigenstates are known
in essentially closed form, as shown in Appendix. Conse-
quently Eq. (24) can be used to evaluate Eq; in most of the
two physical subvolumes V; and V,, using the eigenfunctions
and eigenvalues of the artificial microstructure. Equation (23)
looks just like Eq. (20) minus Eq. (24), where these last two
expansions are valid only inside V;. However, we have now
shown that the last equation is valid both inside and outside
V1! This equation is valid irrespective of how singular J,
happens to be, as long as we are able to calculate Ey; and
the scalar products (E(V|E,);.

We can also express the product Efll) - Jex In terms of Eg;:
by equating the rhs’s of the following equivalent integrals

/dVE01 [~V x (VxE{") + BE]]
= ki, {Eor[E}7),

/dszn [V x (V x Eo1) + k3Eq1 ]

47'[10)“2 <E(1) ’J )

c?

we get

4ri
@ (Egl) |JeX)z

WK Uy,

—(EVE,). e

063508-5



BERGMAN, CHEN, AND FARHI

PHYSICAL REVIEW A 102, 063508 (2020)

Substituting this result in Eq. (23), we finally get
u') (Egl)‘Em)l (1)
WD — (Eil)’Efll))l n
50 (6 [E)
s =5 (BB

Escl =

n

LgD, (26)
1
The same expansion was already obtained as Eq. (2.16) of
Ref. [6]. This approach is more efficient than trying to solve
Eq. (28) below numerically each time a different incident field
is applied. We note that Eq. (26) can be used to expand the
scattered field even if the incident field Eg; is not produced
by a given external current density J.,. This will be used in
Appendix in order to calculate the scattered field when the
incident field is a simple plane wave.

An alternative method for obtaining Ey.; is to note that
Eq. (1) can be rewritten as

—V x [V x (Eo1 + Eg1)] + k3 (Eo; + Egp)

Amiou,

= u(])kgel (EOI + Escl) - Jex- (27)

2
c
We consequently get the following PDE for Ey;:

—V x (V x Exe1) + k3Eser = uVk361 (Bt + Eger). (28)

We note that the eigenfunctions E((r) and eigenvalues
ul do not depend upon J,, but only upon k3 and upon the
microstructure which is characterized by 0, (r). Therefore, if
all the eigenstates are known then Eqs. (20), (23), and (24) are
much simpler and quicker to apply for calculations of E(r)
than brute force numerical solutions of the PDE’s Egs. (1),
(22), and (28).

Assuming first that V| is finite and only V, extends to
infinity, then E(r), Eo; (1), E. (r), and E("(r) will all behave
asymptotically as e’ /r.

In order to calculate the full physical field E(r) = Ey; +
E,.;, we still need to know the incident field Ey;. This can be
found by solving the PDE of Eq. (22) in a uniform medium.
An alternative method for calculating the incident field is to
use Eq. (24), where the eigenfunctions E(V(r) are used to
expand 0, Ey; in Vi, and then use the eigenfunctions Eﬁf)(r)
to expand 6,Eq; in V5. The problem with this approach is that
Eo; is not divergence-free in V,. To overcome this, we define

~ 4mi
Eoi =Eo + —Jex. (29)
wWK)

From Egs. (22) and (29), it follows that V - Em = 0 bothin V}
(where J, vanishes by assumption) and in V5 (where J,, does
not vanish everywhere).

We now first consider the following two equivalent inte-
grals. (Note that these integrals are only equivalent if E¢; is the
incident field produced by a given source which is an external
current density limited to a finite region in space. They are not
equivalent if the incident field is an infinite plane wave. This
will be relevant in Appendix when we consider the scattering
of a plane wave).

m

deEm [~V x (V< E) + GE]

= kyui, (B, [Eor),,

/dVEf,:) [V x (V x Eg +k§E01]

Amiops
= - (B ey
from which it follows that
4iwiy

0B, = 50 o), =~

(£, Jer)y  (30)

because J., = 0 in V;. Using this result, we can expand Em in
V, as follows:

471in2 Z (E512)|J€X>2 E;(nl)(r)

T I T

€1V

Another pair of equivalent integrals are
/ dVEg - [V x (V x E?) + K{E ]
2 Q)R
= kju, (E,”[E, ),
/dVE,(f) . [—V x (V x Eg; + k%Em]

driou
— -,

Hk =) (B ), + (E7[Ey),).

from which we get

(Ezz) |E01>2 = EZZ) |E01>1

u® — u(2)<

4iowiy

R E® ‘ I >
2 ( n|Jex]a:
c2k? (uf, - u(z))
Using the E{!) eigenstates to expand the first term on the ths of
the last equation and then using Eq. (25) or Eq. (30) to replace
the terms (E(1|E¢; ), we finally get

m

~ 4 J
(E?[Eo), = (E?|Eqi), + Z;ﬁfz (E2]Jer),
2
4Aimu, ) — 1
-

([, ), u®
+Z(E$)|Jex)2mﬁ - (32)
m m 1

This result can now be used, together with the E? eigenvec-
tors, to expand Eg; in V;, as we did above in Eq. (31):
) —u®
E;n (rz) (Eglz) |Jex) 12 u
CHEN AR

i (56
D (B

~ driou,
iy = o, T2 5
ki -

+ > (ED Jex)

If J.. is nonzero only in V; then we cannot use the eigen-
functions E(" to expand the physical field E there, because
V - E does not vanish there. We therefore define a new physi-

(33)
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cal field, as we did in Eq. (29):

E=E+ —J.. (34)
WKy

From Egs. (1) and (2), it follows that V -E = 0 in both Vs
(where J,. now vanishes) and in V| (where J,. is not zero
everywhere). This field satisfies the following PDE:

—V x (V x E) + K2E = 2u"6,E — %V x (V x J.0).
(35
The last term in this equation leads to
(ED|V x (V x Je), = (V x EQ|V x Jo),
=l (1= u, ) B, Jer), - (36)

where integration by parts was applied to get the second term,
and another integration by parts, along with the eigenvalue
Eq. (3), was used to get the rhs. By considering the following
two equivalent integrals:

/dVEin” [~V x (V x E) + BE]

~  A4ri
= BuMED[E), - TV < EQ|V x (V x L),

WK1
de]T:- [V x (V x ED) + BEL]

— (B[
we obtain

driou; 1 —ulD )
17 T 22 (ES [ Jex), - @7
1

(El(nl)iE) u® — I/tiy})

Equations (36) and (37) lead to the following expansion for
the rhs of Eq. (35) in V;:

4

uDoE — LV x (V x Jo)
K1

W

47riw91
= 21— uM) 2

n

i (1= u”) (B |Jer),

=l e,

In the last expression, we now replace k%ufll)é’lEfll)(r) by the
lhs of the eigenvalue Eq. (3). This leads to the following PDE
for E:

0=[-Vx(Vx)+ki]

Ng_ w1 (EPPe)
wky = u — u;b (EELI)|E,(11))1

Efll)(r):| )

The expression in the large square brackets must vanish,
therefore

E=E+ ],

WK1

bt 1) (B0
- CL)_Kl " u(l)_u’(ll) (EEZI)|E511)>1E'1 (r). (38)

We emphasize that, just as in the case of Egs. (26) and (23),
the last expression is valid for all values of r, i.e., inside

both V| and V,. This is so despite the fact that only the V;
eigenfunctions appear in the expansion.

If only V) extends to infinity we would have to expand
the physical field using the E{> eigenfunctions, because only
they have the correct asymptotic dependence on r at large
distances, i.e., e*1” /r. To that end we would have to repeat the
entire discussion presented above using the E eigenfunc-
tions instead of the E(I) eigenfunctions. A better alternative
is to switch the names of the two constituents. By doing that
we would return to the kind of system treated in the previous
discussions.

If both V| and V, extend out to infinity, then we will need
to use the E(I eigenfunctions to expand E in the asymptotic
regions of V; and the E(>) eigenfunctions to expand E in the
asymptotic regions of V;. Here too we can switch the names of
the two constituents in such a way that the relevant infinitely
extending sub-volume is always V.

A case where only one of the subvolumes V; or V, extends
to infinity is discussed in the Appendix. In that example, the
microstructure is a single isolated spherical inclusion in an
otherwise uniform background. The field source treated there
is a current density localized at a single point J,, = J§3(r —
ro), where ry can be either inside or outside of the sphere.

If J.. is nonzero in both constituents then we can write it as
Joo = IV + JP, where J) = 0 in V;. We then calculate the
physical fields E© produced, separately, by J. The result for
E(r) is then the sum of those two fields E = E(V + E®.

If J..(r) happens to be a two-dimensional (2D) surface
current at the V;, V; interface, where E(!(r) is discontinuous,
then integrations like f av (Efll) - Jex) can be carried out as
follows: We first take J.,(r) to have a smooth symmetric shape
centered at the interface, and then let that shape tend to a one-
dimensional (1D) Dirac delta function at the interface. The
calculation of the physical field then proceeds by calculating
ED from JU, which is one half of the 1D § function in V5,
and then E@ from J@, which is one half of the 1D § function
in V] .

IV. EM EIGENSTATES AND THE SCATTERED FIELD OF A
CLUSTER OF INCLUSIONS

As in the previous section, we assume that 1 = u, every-
where and that only « is heterogeneous. We also assume that
Jex 1s nonzero only in V;.

If the subvolume V; of the «; constituent is made of a
cluster of nonoverlapping inclusions, then we can write

O1(r) =) 0(r), (39)

where 6,(r) = 1 if r is in the volume V, of the inclusion a
and vanishes elsewhere. We now try to expand the eigenstates
E(V(r) of the V; subvolume in those of the individual isolated
inclusions E,, (r):

(B |EL),
(Eaa |Eaa> -

a

(40)

Ba(DEL (1) = 0,(r) Y~ AL E a(r), ALY =
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Here we used an isolated inclusion scalar product defined by
(FIE), = / dVO,(r)[F(r) - E(r)] = (E[F),. (4D
We then calculate the following difference:

/dVEaa =V x (VxE") +BE"]

—/dVEf,” [~V x (V x Euw) + BEq]-

As argued following Eq. (9), this difference vanishes. Using
Eq. (3) and its isolated inclusion version

—V x (V X Eug) + B3Eug = tauk30Eue,  (42)

we then get

u;”/dvel(EW 5:0) :uaa/dveu(Eg).Eaa).

From Egs. (39)-(41), we then get

ul > A / dVOy(Eyq - Epg)
bp

= u(l) ZA(n) Ebﬁ|Ealx>h - uaaA ( aa|Eaa>a (43)
bB

Here we used the fact that the eigenstates E,,(r) form
a biorthogonal set in the volume V, of the inclusion
a according to the isolated inclusion scalar product de-
fined in Eq. (41). Equation (43) is an infinite set of
homogeneous linear algebraic equations for the expan-
sion coefficients A". This only has nonzero solutions
for special values of u(l).AThus this is a matrix eigen-
value problem with matrix M, eigenvalues s\ = 1/u(l, and
eigenvectors Agg

1 <Eazx|Ebﬁ>h
Uaq (Eaa|Eaa)a

SUAR =" MawppAy)s Mawsp = . (44

b

Note that when a and b are different inclusions the scalar
product in the numerator of the last quotient is between
eigenfunctions of two different isolated inclusions where the
integration is over the volume of just one of those inclusions.
These off-diagonal elements of M represent the interactions
between pairs of eigenstates of different inclusions. When a =
b then M, 5 vanishes unless also @ = 8. This is then a diag-
onal element of M which is just one of the isolated inclusion
eigenvalues. The matrix eigenvalue equation must be solved
numerically. That, however, is simpler than solving Eq. (3)
numerically once the eigenstates of the isolated inclusions
are known. This procedure becomes practical if the isolated
inclusions all have similar simple shapes, such as spheres or
circular cylinders or parallel slabs. In those cases, the isolated
inclusion eiggnstates, as well as the off-diagonal elements of
the matrix M, can be calculated in closed analytical forms
[6,7,14,15,18].

We now assert that the quotient (E, [Ejg)p/Uq is symmet-
ric under the transposition of ax and bB. Using Eq. (42) to

substitute for ,E;g, we get
1

(Eaa|Epg)sp

uaa
1/k3
Uaa Ubp
1/k?
= #/dv{v B x (V x Epp)]
Uaa Upp

- (V X Eaa) . (V X Ebﬂ) +k§(Eaa . Ebﬂ)}'

deEaa [V x (V x Epp) + KEyg]

As shown in the discussion of Eq. (5), the last integral is
symmetric in E,, and Epg, which proves our assertion. If the
isolated inclusion eigegfunctions are all normalized to 1, i.e.,
(Eaw|Ega ) = 1, then M is a symmetric matrix. Consequently
its right and left eigenvalues are the same, as are its right and
left eigenvectors. If we define the scalar product of two vectors
Aaaa Baa by

(AIB) = > AwaBax = (BIA),

ao

then clearly two eigenvectors of M that have different eigen-
values u, # u, must be orthogonal. Thus these eigenvectors
constitute a biorthogonal set.

If the need arises to find the E{!) eigenstates outside V;,
when V) is a cluster of nonoverlapping inclusions, then we
can proceed as follows: having found the V; eigenvectors A",
we can use Eq. (40) to rewrite Eq. (3) as

n Uy
ZA( )u Em:|

0=[-Vx(Vx)+ kg][Egh _
From this it follows that

()

ZA(") p

ac

EP(r) =

Eo (1), (45)

aa

and that this is valid for all r. This can now be used to
represent E(V(r) in V5.

If they are square integrable there, then the fields E,.; and
Eo; can also be expanded in the isolated inclusion eigenfunc-
tions forr € V, as

( aa|Escl)a
b = 00 Z< TR
(46)
E
) EO] - 94!2 <( 001||E01;(l ao

We now calculate the following difference:
[ VB [V %V x B + E]

—/dVEsc] [V x (V x Ew) + BEq |-

As argued following Eq. (9), this difference vanishes. Using
Eqgs. (28) and (42), we compare the following equivalent
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integrals

/dVEaa . [_V x (V x Egp) + kgEscl]

= /dVV . [Earx X (V X Escl)] - /dV(V X an{) . (V X Escl)+k§/dv(Eaa : Excl)

= uVk; (Eao[Eo1)1 + (Bga [Ee1)1),

deEsc1 [= V x (V x Ea) + KEu]

= /dVV . [Escl X (V X Eavt)] _/dV(V X Escl) : (V X Eaa)+k§/dV(Escl 'Eaa)

= uaakg <Eaa |Escl)a-

In this way, we get
(1) Z aa |Ebﬂ
(Epg|Epg

= uaa( aot|E.vcl)a~

Ebﬁ|EOl>b + (EpglEgc1)5)

If (Eyg|Epg)p = 1, then this can be rewritten as

1
75 (Bl Bct)a = 3 Macwp (B[ Escr) + (B [Eon ).
bp

(47)

This is an infinite set of inhomogeneous linear algebraic equa-
tions for the scalar products (Epg|Eq.), which can be used to
expand E, | inside V.

Another way to calculate the infinite dimensional vector
AYD of expansion coefficients A4V = (Eyq|Egc1)q, knowing
the infinite dimensional vector A of expansion coefficients
A = (E,4|Eo1)q, is to first rewrite the previous equation
and Eq. (44) in symbolic forms as (recall that sV = 1/u(")

sDAGD = FFAGD 1 AOD)  sDAM = fFA®,

The equation for A““! can be solved as

o~

B M AOD _ Z S;I) (A(n)|A(01))A(n)
O - — 51 — 5D (Am]Am) :

Thus, in order to calculate the expansion coefficients ASCD
we only need to sum over the eigenvalues and eigenvectors
of M, using the appropriate physical value of s = 1/u) =
K2/ (k2 — K1).

In order to expand E;.| outside V;, we substitute the r € V;
expansions of Ey.;(r) and Ey; (r) on the rhs of Eq. (28) to get

0=(-V x(Vx)+k)

A(scl)

(

Because the differential equation —V x (V x E) + k%E =0
in all space has no nonzero solutions that decay to O when
r — 0o, therefore the square brackets in Eq. (48) must vanish.
We thus get the following expansion for Ey. (r):

u(l) (EaalEscl>a + (Eaa|E01>

E, = i “Ey. 49
el Zum (Eae|Eue)a “ 49

ad

This is valid for all r, both inside and outside V;. The form of
the last expansion differs from that in Eq. (46), which is valid
only inside V. This is due to the fact that in the latter equation
each eigenfunction E,, is used only inside its inclusion a. By
contrast, in Eq. (49) each of those eigenfunctions is used for
all values of r. Thus every isolated inclusion eigenfunction
E..(r) is used also for r’s that lie inside other inclusions or
outside any inclusion.

The above discussion is valid when the field source lies
in V3, i.e., not inside any of the inclusions a. However, when
the field source lies in Vi, i.e., inside one or more of those
inclusions, then we need to switch the indices 1 and 2 and
proceed as explained near the end of Sec. III. In that case,
there is usually no simple way to calculate the V) eigenstates,
where V) is now the complement of the inclusions volume.
However, we can still use the approach described in Eqs. (34)—
(38) to expand the physical field in the V| eigenfunctions even
though it is not divergence-free there.

V. EM EIGENSTATES WHEN BOTH « AND 1 ARE
HETEROGENEOUS AND THEIR EXPLOITATION FOR
EXPANDING A PHYSICAL FIELD

When the values of u as well as those of « differ
in the two constituents, the computation of the scattering
eigenstates of Maxwell’s equations in a two-constituent com-
posite and their exploitation for expanding a physical field
become more complicated. Those equations are first reduced

U (o [Ese1)a + (Bua [Eot)a to the following par'tial differential equations (PDE’s) for the
X | Ege1 — Z —_— E.. [. (48) local electromagnetic fields E(r) and H(r):
uua <Eth |EUD(>LJ
ao ‘
4
_V x (V x E) + E 4+ vV x [6,(V x E)] = uk26,E — ”’WZJ@C, (50)
4
—V x(VxH)+EH+1tV x [6;(V x H)] = wk6,H — TV 1A +10) ], (51)
CK)

063508-9



BERGMAN, CHEN, AND FARHI

PHYSICAL REVIEW A 102, 063508 (2020)

where

47Ti0’i 2 w K1
ki ==K, u=1-——,
w c K>

Ki =€ +

Here 6,(r) =1 for r inside the volume V; of the No. 1
constituent and 0; (r) = 0 elsewhere, while J,, is a monochro-
matic external current density; €;, o;, and pu;, i = 1,2, are
the electric permittivity, electric conductivity, and magnetic
permeability of the two constituents. Note that in this section
we omit the upper index of (", s, etc. [see Egs. (1) and (2)],
since we only present expressions for the case where J., = 0
in V] .

When the solution of Eq. (50) is known then the solution of
Eq. (51) can be obtained by using one of Maxwell’s equations.
namely,

lwu( )

V x E(r) = H(r). (52)

Likewise, the solution of Eq. (50) can be obtained from that
of Eq. (51) by

la)K( )

V xH(r)=— E(r)+ _Jex(r) (53)

When both «; and p; can have complex values, the asymp-
totic behavior of E(r) and H(r) at large distances needs to be
reconsidered. In any electromagnetically passive material EM
energy can only be dissipated, never created. Nevertheless,
materials where EM energy gain occurs can be synthesized
by embedding atoms or molecules or quantum dots which are
in excited states and can emit EM energy by jumping to a
lower quantum state. In a homogeneous medium, a plane wave
characterized by a wave vector k is always an eigenstate. As
was shown many years ago by Victor Veselago, the direction
of energy propagation can then be either along k or along —k
[19].

When the physical EM fields are produced by a source
Jex(r) with a finite spatial extent then one expects that energy
must propagate away from that source, at least at large dis-
tances. However, the most important property of those fields
is that they must decay to O when |r| — oo. Therefore the
asymptotic behavior of those fields will be

eik,‘V
E =

a, Imk; >0, aln,

-
2
kl2 =Killi—, TIE€ Vi, |kir| > 1.
C
This will sometimes result in Rek; < 0, e.g., when both «;
and p; have a large negative real part and a small positive
imaginary part. That is the case when such a material is “left
handed” and therefore exhibits “negative refraction” [20].
Eigenstates of Eqgs. (50) and (51) will have to exhibit the
same kind of asymptotic behavior, namely, decay to 0 when
[r| — oo. Therefore they too will sometimes have Rek; < 0.
In that case, they would be incoming rather than outgoing
waves.
We now define two special sets of scattering eigenstates.
These are solutions of Eq. (50) or Eq. (51) when there are no
sources, i.e., when J,, = 0, which are exponentially decaying

t=1-—

K u v
2 _ Cov=1-H R ol _
v—1

k1 u—1 1 2

(

waves at large distances. Such nonzero solutions exist only
for special values, i.e, eigenvalues, of the various moduli
u, v, t, w. Because such solutions do not exist when all of
those moduli have permissible physical values, the eigenval-
ues will necessarily be unphysical. This means that the special
values of some of the parameters «; and p; which correspond
to those eigenvalues will have negative imaginary parts. The
energy gains resulting from these values will exactly compen-
sate for the energy losses from the other values, and also from
radiation losses due to outgoing waves, so that the total EM
energy of any eigenstate is conserved in time.
The two sets of eigenstates are solutions of the following
equations:
—V x (V x E™) + KE" = u,k36,E"

n >’

(54)

LV x (V X E®) + E® = —u,V x [6,(V x EV)].
(55)

As in the preceding sections, these sets of eigenfunctions will
be used to expand E(r) and H(r).

The solutions of Eq. (54) were already discussed in
Sec. II—see Egs. (3)—(12). In order to identify the solutions
of Eq. (55), we could follow a procedure similar to that of
those equations. Instead of that we note that it follows from
Eq. (53) that, for r € Vi, we can write

za)/qm

—"EM =V x HY,

where H(" is an eigensolution of Eq. (51) when J,, = 0 and
t = 0, and where w,, is the special value of w, i.e., the eigen-
value. That equation has the same form as Eq. (54), therefore

H"(r) = E"(r) and w,, = u,. Note that k1, = k2 (1 — wy).
Consequently, for r € V;, we get
EV = VxEW y,=_—m -
iK1y, Wy — 1wy — 1

We note that, in contrast with the states E), the states E{)
are not an orthogonal set in terms of the usual scalar product
as defined in Eq. (15). However, from Eq. (52), it follows that,
forr € Vi, we have

ol (56)

where (1, = na2(1 — w,,). Therefore we get
(Vx EP|V x EY), = o ”’1'" Ll g |gw) |
c?

and this vanishes if u, # u,, i.e., if v, # v,,. Thus the set of
eigenfunctions E{ is an orthogonal set if (V x E|V x F); is
taken to be the scalar product.
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We now assume that J., = O inside V;. The physical field is then divergence-free there. We therefore expand it there in a
series of the eigenfunctions, E{ or E{"), which are also divergence-free there:

n >’

0,E = 6, ZA,,E(”)

OHE=0,) B,E}. (57)

In order to calculate the expansion coefficients A,,, we proceed as in the discussion following Eq. (16):

0= /dV{Efj‘) [~V x(VxE)+BE]—E-[-V x (Vx E") + GE"]}

= deEf[‘) . {—uv x [01(V x E)] + uk36,E —

driop, )
—a Jex} — ki / dve,(E-E}")

= (u— u)K3([EP|E), — v(V x E|V x E), — 4”2# / dv (B - J..)

2

= (u— un)kg(E,(lu)|E£,”))1An —v ZAP(V X E;")|V X Eg‘))1 - drions /dV(E;”) .Jex), (58)
P

This is a system of inhomogeneous linear algebraic equations for A, with a matrix that is symmetric.

A similar procedure is implemented to calculate B,,:

0= /dv{E;y’ [~V x(VXE)+KE]-E-[-V x (VxE) + KGE]}

m

= —o[V x E®|V x E), + uk2(EQ[E), + v,(V x E?'|V x E), — M/dv(lzg,f) 3.

= —(v = v)Bu(V x EQ|V x EP), +uk3 > B,(EL|EY),

2

hi
- Tn / av(EY - 1.,). (59)

m
c

This too is a system of inhomogeneous linear algebraic equations for B,, with a matrix that is symmetric.
Note that in deriving the last two equations, we applied the following algebraic transformation:

deF~{V x [61(V xE)]}:—/dVV'{Fx [0:(V XE)]}+de91(V xF)-(V xE).

On the rhs the first integral transforms to a surface integral over the system envelope which vanishes, while the second integral
can be written as (V x F)|(V x E);.

We note that Egs. (58) and (59) are solvable even if the (biorthogonal) normalization terms (Efl”)|E,(1”))1 or (V x E%’)W X
E()); happen to vanish!

We now possess two expansions for E(r) which are valid inside V. In order to get an expansion that is valid everywhere we
process Eq. (50) as follows. The term uk%@lE is represented using the first expansion in Eq. (57). The term vV x [6;(V x E)]
is represented using the second expansion in Eq. (57). In the resulting sums over eigenstates, the terms u,k36,E{¥ and —v,,V x
[0, (V x E{))] are then replaced by the expressions on the lhs’s of Egs. (54) and (55), respectively. This leads to the following

PDE for E(r):

B
v ]| E- T ey T | -

Defining Eg; (r) as the uniform medium scattering solution of
Eq. (22), namely,
4miowp,

—V < (V x Eo)) + k3 Eor = ————Jex,

we then get
E=Ey+) viBmEf,? +3 uiAnEff‘). (60)

In this way, we get the final result for the physical field E when
both « and pu are heterogeneous and J., # O only in V;.

If J.. # 0 only in V| then the entire discussion of this
section can be repeated switching the roles of the two
constituents.

(

If J.. is nonzero in both constituents then we can write it as
asum J, = J + J2, where J\) = 0 only in V;, and solve
separately for E() and E®, as explained in the paragraph
before last of Sec. III. The result for E(r) is then the sum of
those two fields E = E) + E@,

VI. SUMMARY AND DISCUSSION

We have presented a detailed general theory of the EM
eigenstates of the full Maxwell equations in a two-constituent
composite medium where both the local electric permittivity
k (r) and the local magnetic permeability w(r) have different
uniform values in the two constituents. These eigenstates were
shown to allow an expansion of any physical local field so-
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Iution E(r) of Maxwell’s equations in such a system. Those
fields are always square integrable in any finite volume that
does not include the field sources. In the case where wu(r) is
uniform, Eq. (26) provides such an expansion for the scat-
tered field E;. (r) = E(r) — Eg; (r) which is valid everywhere
when the field E(r) results from an incident field E; (r). If the
physical field is produced by a source current density J,(r),
then Eq. (23) gives the scattered field E;. (r) for any r without
having to first calculate Eq; (r).

These expressions allow calculation of the physical field
E(r) and the scattered field E;; without having to solve
Maxwell’s equations anew every time a different source cur-
rent density J.(r) or incident field Eq(r) is introduced
or every time the physical value of «; is changed. What
needs to be done is to calculate all the EM eigenstates for
the given microstructure and the given values of «, and
k%. That can be time consuming for complex microstruc-
tures, but the eigenfunctions and eigenvalues only depend
upon k7, k%, and the microstructure. Moreover, as shown in
Sec. IV, when the microstructure is made of many identical
inclusions the computation of the eigenstates can be greatly
simplified.

In contrast with some previous published derivations
[6,15,18], the calculations described here did not require the
introduction of Green’s tensor for solving Eqgs. (1) and (3).
This enabled us to avoid having to deal with difficulties aris-
ing from the singularity of that tensor when its two position
vectors coincide [8].

For an isolated inclusion that is simply shaped, i.e., a
sphere [6,7] or circular cylinder [15] or flat slab [14], all
the eigenstates can be found in essentially closed analytical
form. The interactions between pairs of eigenstates of such
different similarly shaped inclusions can also be obtained in
closed form [6,14,15]. The eigenstates of a cluster of such
inclusions can then be found by finding the eigenvectors of an
appropriate infinite dimensional discrete matrix with diagonal
elements that are the isolated inclusion eigenvalues and off-
diagonal elements that are the interactions.

In practice, only a small number of eigenstates are usually
required in order to get accurate results from the expansions
for E(r), especially when the subvolume V;, where J., = 0,
does not extend to infinity. This is so because those expansions
are not finite-convergence-radius series in powers of a volume
fraction V;/V, but are uniformly convergent series in a hope-
fully complete set of bi-orthogonal eigenstates of Maxwell’s
equations.

In the case where both «(r) and w(r) are nonuniform a
briefer theory was presented in Sec. V. Expansions for E(r)
then appear in Egs. (57) and (60).

We would like to stress that there is no need to invoke the
concept of “quasinormal modes” [11] in order to get useful
expansions for the physical field E(r). As we have shown, true
normalizable eigenstates can be defined rigorously and calcu-
lated either analytically, for isolated simply shaped inclusions,
or numerically for clusters of identical inclusions or for more
complicated microstructures.

For spatially periodic microstructures, the eigenfunctions
are Bloch-Floquet functions. Those too can be calculated us-
ing efficient, robust computational techniques. This will be
described elsewhere.
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APPENDIX: EIGENFUNCTIONS OF AN ISOLATED
SPHERE AND THEIR APPLICATION FOR CALCULATING
A PHYSICAL FIELD

The sphere is assumed to be centered at the origin. The
classes 1 and 2 eigenfunctions are then the vector spherical
harmonics (VSH) where the radial part is constructed from a
spherical Bessel function of k;r, as described in Ref. [6]. The
microstructure under discussion is invariant under rotations
about the origin. This means that Maxwell’s equations are also
invariant under these rotations. Therefore the eigenfunctions
of those equations can be chosen to also be eigenfunctions
of the operators of total angular momentum for the EM field
[21]:

J=L+8S, =—i(rx V), S=iex,

where e is a unit vector. Therefore these eigenfunctions are
constructed from vector multipole fields (VMF) of two types
(see Eq. (A13) below and Ref. [21] for a definition of the
vector spherical harmonics (VSH) Y/, (€2)):

E'N () = £1P(0Xim(Q), (A1)
HOO () = £3 (1) X (<), (A2)
X, () = Yy () = —20m
[+ 1))12
i X Vi)

NI(ESV (A9
where the E superscript signifies that this is a transverse
electric field, i.e., perpendicular to r, while the M superscript
signifies that this is a transverse magnetic field, and where
i = 1 ori = 2 signifies that these are V; or V, eigenfunctions.
The function Y;,,(€2) is the regular spherical harmonic.

The outside of the sphere is defined to be the subvolume V,,
while the inside of the sphere is defined to be V. The radial
functions then have the following forms:

A(F)j (kyr) forr <a
Py =10 L @9
Ju {Bij)hlm(kzr) for r > a,
k !
AL (ﬂ> (AS5)
k2 K>

where F stands for either 1E or 2E or 1M or 2M, j; and h](1>
are the spherical Bessel functions, and k; is the wave number
in the subvolume V;. Because the eigenvalues are special val-
ues of u") or u®, therefore k| and k; will have special values.
Because the physical field E(r) will behave asymptotically as
e®" /r, therefore we will only use the V; eigenfunctions Ezm )

and Efliﬁ), which also exhibit the same asymptotic behavior,
when trying to expand E(r).
The continuity condition on the tangential components of

E('®)(r) is easily obtained using the fact that X;,, L r. In this
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way, we get

AYP ji(kima) = BYP R (kya). (A6)

The continuity condition on the tangential components of
HE)(r) = ¢/[ion(r)][V x EIE)(r)] is most easily obtained
by noting that

0
r x [V x¢(r)Xpm] = —g[rqﬁ(r)]xzm- (AT)

This leads to

ASP Lirkima) + kywaj) (kiua)]
= B," [l (laa) + kaah{" (kza)].

When this equation is divided by Eq. (A6) and the quotient is
simEI))liﬁed, we get the following equation for the eigenvalues
(1E),
u,
y AW
i) _ Xh () _ (A%)

; , 1
]l(y) y=k],,1a5k2a[17ui,]lE)]]/“ hl( )()C) x=kpa

The continuity condition on the tangential components of
H{"™)(r) is easily obtained using the fact that X;,, L r. In this
way, we get

A jikia) = By k(D (kaa).

nl

(A9)

The continuity condition on the tangential components of
EM)(r) = ic/[ox (r)][V x H!M)(r)] is most easily obtained

J

by using Eq. (A7) once again to get
(1M)
" jikyma) + kywaj(kima))

Kini

UM )
= Z;[hg”(kza) + koah!" (kra)].
2
When this equation is divided by Eq. (A9) and the quotient is
simA/}I)liﬁed we get the following equation for the eigenvalues
(M),

Mnl

1 il
<_2 n ]{(Y) )
y y-ll(y) y:kl,,IaEkza[lful(L}M)]l/z

1 V)
“\2 "o -
X xh; " (x) rmlya

Note that we allowed «, and k; to retain their physical
values and let «,; and ky,; represent the eigenvalues. We note
that the eigenstates of the isolated sphere are known spherical
Bessel functions and only the eigenvalues usually need to be
calculated by numerical solution of one of Eqgs. (A8) or (A10).

Because of the spherical symmetry, the eigenvalues ufj)
have much degeneracy—they are independent of m. We can
therefore reorganize the biorthogonality properties of the
eigenstates as follows [6]. First of all we now define the scalar
product in the more standard way as

(A10)

(E|F); = /dV@,-(E* -F) = (FIE)}.

Second, the left eigenfunction that is conjugate to any of the
right eigenfunctions is defined by

C[fnl(r)le(Q)] = f:](r)le(Q)v
CIV x fu(MXim(2)] =V x f,,(r) X (S2),

i.e., only the radial part is complex-conjugated. As shown in Eq. (A4) the functions f,;(r) are the spherical Bessel functions

Jitkr) or h{" (kr). Therefore [see Eq. (5.9.19) in Ref. [21]]

21 +1

V x fl(kr)xlm = l(
dr r

I 1/2 [11\"2
= ﬂk[(m) S kr)Y 1 — (ﬁ) ﬁ—l(kr)Yzz—lm:|,

21+ 1 dr

I N27a I+1\"?(d 1+1
) <— - —>fl(k’”)Yu+1m + l(L> (— + %)ﬁ(ki’)Yum

where f; can be any spherical Bessel function. From this, it follows that

/ 12
{CIV x fi(kr)X;m (1} = lk[<21—+1) SNy — <

The functions Y11, (€2) are special cases of the general VSH (see Egs. (5.9.18)—(5.9.20) and (5.9.10) in Ref. [21])

Yim(R2) = ZYZm(Q)eq(lmqullJM),

mq

where e, are the complex unit vectors
1 .
€ =€, €t = :Fﬁ(ex +iey)

and (Imlq|l1JM) is a Clebsch-Gordan coefficient (CG).
It follows from these definitions that, when J, [,

(A11)

[+1\"?

#) f,l(kr)Y}kllm] (A12)
(A13)

[
are integers, then Y7, (Q) = (—DTMY,_(Q).
Therefore Y}, () = (—=1)"Y;+1-»(2) and X} (Q) =
(_1)17le 7}71(9)-

Three special cases of Eq. (A13) that will interest us later
are Y;;,,, which was already defined earlier in Eq. (A3), and
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Y;;+1m. In particular, when [ = 1 then

€n
Y m Q) = s
10m(§2) Nz
e, X n
Yiim(2) = X4(R2) = [(eo x n)Y,(£2)

or f
— (€1 X m)Y2,—1(£2) — (e—1 X M)Y2p41(£2)].
The VSH satisfy the following general orthogonality rela-
tions [21]:

/dQ[X}"M(Q) “Xim ()] = 818

/dQ[Y i (82) - Yy ()] = 850810 8pmr -

Thus only the radial functions are relevant for ensuring the
nontrivial biorthogonalty of the eigenfunctions.
Equation (A8) can be rewritten as

xhP (x)

Yii—1(y) _
hP )

1)

(A14)

‘We now restrict our discussion to the case where x = kya K
1. In that case,

1
D)

= < 1.
Py 20-1
If also y < 1 then
Y10 o4 1 = o1,
Ji»)

There is therefore no solution to Eq. (A14) with y <« 1. Solu-
tions do exist whenever y is close to a zero of j;_;(y), denoted
by y,;—1. This requires |y| = O(1) > |x|, therefore

2
k(lE) y2 1
(E) _ nl ~ -nl—1 __
bt :< k]2 _0(|k2|2a2) > b

a0 ~
" 26 = Dyni-1

Similarly, Eq. (A10) can be rewritten as

. 1
<Jz-1(y) B L) _ i () _ L
Vi) Y smka— uIM0y172 thl)(x) x? x=kya

(A15)
|

JiQu-1) < L.

B = (v«

M
nlm H( ))
wk (1)

nlm

WKy

M M
(( )) K( )

nl — nl p— —
where _k§ == 1

ok L\ .
= AGM KM Y () =
w"r(u]M) nl T Ji (ky, ) 1+1m(82) — T

ck I \'"? I+1
EM = _ZB;}M>[<2I—H) 120y (ar )Y i () — (—

We again restrict our discussion to the case where x = kya K
1. The rhs of the last equation then becomes

! : 5 > L
21 —1
If also y <« 1 then Eq. (A15) becomes
I+1 1 [
y2 20—1 x%¥°

which has the unique solution

. 41
D= -l = -2 (k)

W === =0,

These eigenvalues are the same as the quasistatic eigenvalues
of Refs. [1,2,17]. They will be assigned the value of n = 0.
All the other solutions of Eq. (A15) will have y near a zero of
J1(y), denoted by y,;, therefore |y| = O(1) > |x|. This leads to

e )’2 1
=1-==0(—— 1,
o 2 <|k2|2a2> >

(K Ma) = — (kra)?

nl

Ji—10m) < L.

These large eigenvalues will be assigned values of n # 0.

While the zeros of j;(y) are usually only available numer-
ically (with the exception of y,y = nw), some of the sums
over them can be found in closed form by exploiting different
expansions of j;(y)—see, e.g., Eqs. (9.5.10) and (10.1.2) of
Ref. [22]:

Zz
21 +7
24

i8I +3)2(21+5)

2, 2(21 +3) (A16)

(A17)

The 1E eigenfunctions are

ESD =AU ji (kP r)Xm(Q), r<a

nlm

EUD) —

nlm

BUE D (kar) X, (R2),

(1E)\2 ae) 2
Gy ) Ky 1— u(lE) g Ynio1
k7 - Kz - nl k2a2 :

Using Eq. (A11) with f;(kr) = jl(k(

fitkr) = h;l)(kzr) when r > a we now get expressions for the
B0

r>a,

where L

r) when r < a and

1M eigenfunctions

_l(klg}M)r)Yll—lm(Q)}, r<a,

1/2
le) hl(l_)l(kzr)YU—lm(Q):|, r>a,

(1¢)2 (1M)
aM) . v qe ko D _ Ko aM) o _ 1+1
Uy~ e when n # 0, while = =1—uy  ~-—=F.
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The normalization properties of the V; eigenfunctions become
nlm

* 2 . 2 .
1= / 4V [CEUE] . EUD) — [405)] / AV Ly )P 1K = [AUP] / P dr i (rymr Ja)

3 a
= [AiiE)]z{%m'l(rynz1/a)]2 - jl1(ryn11/a>jz+1(ryn,1/a>)} , (A18)
0

nlm nlm

ckin g am2| . (1M) l 12 * . (M) I+1 12 *
=\ on,, r<adV[Anl | i (™) T Y 1i1m () = i1 (k1) 1) YD

M l V2 M [+1\'"?
X |:jl+1(k,(ll )V)(m> Yll+1m(9)—]'171(k,(,, )’”)<21—+1> Ylllm(Q)i|

1= / av [CE(M]" - (M

(o) u 2 l . 2 [+1 . 2
) W[Af’}m] /m rzdr{zl+1[f’+‘(k2mr)] + ol ()] }

(kza)2M2 (1M) 2a3 l 2 . . l 1 .2 . .
— A bl ) — ; ; — (7% ) = j1—2On W) | #0, Al9
Vi [ nl ] 2|2 1(J1+1(y 1) = JiOn)ji+2(y l)) + 2l 1(]1 1On) = Ji2 )i (y 1)) n (A19)

v= [ avieRpy ey
r<a

(1M)\2
= e (Ay )/ r2dr(lji,(ikory/( + D/ + (1 + D)ji (ikary/(L+ 1)/D)]

N ES

_1 Moa
~ (—1) !
(=D s

(kya)*' 2. (A20)

> (1A T+
( l ) (21 + D2

These expressions determine the normalization coefficients AYF) and A'™ . The other V} normalization coefficients BUE) and
P nl nl nl

Bf&M ) are obtained by using Egs. (A6) and (A9), respectively. These eigenfunctions will be used to expand the physical field
when that field is divergence-free.

From Egs. (A18)—(A20), (A6), and (A9), we get the following results for the normalization coefficients of the Efl;fl) and E;%)
eigenfunctions when |k;|a < 1 [recall that y,; is the n-th zero of j;(y)]:

2\"* 1
AUE) (_3) . ’ (A21)
a JiOni-1)
2 1/2 koa)t!
BUE) ~ 2 (kra) ’ (A22)
@) Q-
2/(2 172 Yul 1
A0 %[ } " , (A23)
n#0! aiy kaa ji—1(Yur)
2k 1/2 (kza)l+2
B ~ _j , A24
20l TN A =D (A24)
Poisnng 1o\

AU o (_jy- 2 ( "’ , A25
o XN T nd | o \TE (A25)
UM o _ K2 I+l (kha)t? (A26)

ol (I + Dppa® I @=Dn

Note that the sign used when calculating the square root of (A;f ))2 to get Afl‘lF ) was chosen arbitrarily. This does not affect the
final results for the physical fields.
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From these results, we can write the following closed form expressions for the eigenfunctions when kya < 1:

A \12 -
O~ (2) Ay (A27)
o a’ Jini=1)
2 172 (k a)/+1
(E) 2 (€Y
E,.. ~ (a3> QDN 1)”h, (kyr)Xpm, 1> a, (A28)

EN, ~ 2 - (12 i1 rym /@)Y am(R) — A+ D2 iy ryn /)Y ()], 7 < a (A29)
n#0Im (2l 4 1)(13 jl l(ynl) + n +1m — n —1m , s

2021 + D\ "? (kra)'+?
amy . 1120 1/24,(1)
E, 0t ™ —z( — ) 2ol h l(kzr)Y,,Hm(sz) — U+ D212 o) Yu-in()], 7> a,  (A30)
41\ 1 T @=Dn
E(IM) Y 11/2 k i /Y m Q
om > (—10) T Da 1 a1 (7 jrmalikory/ (L + D/ITY 141 (82)
— U+ DY jilikor /(U + D/U0Yn-1m(Q)), 7 < a, (A31)
E(IM) ~ 21 + 1 l/zl + 1 (k2(1)l+2 [ l/zh(l) (k r)Y (Q) _ (l + )I/Zh(l) (k V)Y (Q)] r>a (A32)
0lm (l + l)a3 I (21 T +1\R2 1I+1m 12 11—1m .
We now turn to the problem of calculating the local physical field E(r) when the incident field Eg;(r) is a plane wave
traveling along z axis in the No. 2 constituent with right/left-handed circular polarization when m = 1 or m = —1, namely (see

Eq. (16.139) in Ref. [13]):

Eo(r) = —m~2e,e™ =Y " i'\[Aw 2 + 1)

=1

I \"? I+1\'"?
X {jl(er)le - lm[(ﬁ) Jis1tkar)Y g1 m — <m> jl—l(er)Yll—lmi| } (A33)

The scalar products between this field and the various eigenfunctions become

k I
(L [Bor), = i'/Br @l + Dt g2 (A34)

Y2, 2L — 1)l

k 1+1
(EM |Eq), = mi'~' /872l + Dd 3L, (A35)

¥, 20— Dl
(M) (AU + 1D\ (ka) !
(Bt [Bon), = mi 20+ 1 Q- (A36)

When these results are used in Eq. (26), along with the explicit forms of the eigenfunctions from Eqs. (A27)—(A32) and the
various eigenvalues we find that these eigenfunctions contribute to E,.; outside the sphere as follows. When «, and therefore

uV = 1 — k| /K>, are finite, the eigenstates Efl}ﬁ) and Efz %)lm contribute terms of order (k,a)*** and (kya)***4, respectively, to

E,.;, while E(I_Ag)l contribute terms of order (k,a)**!. However, when «; and ‘") are infinite then Ezfn ) x (koa)?+1, Efl%)lm 0%
(kra)**2, and Efqmg)lm o (kya)?'*!. Therefore, when u(! is finite only Ei%)lzl ,, makes an important contribution to the series in

Eq. (26). However, when u'" is infinite then E(_0 1, and Efq}i )1 ,, for all values of n make important contributions to that series.
This leads to the following closed form approximation for the scattered field when r > a:
Z , Ki— K2 Var (1 4+ 1) (kpa)? !
m
Iy + {4+ Diy 2L+ DIQRLE— D!

(VIR o) Yir1m(2) = VT T (o) Y11 ()]

scl

K1 — K> 4ﬁ(k2a)21+5
Y

(1) _ (1)
@ (ka? — iyt 21+ D@l — DIP [\/Zh,+l(k2r)Y11+1m(Q) VI+ 102 (k)Y -1 m(22)]

In20 Il
" Zi,_l K1 — K2 47 L+ 1) (kha)**3

D (ko)X (2), = +1. A3T
Ki(kaa)? — iy, [I— DN 2, ! (k) Xim(2), m (A37)

(

In this result, the first sum is over the Eil”%)l eigenstates, sum is over the Ef;z ) eigenstates. Clearly, if (kya)? < k2/k1

the second sum is over the EL%)lm eigenstates, and the third then at any value of / only the terms in the first sum are
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important. However, if (kaa)? > K2 /K1 then those terms in the
first and third sums have similar orders of magnitude, namely
they are oc(kya)?*!, while the terms in the second sum are
much smaller, namely they are oc(kra)**3. In the case of
a perfectly conducting sphere, when k; — oo, the first and
third sums in this equation have the same form as the classic
expression for the scattered electric field when a plane wave
impinges upon such a sphere which is much smaller than
the wavelength 27 /k,—see Eq. (16.141) of Ref. [13]. The
second sum does not appear in the latter equation, probably
because every /-term contributes negligibly compared to the
corresponding terms in the other sums. Note that the value of
m = 41 or m = —1 signifies that the incident plane wave Eg;
was right/left-hand circularly polarized. Note also that when
1—u® =k /i is equal to 1 — ul}"" = —(I + 1)/I then the

J

4m\ ' VA
E, ~ <?) (kra)® h(ll)(kzr)le(Q)—i-zmT(kza)3[«/Znh(zl)(kzr)lem(Q)—hf)l)(kzr)em], m=+1.

scattered field due to the E((]%) eigenstate, i.e., the [ term in
the first sum on the rhs of Eq. (A37) diverges. This occurs
when u1) equals the eigenvalue u(,"’ = (2/ + 1)/I. That is
the quasistatic order-/ electric multlpole resonance of the iso-
lated sphere at s = s," = 1/(21 + 1).

When |ky/ki| < |kya|> < 1 we can write the following
approximate expression for E;.|, where only the first and third
sums and only the / = 1 terms are kept and the well known
result

21
I

was used to sum over 1 /yﬁ0 =1/(nm)*

(A38)

When the incident field is produced by an externally given current density which is nonzero only outside the sphere, then we
can use the eigenfunctions of Eqs. (A27)—(A32) to calculate their overlap integrals with J,,(r). We will assume that these source

currents are a point source, namely, J.,(r)

= Jo83(r — ry) where ry is outside the sphere. In that case, we find

{2\ "?* (kya)*!
(., [Jex), = ’(Zs) o=yt R (XG,(S0) - o, (A39)
221 + D\ ?* (kpa)' 2
(B Jex), = ( = ) (212+ 1)”([«ﬁh(l)l(kzro)Y”Hm(Qo)—\/ + 10, (karo) Y51, (20)] - Jo).  (A40)
QL+ D\ 141 (koa)T?
(E(l 01m}JeX> = ((l+ 1)a3> I @+ 1)”([‘/_h(l)l(kﬂO)YuHm(QO)_ vi+ hgl)l(kﬂO)Yzz lm(QO)] 'JO)' (A41)
Using these results in Eq. (23) leads to the following approximate expression for E;:
K1 — K2 (kpa)*+o %) (1
E, = AV (karo) (X, (R20) - JOR'Y (k) XIm(2
sel a)l(za3 Z;q(kza)2+/<2y L L@E=DNP Y2 = (ka)? ! (Koo)X ($20) - Jo iy (Ror)XEm(S2)
Z { (kpa)*+® K1 — k2 1
a)/ca3 ory 21— DI QL+ D! ki (kra)? — Icgyﬁl y’%l — (kpa)?
< [(1V2h) laro) Yoy (Q0) = (1 + DV, (ko) Yy, (R0)) - Jo]
x 1 ‘”h“l ()Y ir41m(R2) — (4 D20, (ar) Y1 ()]}
Z (ko)™ +1) k1 —kK2
w/cza3 [+ DU Iic; + U+ Dia
x [(1 l/zh(l)l(kzro)Y”Hm(Qo) =+ D"21P, (aro) Y-y, (R0)) - Jo]
x [1'2h1)) G Yiu1m(R) = (4 DR, (o) Yi-1m(R)] (A42)

Here too, when |kya|?> < |k2/k1| < 1 then only the third sum, which represents the contributions of the E

(M)

=0 Im eigenstates, 1S

important. However, when |k, /k1| < |ksa|> < 1 then that sum as well as the first sum, which represents the contributions of the

Efﬂﬁ) eigenstates, are important.

Another case worth discussing is when the physical field is produced by a given external current density J.,(r) that is nonzero
only inside the sphere, i.e., for » < a. This case was not treated previously using the EM eigenstates. In that case, we use Eq. (38)
to expand the divergence-free physical field E = E + [47i/(wk2)1J., in the divergence-free E{1) eigenfunctions. In order to do

that we need the following overlap integrals of E\! and J.,.
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Again we assume that J,.(r) = 8°(r — r(), where now ry < a:

nlm E

2\ ' l—
(E(E)| 1), = HOO D) (e Q) - Jo), (A43)
JiOni=1)

END Vo), = 2 co 12 Y52 [+ 1) Y (2001
( n#0 Im ex)l = - (21+1)a3 jl-](ynl)([ Jl+1(r0ynl/a) Il+1m( 0)_( + ) ]Ifl(rOynl/a) Zlflm( 0)] 0)7

n=01Im Cl3

[EDD 13, = _l.<21 +1

(A44)

172 -1
) (’;1_0) (Y?I—lm(QO) -Jo). (A45)

Using these results, along with Eqgs. (A27)-(A32), in Eq. (38), we get

yﬁ, 1 (kza)Hz

E(l’)% 87Tk2 Z

Klwa3 n#01Im

x [, o) Y11 m2) — B, (ko r) Y141 m2)]

4nk§ Z 1+ 1)>3? (kprp) !
Im

WK | ki +(+ Dol 20 = DN

k1(kaa)? — k2y2, ji—1(vur) 21+ D!

(L1 royar /) Y1, (R0) = Ji—1(royar /) Y]y 41,, (0] - Jo)

(Y51 (Q0) - I [, o) Y1 m(Q) — B2, (ko) i1 ()]

8mky Va1 (kaa)™*t i (royn—1/a)
Kiwa® o= ki (kya)* — ioy% QL= jiGm—1)

(X5, (20) - JOB (ryu—1 /)X (). (A46)

Here only the second sum, which represents the contribution of the EZ%)M eigenstates and is independent of the sphere radius

a, is important, irrespective of the values of x| and k,. Because ryp < a and |kral? < 1, the most important contribution comes
from the / = 1 term in that sum, and it is independent of the precise location of the point source ry. To see this note that
Yi0m(R20) = €,/ VA is independent of €2.

For the sake of completeness we note that the class 3 eigenfunctions are now V@,;,,, where ¢,;,,(r) is a scalar spherical
harmonic Y}, multiplied by a radial function f,;,,(7) that vanishes at r = a. Returning to the notation where V) is the inside of
the sphere while V; is its outside, we find that the V| normalized radial function f;;,,(7) is proportional to the spherical Bessel
function j;(y,;r/a) as follows:

N2 iy,
Futm(r) = j:(—) SQur/a) (A47)
a)  ynji—1(nr)
Similarly, the class 3 normalized V, radial eigenfunctions are
2\ 112
o) = 2i(3) LD (A48)
a xnlflfl (-xnl)

where f;(z) can be either j;(z) or the spherical Bessel function of the second kind 7;(z), which is real for real z and tends to 0
when z — 00. x,; is the n-th zero of f;(z). Integrands where any of these eigenfunctions appears at > a require a multiplicative

factor %", § > 0 for convergence of the integral. At the end of the calculation the limit § — 0™ needs to be taken.
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