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Dielectric spheres of various sizes may sustain electromagnetic whispering-gallery modes resonating at
optical frequencies with very narrow linewidths. Arbitrary small deviations from the spherical shape typically
shift and broaden such resonances. Our goal is to determine these shifted and broadened resonances. A
boundary-condition perturbation theory for the acoustic vibrations of nearly circular membranes was developed
by Rayleigh more than a century ago. We extend this theory to describe the electromagnetic excitations of
nearly spherical dielectric cavities. This approach permits us to avoid dealing with decaying quasinormal modes.
We explicitly find the frequencies and the linewidths of the optical resonances for arbitrarily deformed nearly
spherical dielectric cavities, as power series expansions by a small parameter, up to and including second-order
terms. We thoroughly discuss the physical conditions for the applicability of perturbation theory.
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I. INTRODUCTION

In this work we aim at determining frequencies and
linewidths of electromagnetic resonances of nearly spherical
dielectric cavities of arbitrary size and (small) deformation.
In a spherical dielectric cavity, light can excite whispering
gallery modes (WGMs) and circulate about any great circle
with small attenuation [1].

In fact, propagation of light along a curved interface be-
tween two different dielectric media is an intrinsically lossy
process [2]. This implies that the resonant optical frequencies
associated with the WGMs have small but finite linewidths.
The ratio between the frequency of a mode and its linewidth
is proportional to the optical quality factor Q of the mode.
This quantifies the number of optical cycles the light in the
mode will stay confined within in the cavity. Values of Q
around 10'! have been achieved for silica microspheres [3].
Deviations from the spherical shape change frequencies and
linewidths of the modes, thus modifying their quality factors
by an amount depending on the size and the shape of the
deformation. This may be either detrimental or, conversely,
very useful for many applications, ranging from WGMs lasers
[4] to dielectric microcavities [5]. Therefore, it is highly de-
sirable to have a theory predicting, at least with a certain
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level of approximation, the frequencies and the linewidths of
the electromagnetic resonances of nearly spherical dielectric
cavities [6].

In principle, determining such resonances is a conceptually
simple boundary-value problem: One must solve Maxwell’s
equations for the fields inside (medium 1) and outside
(medium 2) the cavity and match these fields at the interface
between the two media. However, satisfying boundary condi-
tions on interfaces of arbitrarily complicated shape is typically
a formidable algebraic task. The literature about techniques
and methods developed for solving this problem is, without
exaggeration, enormous. Among the books we found par-
ticularly useful Stratton’s and Jackson’s classical texts [7,8]
and the perhaps less known but not less valuable works of
Grandy [9] and Kristensson [10]. One of the first perturba-
tion approaches to the scattering of electromagnetic waves by
dielectric media of arbitrary shape was given by Yeh [11].
This study was further developed and improved by Erma [12].
Later, an important contribution to the perturbation theory of
quasinormal modes in open systems was given by Lai et al.
[13]. However, a serious problem with perturbation theory,
based upon the analogy between the refractive index in elec-
tromagnetism and the potential energy in quantum mechanics,
arises from the discontinuity of both the refractive index and
the normal component of the electric field, occurring at the
interface between the resonator and the surrounding medium
[14]. Several methods have been proposed to deal with this
issue; see, e.g., [15,16].

A different approach that avoids this problem is the so-
called boundary-condition perturbation theory. Dubertrand
et al. presented a boundary-condition perturbation theory for
two-dimensional disk resonators [17], which may be seen as
an extension to electromagnetic waves of the classical work

Published by the American Physical Society
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by Rayleigh for acoustic membranes [18]. Such a theory was
further developed by Wiersig and co-workers, but still limited
to two-dimensional resonators [19,20].

The purpose of our work is to develop a perturbation the-
ory for the electromagnetic resonances of three-dimensional
nearly spherical dielectric resonators. As we will see, this
requires us to fully account for the vector nature of the elec-
tromagnetic field in three dimensions, which is a nontrivial
technical challenge. However, although we deal with an ef-
fectively open system, our method permits us to avoid the
use of quasinormal modes [21,22] and similar techniques
[23]. We note the importance of including second-order terms
in the theory. In fact, under certain conditions, first-order
perturbation theory does not account for the effects of ran-
dom deformations, which typically average to zero. However,
such deformations manifest nonzero correlations, the effects
of which are always disclosed by second-order perturbation
theory [24,25]. Further details on the theory, omitted here for
brevity, can be found in [26].

The work is organized as follows. In Sec. II we establish
the notation and we review the classical Mie solution [27] for
the scattering of electromagnetic waves by dielectric spheres.
This is functional to the perturbation theory to be developed
because the Mie solution will be taken as the zeroth-order
approximation. In Sec. III we establish the exact equations for
our boundary-condition problem. From Sec. IV to Sec. VIII
we thoroughly develop our degenerate second-order perturba-
tion theory, including the case of highly symmetric problems
where the degeneracy is not lifted to first order. In Sec. IX
we apply our theory to the simple case of an oblate spheroid
resonator. In Sec. X we summarize our work and draw
some conclusions. Three Appendixes provide some detailed
calculations.

II. NOTATION AND SCENARIO

In this section we show how to calculate the optical res-
onances of a dielectric sphere using the method of Debye
potentials [28]. The sphere has radius a and refractive index 7,
and it is surrounded by a medium of refractive index n, < n;
(typically air or vacuum). Both the sphere and the surrounding
medium are nonmagnetic, homogeneous, and isotropic. In the
remainder we will benefit from the following definitions: ¢
is the speed of light in vacuum; kq is the (real- or complex-
valued) wave number of light in vacuum; ¢, = co/n, is the
speed of light in a medium of refractive index n,, with o =
1, 2; ky, = kon, is the wave number in a medium of refractive
index n,, with a = 1, 2; the time-independent Debye poten-
tials u£ = uf (r) and u! = u(r) are scalar fields that, in a
medium of refractive index n,, satisfy the Helmholtz equation

VS +k2uS =0 (0 =E, M), (1)

with @ = 1, 2 [29]; and the orbital angular momentum differ-
ential operator is defined as

1
L=-rxV. )
l

Figure 1 illustrates our working scenario.

r—a=0

r—a=ah(6,p)

Deformation

a(1+h(6,9))

(b)

FIG. 1. (a) Ilustration of the dielectric spherical and nearly
spherical resonators of equations r —a =0 and r —a =a[l +
h(6, ¢)], respectively, where a is the radius of the sphere. (b) Ge-
ometry of a section of the spherical (dark blue) and of the nearly
spherical (light blue) resonators. Here &, is the radial unit vector and
n(d, ¢) is the vector normal to the deformed surface (41). From (48)
it follows that cos y = &, - n/|n|.

Without loss of generality, in this work we consider observ-
able monochromatic electric and magnetic fields, denoted by
E,(r,t) and B, (r, t), respectively, defined by

E, (r,t) = Re[E,(r) exp(—iwt)], 3)
B, (r,t) = Re[B,(r) exp(—iwt)], “)

where w = koco = kijc; = kpc,. In a nonmagnetic medium of
refractive index n,, the time-independent electric and mag-
netic fields E,(r) and B, (r) can be written in terms of the
two Debye potentials u£ (r) and u (r) as [28,29]

l_Ea(r) = (Lul) + kiv x (Lu), (52)
1 o

By (r) = (LuM) — kiv x (Lut). (5b)
i «
In the standard jargon, uf and u! yield transverse electric
(TE) and transverse magnetic (TM) waves, respectively [29].
Note that from (5) it follows that
co By, [uf, uaM] = E[uz’, —uf], (6)

where the square brackets denote functional dependence.

Using the completeness and orthogonality of the spherical
harmonics Y;,,(0, ¢) [8] and the spherical coordinates (r, 6, ¢)
with r € [0, 00), 6 € [0, 7], and ¢ € [0, 277), we can write

(ko 0, ¢) =D US,, (ko )Yin (6, $), (7a)

IN]
U(fzm(kar)=fY;ﬁl(Qﬁ)MZ(kar,@,@dQ, (7b)

with 0 = E,M and « = 1, 2. Here and hereafter Zl,m is
shorthand for 7% S

m=—10>

and for any smooth function
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s(0, ¢),

2 b4
/s(9,¢)ds2=/ [/ s(9,¢)sin9d9}d¢. (8)
0 0

The radial dependence of the form k, 7 is a direct consequence
of (5). Substituting (7) into (5), we obtain

E, = Z{ Uty ko) ®1n (6, $)

l,m

{l(l + DU, (ke Y1 (0, $)

O(

[(k r) Dtlm(k I’)] ‘I’/m(e ¢)}} (93)

R

l,m

Ul (ka?) @10 (0, §)

L{l(l+ DUE, (ko) Y 1(6. §)

?V‘

+ [(ka UL, (k)] 1 (8, )} } (9b)

where the prime denotes the derivative with respect to
the argument k,r and the three vector spherical harmonics
Yin (0, @), Wi (8, @), and ®,,,(6, ¢) are defined as [30]

Yin (0, ) = &Yin(0, ¢), (10a)
V(0. ¢) = rVY,(0, ), (10b)
<I>Im(g’ ¢) = ér X \I’lm(ér)s (IOC)
with &, =r/r.
In general, the functions U o[lm(k r) and U alm(k r) are ex-

pressible as hnear combinations of spherical Bessel functions
Jilkar), BV (kgr), and h (k,r), where jj(k,r) is finite at
r=20, and h(l)(k r) and h(z)(k r) describe outgoing and in-
going spherical waves, respectively, for r — oo (see, e.g.,
[31]). However, the electric and magnetic fields inside the
sphere must be finite everywhere for 0 < r < a. Moreover, we
assume that the field outside the sphere is made of outgoing
waves only. This implies that we can write the radial parts of
the four Debye potentials u¥ (r), )/ (r) and u5 (r), ud(r) in
the two media as

U, (kqr) = a3, RS, (ker) (0 = E, M), (11)

where the radial functions

E _ bal(kar)

REhur) = 72400, (122)
M _ b (kar)

Rattbar) = i hea) (12

have been defined in terms of the spherical Bessel functions
for the fields in media 1 and 2, renamed as

bu(x) = jiz), buz) =h" (). (13)

The choice of the denominators in (12) just fixes an arbitrary
normalization, which could be absorbed into the definition of
the coefficients af,,,

Substituting (11) into (9), we obtain, after a straightforward
calculation,

E,(r,60,¢) = Z{ L [E (kar) Y1 (0, §)

o
I,m

+ Fy (k") W1,,(0, )]

+aalm al (k r)q>lm(9 ¢)} (143)

B,(r,60,¢) = Z{ by [Fo (kaP)Y 1 (6, )

I,m

+F,; (ko)W1 (0, )]

+ ‘”’”F P (ko) B (6, ¢>} (14b)
n

o

where we have defined

v o1 1 bulkar)

F, (kyr) = il(l + 1)(kar) bor(hat)’ (15a)
7 _ 1 [(kar)bal(kar)]/

Fy(kor) = b () (15b)
o) _ botl(kotr)

F, (kyr) = —bal(kaa). (15c¢)

The numerical coefficients af;, , a5, and a}f, . ai —are deter-
mined by imposing the electromagnetic boundary conditions
on the surface of the sphere [8]:

e x (E — E2)|r:a =0, (]68.)
& x By —By)l= = 0. (16b)
It is not difficult to see that using the relations
& x Yiu(0,9)=0, (17)
& x W, (0, 9) = @10, 9), (18)
& X @10, 9) = =V (6, ¢), 19)

we can rewrite (16a) as

0=>"(ak, — a5, ) ¥in(6. $)

l,m

{ [(kia)ji(kia)]
Ay

J’_ -
koa 4 n? ji(kia)

u [ (ka)]
~ DT 5
nxh, (kaa)

}‘sz(e, ®) (20)

and (16b) as
0= Z (a%m - a%m)‘l’lm(e, ¢)
I,m

- A=
koa 4— Jitkia)

i { e [ka)jitkia)]
l

o [k (ka)]

— P,,(00, ¢), 21
2lm I’l;”(kza) } 1 ( ¢) ( )
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where again the prime denotes the derivative with respect to
the argument. From the orthogonality of the vector spherical
harmonics it follows that each term in Eqgs. (20) and (21) that
multiplies a vector spherical harmonics must be set equal to
zero separately. So the first lines of (20) and (21) give

E _ E _ E
A = Aoy = Ay (22)
and
M _ M _ M
Ay = Qo = Ay (23)

respectively. Substituting (22) in (21), we obtain

[(kia)itha))  [(kah (o)
Jitkia) h (kya)
for TE waves. Similarly, substituting (23) in (20), we find

[(a)jitaa)] [(kaa)h" (kra)]
niji(kia) n3h" (kra)

for TM waves. Both Eqgs. (24) and (25) are characterized by
the index [, so for each value of / there will be a different set of
solutions. To find these solutions, we write kja = kpan; = xn,
and k,a = koan, = xn, in (24) and (25), where the dimension-
less wave number x is defined as x = kypa. Then we introduce
the compact notation (the irrelevant prefactor x/i is introduced
for later notational convenience)

=0 (24)

=0 25)

X g [(mx)jimol  [0h” ()]
- = - , 26
if[ ) Ji(nix) hV (nax) (26)
Xy [(mx)jy(mx)] [0k (nox)]
- = — 27
ifl ) n%jl(nlx) nghgl)(nzx) 7

and we solve (numerically) the two transcendental equations
ffFoy=0, ffxy=0 (28)

with respect to x to find the resonant wavenumbers for both TE
and TM waves. Thus, we obtain two countably infinite sets of
solutions denoted by

fat = i (29)
and
it = {al g, (30)
with x-, x!* € C, such that
Fx)=0 m=1.2,...), (31)

with 0 = E, M. In the remainder, we will refer to (29) and
(30) as the unperturbed spectrum. A portion of the spectrum
of TE and TM resonances of a dielectric sphere with refractive
index n; = 1.5, surrounded by vacuum with n, = 1, is shown
in Fig. 2.

Equations (28) depend on the index / but not on m. This
implies that for each solution x7,, with o, [, n assigned, there
are 2/ + 1 different Debye potentials, denoted by

{1 n O} = {1y (), ) 1, (0] (32)
and defined by

ug\lmn(r) = RZI(

N X[, 1

)Yzm(Q, ¢) (33)

a

—
les]

30
25 m10
o
m8
m7

20

Re(ka)

o

m5
m4
m3

—

M
30r

25

20

Re(ka)
i
LETEHH
LI
LEEEHT
FEEETT
FHTHH
LN
FEEEHT
VLT
VI

FIG. 2. Spectrum of the TE and TM resonances of a dielectric
sphere of radius @ and refractive index n; = 1.5, surrounded by
vacuum with n, = 1. The values of x;, = k;,a for 1 < n < 10 and
1 <1 < 10 are shown as blue bands. The vertical position of the
center of each band is equal to Re(k;,a) and the thickness is equal
to Im(k;,a). For the first radial mode n = 1 (lighter blue bands) the
imaginary part of k,;a quickly decreases as [/ increases from left to
right. Each resonance characterized by the pair of azimuthal and
radial numbers / and n is 2/ 4 1 times degenerate.

(m=—-1,—1+1,...,1) such that the electric and mag-
netic fields obtained from (5) with u = uf, (r) and u}f =

uy‘ 1mn (@) Will automatically satisfy the boundary conditions
(16). The radial functions are still defined by (12).

By construction, from the (2/ + 1)-fold degeneracy of xj,
it follows that any linear combination of the form

I - I
neXp,F -
Za?muzzmmﬂzl( ’ )Zazmnmw,m (34)

a

m=—I m=—I

where af, are arbitrary numerical coefficients, is still an ad-
missible Debye potential associated with the same eigenvalue
xj,. Evidently, for a given xj, it is possible to build 2/ + 1
linearly independent of such combinations. We will make
extensive use of this property when developing a degenerate
perturbation theory.

III. PERTURBATION OF THE BOUNDARIES

Now we turn to the more general problem of a dielectric
electromagnetic resonator of refractive index n;, surrounded
by a medium of refractive index n, < n;. Again, both the
resonator and the surrounding media are nonmagnetic, homo-
geneous, and isotropic. The expressions (5)—(7) and (11)—(15)
for the fields and Debye potentials are perfectly general, so
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they remain valid also in the present case. What will change
are the boundary conditions (16) that will be replaced by (40),
defined later.

A. Describing the deformation

Consider a nearly spherical dielectric resonator, the surface
of which can be described by the equation

F(r,0,¢)=0, 35
where
F(r,0,¢)= @ —a)—ah(, ¢), (36)

with A(0, ¢) an arbitrary, smooth, single-valued function of
6 and ¢ defined on the unit sphere S, which describes the
deformation of the resonator. The slight departure from the
spherical shape is guaranteed by any function h(6, ¢), the
maximum value of which is much less than 1 on S:

max{|h(6, $)|}s < 1. (37)

However, as we will see soon, this is not the only condition
required for the applicability of the theory. As usual in per-
turbation theory, it is useful to introduce a formal parameter
0 < ¢ <« 1 defined by

h@.¢) =¢ef (0. ). (38)

where |f(6, ¢)| < 1. This parameter is just a mathematical
device used to rewrite h(6, ¢p) in a more convenient form for
later developments. At the end of the calculations we will
restore the physical deviation i(6, ¢) by replacing everywhere
ef(@, @) with h(0, ¢). With this definition (36) becomes

F(r,0,¢)=(r—a)—acf(0, ¢). (39)

The standard electromagnetic boundary conditions on the
surface of the dielectric body can now be written as

n x (E; — E2)|,—a14s5) =0, (40a)

n x By —Bo)lr—airer) =0, (40b)

where f = f(0, ¢) and the vectorn = n(0, ¢) = VF(r, 0, ¢)
normal to the surface of the dielectric at r = a[l + ¢ f (0, ¢)]
is given by

n®,¢)=¢& —ny©, )

—é —

€
meu(& ?), (41)

where

8f(9’¢)+é 1 3f(0,¢)
30 Ysing 9

Let A = A(r, 6, ¢) denote either E; — E; or B; — B;. Then
we can rewrite the boundary conditions (40) in the suggestive
form

O=nxA(a+asf,0,)
=& x Aa,0,8)+ (& x [A(a+acf,0,¢) — Aa,0, )]

e 0, ¢)=2¢ (42)

—ny x A(a+asf,0, )}, (43)

where f = f(0, ¢). This expression is exact; no approxima-
tions have been done up to now. However, we have written
it in such a way as to isolate the unperturbed first term

€ x A(a, 0, ¢), coincident with (16), from the perturbed
second term delimited by curly brackets. To develop a mean-
ingful perturbation theory we require this second term to be
O(¢e) with respect to &, x A(a, 6, ¢). This is certainly true
for the tangential part &, x [A(a + acf,0, ) — A(a, 0, ¢)]
because by definition

Ala+asf,0,¢)— Ada, 0, ¢) = O(e). (44)
However, for the radial part we have
n x Ala+acf,6,¢)~ nyl[1+ O(e)] 45)

and |ny| is potentially unbounded. To show this, suppose that,
for example, in the neighborhood of the direction (0, ¢) the
deformation of the resonator could be described by

h(@, ¢) =esin(pd) K 1, (46)
with p > 0. This implies that

ep| cos(pd)|
1 + esin(pd)

= gp|cos(pf)|[1 — & sin(ph)] + 0(83). @7

Iny| =

Clearly, ep can be of the order of unity or bigger if p > 1/e.
In this case the angle y (6, ¢) between the vector €, normal
to the unit sphere S along the direction (6, ¢), and the vector
n(f, ¢) normal to the deformed sphere in the same direction,
defined by

y (0, ¢) = arctan |n| = arctan |[VA(O, ¢)ls, (48)

can be arbitrarily close to v /2. When this occurs, we have the
so-called strongly winding boundaries [20]. If this is not the
case, then we have weakly winding boundaries. Through this
work, we assume that the latter condition is always verified.
Thus, Egs. (37) and (45) imply that the physical conditions
for the applicability of the perturbation theory require that the
magnitude of the deformation function (6, ¢) and its gradient
Vh(6, ¢), both evaluated on the unit sphere S, must be O(¢),
namely,

max{|h(0, )|}s ~ max{|Vh(O, $)l}s L 1. (49)

B. Developments

To proceed further, we must rewrite (40) in a more con-
venient form. Note, however, that in this section we will not
assume the smallness of the deformation as in (37). Following
Sec. IT of [12], we want to show that of the six equations (40),
only four are independent. Let us write A = A&, + Ayéy +
A¢é¢ = A& + A” and n =&, — ngéy — n¢é¢ = & — n,
where A denotes either E; — E, or B; — B,, evaluated at
r =a(l + ef). Calculating n x A =0, we obtain the three
equations

ngAg —neAg =0, (50a)
ngA, + Ay =0, (50b)
ngAr+ Ay = 0. (50¢)

It is easy to see that when (50b) and (50c) hold true, then
(50a) is automatically satisfied, because

n9A¢ — n¢A9 = I’lg(l’L¢Ar + Aqy) - I’l¢(}’l9Ar + Ae). (51)
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Therefore, choosing (50b) and (50c) as independent equations
and multiplying (50b) by &, and (50c) by &y, we can rewrite
the four independent boundary conditions (50b) and (50c) as

(Ey) —Ey) + (B, — E3)n =0,
(B1|| - BZH) + (Bir — Bzr)n” =0,

(52a)
(52b)

where all the fields are evaluated at r = a[l + ¢f (0, ¢)].

We can expand Egs. (52) in terms of ¥, (0, ¢) and
®,,,(0, ¢) solely, the radial components being absent, to ob-
tain

Z [V W (0, ¢) + 7, Prw (0, $)] =0,

U.m

D [WE im0, ) + OF,, @1 (6, $)] =0, (53b)
U,m

(53a)

respectively, where

1
Xt )= —— | X5 ,(0,0) [Ey —E
o () l/(l/+1)/ 1 (0, @) - [Eq — Eg

+(E, — Exr)nyld L2, (54a)
1
Xy () = m/xfw(@, @) - [By — By
+(B1r — Bzr)ll”]dQ, (54b)

with X = ¥, ®. For reasons that will soon be clear, on the
left-hand sides of (54), we have made explicit the dependence
on x = kopa. This arises from the radial dependence of the
fields evaluated on the surface of the dielectric resonator:

ko lr=ati+ef0,6)) = kaall +&f(0, ¢)]
=xny[1 +ef(6, )] (55)

After integration with respect to the angular variables 6 and ¢
in (54), we are left with the dependence on x only.

Formally, at this point our problem is perfectly posed:
All we have to do is determine the values of x (namely, the
resonant wave numbers) such that the four equations

Wi, (x) =0,
\I]ll’;m’('x) = 0’

@7, (x) =0,
®5 (x)=0

(56a)
(56b)

possess nontrivial solutions for the coefficients aflm, aflm and
a%m, a’z'/fm. These coefficients enter in (54), via the expressions
of the electric and magnetic fields written in terms of the four
Debye potentials u] E(r), uy M(r) and u5 E(r), ué”(r), defined by
(7) and (11).

Needless to say, solving the system of nonlinear algebraic
equations (56) is a formidable task. However, in principle, the
way to proceed is direct: Substituting (14a) and (14b) into
(54), after some long but straightforward calculations, we can

write explicitly the four equations (56) as

\Ifﬁm,<x>=2{[f‘¢]lm = (AT, 5
I,m
L o
+ nl’" A — I’lzm i =0, (57)

vp(x) = Z {—nl[Bw] iy + n2[32 ]ﬁr:l Dty

l,m

[Aw]fm M

Im Aim —

¢mm=zhwwﬁm

I,m

— [ay %m}=0, (58)

[A2 ];':ln glm

B\I, I'm’ Bq, I'm’
o 1}3”" o, - | 2,11“” @y, =0, (59
®f,, (1) =Y {-m[BY], b, +m[BE], d,,
I,m

+ APl — [AS] ) =0, (60)

where we have defined the matrix elements of types A and B
as, respectively,

U'm’
[AX],) o) = m, 5 f X7 (0, ¢) - Aund®, (612)
l/ ' *
B 00 = (1/ - / X, (0. ) - BorndQ.  (61b)
witha = 1,2and X = W, ®. In (61) we have defined
Aalm = Fg:[;n(‘x7 0’ ¢)a (623)
Balm = Fg[m(x 0 ¢)
+ €16, 9)Yim(6. )BL(x, 0, $), (62b)

where ¢ (0, ¢) is defined by (42),
Fl,,(x,0,0) = X0, $)Fy;

and

x,0,9) X=¥,d), (63)

BY,(x,0,¢) = Fl(x,0,9). (64)

e
L+ef(6,9)
Note that in (63) and (64) we have used (15) to write

FY(x,0,¢)=
= F, (nex[1 + e £(0, $))), (65)

withae =1,2and W =¥, d, Y.

It should be noticed that in Egs. (57)—(60) the pair of in-
dices I’, m' comes from (56) and the sum with respect to [, m,
originates from the expressions of the fields (14a) and (14b).
Moreover, for reasons that will soon be clear, it is instructive
to rewrite these four equations in the suggestive matrix form

S M, =0, (66)
I,m

w
wl (ka)lr=a[116£6.6)]
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where we have defined the 4 x 4 matrix M l’r:l" and the 4 x 1 vector ¥,,, as

(A ) —[A3],,
= | B @ BT
Im = wl'm wl'm
[Al ]Im (X) _[A2 ]lm
| —m[BY], @) m[B2],)
and
1ﬁllm alElm
. Yaim _ alzflm
Vim = Vam | | all |’ (68)
w4lm a%m

respectively. Note that the incognita x in this system is the
same for all the (infinite) terms of the sum with respect to /, m.
Therefore, it is not possible to solve each matrix equation of
the sum independently. This is why in the remainder we will
develop a perturbation scheme to solve (66) with respect to
x. From a physical point of view, the dependence of x on all
indices (/, m) denotes the coupling between all the modes of
the resonator, due to the departure from the spherical shape.

We remark that the homogeneous linear system (66) is ex-
act and is valid irrespective of the shape and the magnitude of
the deformation and of the size of the resonator. In principle,
it contains all the information about the resonances of the
deformed resonator. Were we able to solve it numerically, we
would not need to develop a perturbation theory. However,
this is not the case.

C. Unperturbed problem

As a first step towards a perturbation theory, we must verify
that the system (66) reduces to Egs. (24) and (25) for ¢ — 0,
that is, when the resonator is perfectly spherical. In this case,
from (41) it follows that nj = 0 and Eqgs. (62) become

Avim = Pin(0, ), (69a)
Balm = ‘I’lm(e» ¢)gal(x)s (69b)
where Egs. (15) have been used and we have defined
1 [(ngx)bai (nax)]
gut(nax) = Fyf (ko) = =22 (70)

(naX)bgi (nex)

with ¢ = 1, 2. Substituting (69) into (61), we readily find

[AS ] = 811 S (71a)
(Y], =o. (71b)
[B2], =0, (71c)
(BT, = 81 Gt (). (71d)

@'’ > 1'm’ ]

(x) [B; J,I,T (x) _ [B; J,’g (x)

© [ @AY, .
Wl m! Wl m

(x) [B| ];l,,], (x) _ [Bz ]’11,;[ (x)

@ [T, 0 ~[A2], 0

Inserting these values into (66), we obtain the algebraic
system

E
1 -1 0 0 Aim
—n n 0 0 as,,
(l)gu 28,’21 o % —0, (72)
0 S A
Dl

where g, = ga1(nex) with = 1, 2. The block-diagonal form
of this matrix equation reveals that for a spherical dielectric
resonator the TE and TM waves are uncoupled. Therefore, the
4 x 4 system (72) naturally splits into two independent 2 x 2
systems, which are

1 —1 af,m 0 -
—mgu(mx)  nagy(mx) || af N (73)
for TE waves and
gumx)  _ gu(npx) a%
m 2 "l=0 (74)
1 —1 a%m
for TM waves. The first system (73),
alElm - aglm = O’ (758.)
—nigu(mx)ay,, + naga(mx)as,, =0, (75b)

possesses the nontrivial solution alEZm = aflm if and only if
—n1g1(n1x) + npgo(npx) = 0. Using (70), it is easy to see
that the last condition is equivalent to (26). Similarly, the
second system (74),

glz(nlx)a%m _ 321(”2x)a%m =0, (76a)
ni nz
al]\/{m - a%m = 0’ (76b)

admits the solution aff = al! . provided that gy;(nix)/n; —
g2 (nax)/ny = 0. Again, from (70) it follows that this con-
dition is equivalent to (27). We have thus demonstrated that
our system of equations (66) correctly reproduces the well-
known set of equations for the electromagnetic resonances of
a dielectric sphere.

Remark. The matrix (67) looks formidable. However, it has
in fact a quite simple structure and admits a clear physical pic-
ture. To show this, let us introduce the shorthand M = M l’r,’l"
and omit the indices I’, m’ and [, m everywhere. Then it is not
difficult to see that we can rewrite (67) as a block matrix

M- [MO TV) ] a7

V. T(My)
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where the matrix-valued function 7 is defined by

r(lan az]) _ —ay /n}  —axn/n} (78)
a1 an|) | an an

and
A} -AD
My = [_nl BY nzBﬂ ~ 14 0(e), (79a)
V= [ A1 _AEP} ~ O(g). (79b)
—}’llB‘iI> nng’

Hence, M has only eight different elements of four different
types {AY, A®, BY, B®}, four types per each of the two media
(¢=1,2).

From (72) it follows that at & = 0 (spherical resonator),

! -1 ] (80)

Mol._n =
ole=0 |:_nlgll(nlx) 2821 ()

This means that at ¢ = 0, M, describes the TE resonances
of a perfect sphere. The rest matrix My — My|.—o gives their
corrections due to self-coupling between TE modes. The same
reasoning remains valid if we replace My with T (M), and TE
waves with TM waves. The off-diagonal matrices V and 7 (V')
evidently yield the coupling between TE and TM waves due
to the departure from the spherical shape, for they vanishes at
e =0

Vie=o =0="T(V)le=o- 81)

IV. QUANTUMLIKE PERTURBATION THEORY

The main goal of this work is to study how the elec-
tromagnetic vibrations of a dielectric resonator are affected
by a slight departure from the exact spherical form. Such
a departure is quantified by the small parameter 0 < ¢ < 1
defined by (38). Equations (28) define the resonances of the
unperturbed physical system, which is a dielectric sphere of
radius 7 = a. Let us denote by x(® any solution of either
fE@) =0 or f™(x) = 0, the type of wave being irrelevant
for the following discussion. We assume the existence of a
neighborhood of ¢ = 0 where the algebraic system of equa-
tions (66) possesses a nontrivial solution for x = x(g) such
that

x(e) =x@ +ex® + 2@ ... (82)

Following the classical Rayleigh scheme of perturbation the-
ory [18], we would like to determine x" from a set of
first-order equations in ¢, x? from a set of second-order
equations in ¢, and so on.

To achieve this goal in a systematic and direct manner, we
find it convenient at this stage to adopt a quantumlike notation
to represent the linear system of (nonlinear) equations (66).
This is possible because we can always associate a linear op-
erator with a matrix and vice versa. However, we remark that
in this work the quantum formalism is just a useful notational
tool that permits us to solve an entirely classical problem.

A. Linear algebra in quantumlike notation

To begin with, let us introduce the fictitious vector states
[[,m) withl =0,1,...,00and m=—-I,—-l+1,...,[. By

hypothesis, they are orthonormal,
<l, I’I’lll/, m/> = 8118 » (83)

and form a complete basis in an infinite-dimensional Hilbert
space, denoted by &, that is,

00 !
DD L m{lm| = L, (84)

1=0 m=—I

where I, is the identity operator in &, and here and hereafter
the circumflex will mark operators in infinite-dimensional
Hilbert spaces. We remark that the vector states |I, m) are
artificial in the sense they do not represent either the scalar
spherical harmonics Y;,,(6, ¢) or the vector spherical harmon-
ics (10). They are a mathematical tool that we use to solve our
problem in an efficient way.

Next we define the four basis vectors |i) withi =1, 2, 3, 4.
We assume that they are orthonormal,

(ilj) = 8ijs (85)
and span a four-dimensional Hilbert space, denoted by &3,
where they form a complete basis

4

> il = L. (86)

i=1

with I the 4 x 4 identity matrix in &;. Then the tensor product
Hilbert space

E=6x®E 87
is by construction spanned by the vectors
|, m, i) = |l,m) ® |i). (88)
By definition, the completeness relation for & reads
Slmiylm il =l ®L =1, (89)
Lm,i

where here and  hereafter stands  for

00 1 4
D10 Dot 2ict-

Equipped with this paraphernalia, we can rewrite (66) as
follows. First, we introduce the vector state |/) € & such that

Zl,m,i

W)=Y ILm, i mily) = D Yumll,m, i), (90)

I,m,i I,m,i
the components of which are
(I, m,ilY¥) = Yitm, 91
where, using (68),
Yiim iy,
Yaim a5y,
v el ©2)
w4lrn a%m

Second, we define the operator M = M(x) via the matrix
elements

(' m il ML m, ) = @ m ML m)) ) = GIML )
= [Ml;nm/]ij’ ©3)
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where, according to (67),

[}, = [A?],) ).

()], = —[A2], ).

—[A2]" ). (94)

Im

[Mllngn ]44 =
Finally, using this notation, we can rewrite (66) as
My) =0. (95)

This can be easily proven by multiplying this equation by
(I’,m', i] from the left and using the closure relation (89),

0= (I',m' il M)
= D Wom il m, ) m. )

l,m,j

L,m,j

where (91) and (93) have been used.

We make an important remark: Unlike the case of quantum
mechanics, here we have no guarantee that the operator M is
Hermitian. As a matter of fact, in general, it is not. This is why,
in the remainder, we will make extensive use of biorthogonal
bases generated by the right and left eigenvectors of non-
Hermitian operators. The ultimate reason for the presence
of non-Hermitian operators in our theory is that dielectric
resonators are intrinsically leaky systems.

B. Formal expansion

Before diving into the development of a rigorous pertur-
bation theory, in this section we provide a general outline of
the theory, irrespective of the precise form of the resonances
spectrum. The goal is to solve (95), here rewritten as

M)y () =0, ©7)

where M (¢) is defined by (93) and
x(e) =x© +exV 4 2 4. (98)
has been defined in (82), with x© = x(0). Moreover, we as-

sume that also the operator M(e) and the vector | (¢)) can
be expanded as powers of ¢ as

M) = MO 4 e 4 2@ o (99)
with
. 1 d"M
M(H)Z_& n=0,1,...) (100)
n! de" |,._,
and

W) =) +ely®) + 2 ly®) + -, (101)

where, by definition,

[ @) = [y (0)).
Substituting (99) and (101) into (97), we obtain
M@y ()
= MOy
+ M) + MV @)

+ 82(./\A/l(0)|lﬁ(2)) + M(l)|lﬂ(l)) + M(2)|w(0)))
+...=0. (103)

(102)

All the terms proportional to the same power of € must sum to
zero. Thus, we obtain the chain of equations

MO Oy =0,  (104a)
MOy D) + MOy ®) =0, (104b)
M(0)|¢(2)> +M(1)|w(1)> +M(2)|w(0)> =0, (104c)

etc. To solve iteratively these equations, we must first choose
the initial state [?’) (actually, the initial set of states) asso-
ciated with the unperturbed eigenvalue x*. We will take for
x© one of the 2/ + 1 time degenerate solutions of (31), that is,
x@ = x7 . We will see that such a solution is associated with
a degenerate subspace of dimension 2/ + 1. However, before
starting to solve (104), it is useful to illustrate some general
properties of the operator M.

C. General properties of the operator M

The set of operators

(MDY = (MO, D, Dy (105)

possesses some general properties which are key to the devel-
opment of the perturbation theory. These properties are proven
in Appendix A. In this section we will present the plain results,
which are summarized by

MO = PO, (106a)
M® =P 4 x0D, (106b)
where we have defined
PO = M®| 0o, (107a)
A dM™
b=—0r (107b)

with n > 1. We remark again that all the operators in (106)
are not necessarily Hermitian. Note that the operator D is in-
dependent of the order index n. Both D and D are diagonal
with respect to the basis |/, m), that is,

{4, m, (DO ', j) = 8108 (IIDV] ),
(L,m, (1D, ) = 818y (1D ),

(108a)
(108b)

where the operators DI(O) and D; are represented by a 4 x 4
matrix independent of m. From (93) and (72) it follows that
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D;O) is equal to

1 -1 0 0

| —megu mgu O 0
DY =1 o s (109)

n ny

0 0 1 -1

with go; = ga1(Mex?) (¢ = 1, 2), given by (70). Moreover,
Eq. (A19) gives

0 0 0 0
.| —ndlgul ndlgul 0 0
D; = , 110
! 0 0 el —lgul (110)
0 0 0 0

where the prime denotes the derivative with respect to the
argument: [go/] = dgai(u)/dul,—,, . Note that it is possible
to rewrite D; as

dD;O) (gx©®)

Dl (nax(())) = dx(())

(111)

In practice, p may (and, in general, it will) depend on
xO xM  x0=D Hut not on x™,

V. ZEROTH-ORDER EQUATION

In this section we will start a systematical analysis of (104),
solving the chained equations order by order. Using twice the
resolution of the identity (89) and Egs. (108) and (109), we
can rewrite (104a) as

0= M(0)|¢(0)>

= (Z D1y, m, j|l//(0)>>|l,m, i. (112

Im,i \j=1

— 'ZA)(O)|¢(0)>

According to (91), in the remainder we will also occasionally
use the more compact notation

Vi = (L m, ily™), (113)
where
(n) E(n)
1im allm
() aE(n)
21 _ 21
(n’)” = M:’y‘l) . (114)
3lm 1im
(n) aM(n)
4lm 2lm

Since the vectors {|/, m, i)} form a complete basis in &, then
(112) is satisfied when all the coefficients of the expansion
(112) are identically zero, that is, when

4

> @D m, jly @) =0 (115)
j=1
In matrix form this equation reads
1 -1 0 0 o
—n n 0 0 ©
1817 2821 o o 2(([)1;1 — O, (1 16)
0 0 mo T m w3ém
— (0)
0 0 1 1 i

where 2o = a1 (1ex®) (@ = 1, 2) and (109) has been used.

We have already solved this system of equations in
Sec. III C and we have found two different results for TE and
TM waves. Therefore, also now we will consider these two
cases separately.

A. TE waves

Let us choose a pair of values (I, xg))) such that

£ = nigi, (nlxg))) = na28ai, (nzxg))). (117)
In this case (116) becomes
0)(_(0) 0
DO () -y = (118)
where
1 -1 0 0
E E
-z Z 0 0
D (x) = 119
o (") 0 0 ;_1;' _r'Ti (119)
1 2
0 1 -1
and
0) 7
l'bll(]l‘l‘l
0)
0) _ w lom
10;0131 = 11[2(00) (120)
31(]"’!
(0)
1'&41077‘1—
Equation (118) turns into an identity for
.
1
0) (0)
'ﬁlom l(]ﬂ’t 0 ’ (121)
0_

where xplﬁ are, at this stage, arbitrary numbers. By definition,
this solution (121) is valid only for / = . However, Eq. (115)
must be zero for all values of /. Therefore, the solutions of
(115) must be

0, 1 #1
I,m, jly© { 122
{, JIv) = I//(O)(SJI —}—8]2) =1, ( )
Then we can write @) as
W) =" 1m, iyl m, iy @)
1,m,i
= Z Zlﬁ(o)llo,m i)
m=—1y i=1
= o) o). (123)
where we have defined
) Z Vo, m), (124a)
m=—1I
1
.1
o) =1+ = | (124b)
0

023516-10



PERTURBATION THEORY OF NEARLY SPHERICAL ...

PHYSICAL REVIEW A 104, 023516 (2021)

At this stage, the 2ly + 1 coefficients w]g(z in (124a) are
still undetermined. However, irrespective of their values, we
always have

'Z’j(O)h{,(O) Z Zw(o)llo’m i) l|D(0)( (0))|Ot )y =0,
m=—ly i=1
(125)
because from (119) and (121) it follows that
DY (x)|e§) = 0. (126)

This equation can be interpreted as an eigenvector equation
with eigenvalue equal to 0. A direct calculation actually shows
that |af) € & belongs to the biorthogonal pair {Jaf), |eF)},
where

1
o) = E12)) = zE1+1 _gE .27
0
and
DY (x)|af) = nlef) @ =0,1), (128)

where 1o =0 and A; = zF + 1. Note that, throughout this
paper, we use dotless letters ¢ and ; as indices running from
0 to 3, while ordinary letters i and j are mdlces running from

1 to 4. The left eigenvectors (@&, Z| and % E| of D(O)(xE)) are
defined by
(@ DY (") = @] @ =0.1), (129)
where
(ag| = s E(z 11+ 2D, (130a)
(@f| = a1-ql (130b)
If, additionally, we define
led) =13), i) =14) (131)
and
(@] =3l (@f| =l (132)

we can build a complete and biorthogonal set of bases for &%,
denoted by {|aF), (@F|} [32]. It is a simple exercise to verify
that these basis vectors satisfy the standard normalization
condition for biorthogonal vectors,

(@ la)y=6, G,7=01,23), (133)
and that they form a complete basis for &3,
3
D lef )@l =1, (134)
1=0

where I; is the 4 x 4 identity matrix. Such a biorthogonal
basis will be very useful for the next steps in perturbation
theory.

B. TM waves

In this case we choose a pair of values (I, xl(‘(;)) such that

M (0)

1 1
M= —guy(mx)) = — g, (n2xly)). (135)
n ny

We proceed as for the TE case and we write again (116) as

D (x47') - ipn = 0. (136)
with
1 -1 0 0
2.M 2.M
© /.0 _ | =Nz n;z 0 0
D, (xM ) = (') 20 Mo (137)
0 0 1 -1
Next (136) turns into an identity for
0
0
0 (0)
wgorl lgm (138)
1

where wlfgr)l are again arbitrary numbers. Therefore, Eq. (115)
becomes an identity for

11

1, © 139
Then we can write |©) as
AR Z Z Villo,m, j) = o) o), (140)
m=—ly j=3
where |¢®) is defined by (124a) and
0
M .10
o) = 13) + 14) = e (141)
1
By definition, from (137) and (141) it follows that
D; (i)t = 0. (142)

Now the complete and biorthogonal set of bases for &, is
{laM), @M} and it is defined by

) = 13) + 14), (143a)
o) = S @13) + 14)). (143b)
) = 11), (143¢)
') = 12) (143d)
and
(@' = S (-1 + 24D, (1442)
(@] = (3] — (4, (144b)
(@] =, (144c)
(@' = @l (144d)
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where
D (i) |a¥) = A JeM) @ =0,1) (145)
and
(@D} (7) = mf@| @=0.1),  (146)
with Ag = 0 and A = z™ — 1. By definition,
(@"e)) =6, ,;=0,1,23) (147)
and
3
D le)@| = i (148)

1=0

VI. FIRST-ORDER EQUATIONS
A. Some preparatory remarks

In this section we will focus on the degenerate subspace of
dimension N;, = 2lp + 1, denoted by %, C &, generated by a
solution xg)) of the TE equation

n1g1i, (Iﬁx;;o)) — N282i, (nsz ) 0 (149)

and the vectors (121), or by a solution

1 1
n_lg”" (mxi}”) - —8210 (ngxM ) 0

xM of the TM equation
(150)

and the vectors (138). To build up 2, consider first the sub-
space &, which is naturally spanned by the 2/, 4+ 1 orthogonal
vectors

2 = span{lly, —lo), llo, =lo + 1), ..., llo, lp)}.  (151)

As we will see later, it is actually more convenient to choose
a different set of Vj, orthonormal vectors

{le)} = {le1”). o), --

Jen ) (152)

defined by

0 0
o= 3 ol ),

m—fl(]

(153)

where the coefficients wb% are, at this stage, still undeter-
mined. We may think of this basis as a part of the biorthogonal
set {|9), (@]} in &, where

| = Z 0l ml, (154)
m=—ly
with, in general, 3 # (p(O) and
2. ly”) Z P00 =5, (1552)
m=—Iy
(L.m|e®) =0=(@Q),m) (#1l). (155b)

Next we introduce the biorthogonal set {W(O)) (&SM} in
&, defined by
| (0)) |(p(0)>|ot

<w(0) _( (0)|<al

(156a)
(156b)

withpu=1,...,N,and 1 =0, 1, 2, 3. Here o denotes either

af or oM. By definition, the subset of vectors {W;(L%)” spans

the sought degenerate subspace %, of dimension N,:

@osspan{’w(o)) ,...,Nlo}. (157)

Therefore, we have
(58 |0)) = Suv- (158a)
DOy Q) =0= (3D (158b)

Moreover, from (153), (154), and (155a) and using (108) it
is possible to show that

F1P1) =

fori,j=1,2,3.
By construction, the 3 x N, vectors |¢\)), with (1 =
1,2, 3), span the subspace Z;, defined by

Zr=span {|[y\V) w=1,....N,, 1 =1,2,3}.  (160)

This directly implies that 2y & ; = ¥ ® &;. Finally, the
total space & defined by (87) is now written as the direct sum

MV(al|Dlo|aj> (159)

E=DD I ®F, (161)
where the complement subspace % is defined by
€ =span{|l,m,i); [ =0,...,00, m=—I,...,1,
ANl #y, i=1,2,3,4}. (162)

B. Solving the equations

We consider now the change of the degenerate vectors
|1/f(0)) (u=1,...,N,) when the sphere is deformed. Pro-
ceedmg as in Sec. IV B, we write

[Vi0) = Wi(ed) = [vyi) + el i) + €|y} + OCe™,
(163a)

X0 = x(e) =x0 +ex) + P + 0(%).  (163b)

This set of equations (163) must hold for all pu=
1,..., N, Note that for each value of y the corrections x{”(¢)
might be different, because the departure from the spherical
shape typically removes the degeneracy.

As it is customary in quantum perturbation theory, we
normalize the vector |/, (¢)) as

(o)) =

As in quantum mechanics, this normalization is particularly
convenient for the later developments of the theory and does
not affect any physical quantity. Equation (164) implies that
|[\) for n > 1 has no component along (' 40 )|, that is,

( (0)|1//(n))

Note, however, that W&”)) may have components along |l/f‘§g)>,
with v #£ .

From (95) it follows that the perturbed vector |v,(¢))
must satisfy

(164)

0 forn>1.

(165)

M) (e)) =0 (166)
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Substituting (163) into this equation and proceeding as in
Sec. IV B, we obtain at first order in ¢,
w(o)>

DOy D)+ [P 4 xDD] (167)

where (106) has been used. To solve this equation we must
project it on the three orthogonal subspaces %, Z;, and €.

1. Projecting along %,

Multiplying (167) from the left by (¢(0)| and recalling

(108), we obtain
(T V0w E) + x D8, (@0l Dy lero) = 0. (168)

where (158b) has been used to cancel the leftmost term in
(167). This equation implies that

FED)
(@o| Dy, loro)

which can be suggestively rewritten as

i (169)

ao| VD
(@ <°>|—0| o)1) = —Ds,. (170)
(@o|Dyylato)
The denominator (Go|D;,|cp) is just a number, as shown in
Appendix A. Conversely, the numerator (&o| V" |ayg) is an op-
erator in &,. However, as it is sandwiched between (q)(o)l and

|g0(0)) which are in &, we can equivalently rewrite (170) as
(@0|Po V" Pgao)
(0| Dy, o)

(@] [0 = =5 ATD)

where

Py = Z \lo. m

m——/()

){lo, m| 172)

is the projector onto the subspace Z. By definition,
p@|(p(o>> |(p<o>>’ (7 (°)|Pj _ <</’,(LO) _ 173)
Written in this form, Eq. (171) tells us that the biorthogonal
set {|¢(), (']} must be chosen to make the N, x Nj,
matrix (a0|P@V“)P@|a0) diagonal in the subspace 2. From
now on, we assume that the set of vectors {|¢), (¢} has
been chosen in this way (see Appendix B for more details).

Finally, setting v = u, we get the value of the first-order
correction to the resonance:
I — _( 1o u0>

" (@o|Dy, o)

(174)

The next steps will determine the components of |1ﬁlgl)) in 7,
and €. We recall that forn > 1,

W) = [y ) g, + [¥ D), + |, (175)
where
Ny
VN g = D [N v ), (176a)
v=0
Ny
)y, = ZZ [ ONFO|p @), (176b)
v=1 1=1
W)y = ™), (760)

I,m,i

where, here and hereafter, Z;W stands  for

Y0 Yot it
1#l

2. Projecting along 7

Multiplying (167) from the left by (1%?)|, with: =1, 2, 3,
and recalling (108), we obtain

0= GBIV + G

+ x(l)(w(0)|D|wl(L%))’ (177)
where

(P [DOlyl) = ) @

J=1

< (0)|D|1ﬁ(0)> = 8vu (6‘1 |D[0|Ol()).

%)

D(O)‘Olj w(O)Wj(l)) (178a)

(178b)
Substituting (178) into (177), we obtain

3
E: D(0)|Olj I/f(0>|1/f(l)> < (0)|V(l)’1//(0))
”w

J=1

+x 08, (& Dy lag) (0 =1,2,3), (179)

where x(!) is given by (174). For given values of 1 and v, this
is a set of three linear equations in the variables (W(O)lw}tl)),
(w(O)W(')) and (1/1(0)|1//;”). We write it concisely as

-

DX -Y =0, (180)

where we have defined
X, = (L)
= (V) -

(1, =1,2,3), and the 3 x 3 matrix D with elements

(181a)
x[(Ll)(SU/L (@, |Dyy|oo) (181b)

D, = (@D} la,). (182)
A straightforward calculation gives
F+1 0 0
E E
D=Dg=| 0 5 -3 (183)
0 1 -1
for TE waves and
M—1 0 0
D=Dy = 0 1 -1 (184)
0 —n%zM n%zM

for TM waves, where z& and z are given by (117) and (135),
respectively. These matrices are invertible, because

detDp = (2 + DfY (x}) #0,
detDy = (2" — DfE(xly)) #0,

where flE (x) and f, (x) are given by (26) and (27), respec-
tively, and we have denoted by x(o) and x(o) the solutions of

flo( (0)) O’ flo (x/(‘f’))) O’

(185a)
(185b)

(186)
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respectively. Using these equations, we can eventually write
the solution of (180),

X =DY, (187)
as
< (0)‘1#(1)) :-IYI’ (188a)
<(0)|1ﬁ(1)> ;(_YZ_;_i)@), (188b)
o) n
GOy ®) = ; n+iy, (188¢)
) i
for TE waves and
1
<(o>|1/,<1>) ZM—IYI’ (189a)
1
<<0>|¢<1>) W(ngMyﬁ.r@), (189b)
lo
1
W) = g (24 1) (18%)

Fiy O

for TM waves.

3. Projecting along ¢

Multiplying (167) from the left by (I, m, i|, with [ # [y and
i=1,2,3,4, we obtain

0= (Lm, i|DO)yD) + (1. m, i| PV ]y D)

1) |
+x, (l,m,l

ﬂo). (190)

From (108) and [ # [, it follows that the last term on the right-
hand side is identically zero. Substituting (176¢) into (190) we
find, after a little calculation,

4
0= (D[Nt m. jlw )+ {1, m, i VPOly),  (191)

j=1

which can be recast into

0=D"X -7, (192)

where now we have defined X and ¥ as
X;=(l.m, jly), (193a)
Y; = —(Lm. | VPV ) (193b)

(i,j=1,2,3,4). The 4 x 4 matrix D( ) is defined by (116),
with gy = gal(x(o)) where x© =x7 (0 = E, M) is a so-

lution of fg’(x(o)) = 0. By construction, DI(O) is invertible
because, for [ # [y,

det D = fF (x7,) M (x5,) # 0. (194)
Finally, a straightforward calculation gives, for [ # Iy,
1 0
(t,m, 1]yD) = fE( (0))[n2g21(x( VY + Y], (195a)
(Lom, 2y D) = ——— (g™ +Yal,  (195b)

fE( )

)
(t,m, 3y D) = fM(l(O))( Y3+g21’(1x )Y4>, (1950)
2
! gu(x®)
(L.m, 4[y0) = 7 (0))( - n), (195d)

where x©@ = X7, witho = E, M.

C. Summary of the first-order perturbation theory

In this section we have determined the first-order cor-
rections x| [Eq. (174)] to the resonances, and the compo-
nents (¥ ”y(") [Eqs. (188) and (189)] and (I, m, i|y(")
[Egs. (195)] of the first-order vector |y\") [Eq. (175)].
However, similarly to what happens in standard quantum
perturbation theory, it is not possible to determine the compo-
nents (Wﬁ?l%”) of (") along the degenerate subspace Z.
For this, we need to solve the second-order equation (104c).
This will be done in the next section.

VII. SECOND-ORDER EQUATIONS

A. Nondegenerate case

In this section we are going to solve (104c) when the
degeneracy is lifted to first order, that is, when

(1) #* x(l) whenever © # v (196)

and p,v=1,...,N
(104c¢) as

i»- To begin with, we use (106) to rewrite

DOy )+ (0 -+ ) )
+ (V2 4+ x2D) |y @) =0

Next we proceed as in first-order theory, pro J)ectrng this equa-
tion on the subspaces % to find x and W l¥."). We recall
that at second order we are 1nterested only in the resonance
corrections, so we do not need to determine the full vector

).

(197)

1. Projecting along %,

Multiplying (197) from the left by (1//(O)| and recalling
(108), we obtain

0 = (FQ DOy @) + (FQ POy D)
+ 2 OFQ DIy} + (GO POy @)
+xD(F OBy ),

Now, for clarity, we calculate the five addends on the right-
hand side of (198) separately. The first addend [from (158b)]

DOy ) = 0. (199
The second addend
(50 V) = —x(P{ato| Dy o) 90| ¥)

Ny,

+ZZ (0)|V(1)|1//(0)>( (0)|w(1)>

=1 1=1

+ YD m i,

I,m,i

(198)

’ ] ’l/f}il)>’

(200)
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where (175), (176), and (169) have been used. The third ad-
dend

(W <0)|D|¢<1>) = (@l Dy, o) (1//‘°>|¢(1)>

w

Z (@o| Dy lat,) ¢(0)|¢(1)> (201)
where (159) has been used. The fourth addend
(O |¢<0>) 50, V2o, o). 202)
The fifth addend
(T3 |P[r0) = 8uyu (@01 Dy o). (203)

where (159) has been used.

Now that we have all the terms, we can use (198) evaluated
for v = u to obtain x(z) Next we set v # p to get (w(o)lwf‘l)).
In the first case we ﬁnd

—1
= | 195
0

Ll m jlyR)

l,m,j
Ny 3

2 L P N v

=1 1=1

3
) <aoyuzoya,><w<°>yw,9>>}. o)
=1
In the second case we obtain
1 1
©),/.(1)
< |‘/” > <&0|D10|Oto)x§1)—xf}){( ,40>
+ {7 Lt mill)
I,m,i
Ny

+ZZ ¢(0)|V(1)|w(0)>( (0)|w(1)>

=1 1=1
3
(1)
+x,
1=1

(0| D e o <°>rvf<“>}’ (205)

with v £ p.
It is instructive to rewrite (204) in a compact form using

the first-order equation (167) in the bra form
(FLDO + (T DV +xPD)=0.  (206)

Multiplying this equation from the right by [("), we obtain

SZALR!

Substituting this result in (198) we find, after a simple manip-
ulation,

oo _ DO~ R0 i)
: e

(GO + 20Dy h) = o)

(208)

This expression is only formal in the sense that it contains
unknown coefficients. However, it makes clear what the com-
plicated equation (204) actually means.

This completes the calculation for the second-order cor-
rections, when the degeneracy is lifted to first order. If this
is not the case, we need a different procedure, which will be
developed in the next section.

B. Degenerate case
1. Some preparatory remarks
Now we consider the case when the degeneracy is only
partially removed to first order. Without loss of generality, we

assume that the first N first-order corrections xl(}) are equal to
each other

(209)

where 1 < N < N, and (169) is still valid. Consequently, the
initial degenerate subspace %, breaks in two parts, denoted by
Don and Doy, with N + M = N, and defined by

(1) 1 __
X

=x, = x,(\,l) =x,

Yon = span {[y Q). u=1,... N}, (210a)
Yom = span {|yr(p)). w=N+1,....N,}. (210b)

As before, because of the remaining N-fold degeneracy, it is
convenient to define a new orthonormal basis in Yy, denoted
by |¥\))) and defined by

(0) (0) 0) 0 (0) (0)
[V} = o leo) = Z%Isﬂ” Z%Wf
211)
where A =1, . The coefficients (p O are to be deter-

mined. As it should be customary now, we thmk of this basis
as a part of the biorthogonal set {WO)) (1//(0) |} in &, where

0 ~ (0
( ()|_Z (>< /1.0 (212)
n=1
with
o [ Vi) Z@Xing‘ﬁ = Sap. (213)
We build up the perturbatlon theory as usual,
Wa@) = [v) +ewD) + 2|y ) + 0, (214a)
xa(e) = xO 4 exM 4+ 2P 4 0(e?). (214b)

Note that in (214b) the first-order correction x(" has no
label, according to (209). Using the fundamental equation
O,

M@)la(e)) =0, (215)

we can obtain the familiar chain of equations
DOy ) =0, (216a)
D) = A1y ), 1)
DOy ) =~ SO, s
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etc., where (106a) has been used. Next we need to adapt to the
present case the normalization condition (165). As shown in
Appendix C, the new condition is

(P v) =0 forl<ALN (217)
and n > 1. Therefore, similarly to (175) and (176), we can
write now

)= 193 o+ 13 957, 1957
(218)
where
| (”)>|@0N =Z|w(0) (0) ("))7 (2193)
Nl[)
W0 = 3 WENESI) 190
v=N+1
v, = ZZW’(O) FOl™),  @19¢)

v=1 1=1

v i|ly”). (219d)

L,m,i

The zeroth-order equation (216a) is trivially satisfied. The
first-order equation (216b) also becomes an identity when pro-
jected on Py and Y. However, it furnishes the coefficients
(FO1yPy and (I, m, i|y") when projected upon Z; and €,
respectively. So let us study it.

2. First-order equations

a. Projecting along Z,.. Multiplying (216b) from the left
by (|, withv = 1,..., N, and 1 = 1, 2, 3, we obtain

0 = (FODO|y)
( (0)|V(1)|w(0)>_+_x(|)<v,(0)|'l'j|wlg(()))>’ (220)
where (106b) has been used. The first term of this sum is

D) = 1D
3

Zale(o)Wj w(0)| (1)>’

J=1

P

21)

because diagonal operators D cannot connect Z; with €,
and (159) has been used. The second term does not require
calculations, being simply

< (O)W(l)’ (0) Z(p/g(iz (O)IV(I)’¢(0)> (222)

where the coefficients <p ) are still to be determined and 211)
has been used. Finally, the third and last term is

(i [Plvi) = (0 [Dlwo)

1

= Z @80 (@ | Dy loto). (223)
n=1

where (159) has been again used.

Substituting (221)—(223) into (220), we obtain

3
Z al D(O)|Ol] (0)|¢(1))

J=1

+ Zwﬁﬁ

+ x(l)suu <dl |Dln |a0>]

BYPOL)

(224)

for v=1,...,N, and 1 =1,2,3. For each value of v,
Eq. (224) can be written as a matrix equation of the
form

0=DX — (225)

where the 3 x 3 matrix D is defined by (182), thatis, D,, =
(@ |D”|et,), and now

X, = (FO[yh),

Y, = Zwﬁz

(226a)

(°>|V“>|w(°)) X8, (@ 1Dy lato) .

(226b)

Specifically, D is given by (183) for TE waves and by (184)
for TM waves. Therefore, we know that it is invertible and we
can formally write

P

u0)

Uj

+x<‘>8m<a,|D,0|ao>]}gof,‘,{i, (227)

where D! is the matrix inverse of D. Using the standard
notation D_'({z, JD (@, 7 =1,2,3) to denote the principal
submatrix of D' that lies between row : and row ; and
between column : and column ; [33], we can write D !=
D'({1, 1) ® D' ({2, 3}), where

D' (1 1) = = (228a)
D-1({2.3)) = ;[_1 %} (228b)
T [ &
for TE waves and
Dy ({1.1}) = T (229a)
D, ({2,3}) = ! 1 229b

for TM waves, where z£ and zM are given by (117) and (135),
respectively.

Thus, the expression between curly brackets in (227) is
completely determined. In the remainder we will indicate it

023516-16
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compactly with

A

3
vilp — Z Dlzl[(
j=1

U1 VO 10) + 5 V8u (@ 1Ds feo)

3
== 2D, {7 IM o) (230)
=1
to rewrite (227) as
Wi lvs”) = Z AP (231)

n=1

b. Projecting along €. Multiplying (216b) from the left by
(I, m,i],with [ # [y and i = 1, 2, 3, 4, we obtain

0={. i)
(z m, i[POly )+ x DL, m, i[Dly).  (232)

The last term proportional to x' is equal to 0 due to the now
familiar properties of the diagonal operators D. Using (108),
we can directly calculate the first term to get

(1, m, {| DOy} )=i< IDO |\ m, D). (233)
Finally, the second term i;:slimply given by
Lo PO = S m PO @34
Substituting (233) and (2;42)1into (232), we obtain
0= Z |D(0)|] I, m, ]| (l)>
FIN
+ ) {1 mi[PRyDe. (235)

n=1
This equation is analogous to (191) with the same 4 x
4 invertible matrix DE with elements [D(O)] = (i|Dl(0)| J).
Therefore, we do not need to make add1t10nal calculations and
we can write directly

N
1 1 0
( ’ zg )> = Zly/lim)lp.(ng;’ (236)
n=1
where we have defined
4
(1 () 1 0)
e == 2 O] Em i Q) @37
j=1
In this expression
-1 -1 -1
D] =D (L2h e [DV] (3.4},  (238)
where
[D(O)]fl({l o) = 1 nagu(npx®) 1 (2392)
: , JECO) | nigy(mx@) 1|

71 1 —1 M
[D)”] ({3,4})=W L oy [+ (2399)
ny

where x@ = X7, witho = E, M.

3. Second-order equations

Projecting along @ozv Let us set v < N. Multiplying
(216¢) from the left by W | and using (106b) we obtain

(1&58)’@(0)‘1#/32))
I 19S") x5 Bl
~ P viR) P D).

The left-hand side of this equation vanishes because of (158b).
The four addends on the right-hand side of (240) are calcu-
lated as follows. The first addend

< (O)|V(l)|1ﬁ(l)) (1)(ao|D1 log) (W(O)| (1)>

(240)

Ny 3
—|—x(1) <Ip(0)|f/(1)|w(0))< (0)| (1)>
;; v0 i

+ 3 PO m, i,

1,m,i

)

(241)

where (168) has been used. Note that in the first line of (241),
the coefficients (w(o)lw(l)) are unknown. However, we will
see soon that such a term is canceled by an analogous one in
the second addend. The second addend

(1)<I//(0)|fDW/(1)) _ X(l)(ao|D10|Olo (w(o)‘ (1)>

+x(1)2 &0l Dy ) (T w"). (242)

1=1

As anticipated, the term x("(&o| Dy, o) ()| ") in this ex-
pression cancels with the same term in (241). The third addend

N
W' V@) = 2_ (00 PP volel  243)
n=1
The fourth addend
P00 [Dlvse) = 57 (@olDylao)gyy) . (244)

Summing all these addends, after straightforward manipula-
tion we eventually obtain

N
> (2 4 x2)el =0

v=1

(245)

where we have defined the N x N matrix M‘® by the elements

NIO

MY = -~ O (D],
- 0lo|Dlo|0‘0 {ZZ l// |V WU}

=1 1=1

+ )C( )Sru(&o |l)10 |Ol, >] %r(tll)v
/o~
+2_ 1
1,m,i

TR,

Equation (245) is an eigenvalue equation that gives us both the
second-order resonance corrections xf), as the eigenvalues of

, )7/(1)

Imilv

(246)
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M@, and the basis vectors |¢f§%)), as the associated eigenvec-
tors. This completes our calculations.

VIII. OBLATE SPHEROID

In this section we apply our theory to nearly spherical
dielectric resonators, which are rotationally invariant around
the z axis, with h(6, ¢) = h(6). This permits us to illustrate
the use of degenerate perturbation theory in the case in which
the degeneration is only partially removed to first order. The
unperturbed system is, as always in this work, a dielectric
sphere of radius a and refractive index n;, surrounded by vac-
uum or air with n, = 1. For practical reasons (the numerical
results are more accurate), we will choose n; = 2.

As a specific example, we consider as nearly spherical
resonator, an oblate spheroid with semiaxes (a(l + §), a(1 +
8), a), where 0 < § < 1 quantifies the magnitude of the defor-
mation. The equation of the spheroid in spherical coordinates
is

a . 2 2
r=—80+—— =q[l +§sin’0 + 0(8?)],

2
2 sin” 6
cos? 6 + 7

(247)

where the Taylor expansion truncated at first order is a good
approximation for 0 < § < 1. Thus, in the remainder we will
set

h(®, ¢) = h(9) = §sin*0 (248)
as the deformation function and
r=a(l + 8sin’0) (249)

for the equation defining the approximate oblate spheroid, for
both the perturbative and the numerical calculations. To per-
form the latter, we used the COMSOL Multiphysics® software
(Wave Optics Module) [34].

For illustration purposes, we choose as unperturbed res-
onances (29) and (30) x\) = xF ~ 6.826 —i2.535 x 103

long —

and xl(‘;)) = xf‘glno ~ 7.248 — i4.325 x 1073, with Iy = 10 and
no =1, for TE and TM waves, respectively. We take the
magnitude of the deformation to be equal to § = 0.01 and
8 = 0.05 for the TE and TM waves, respectively. The choice
of ng =1 (first radial mode) is suggested by the fact that
higher-order radial numbers (n > 1) mark lossy waves not
localized near the surface of the resonator, which are of low
practical interest [1].

Figures 3(a) and 4(a) show the values of ka = kj,,,a for
TE and TM waves, respectively. The orange open circles are
obtained by direct numerical simulations and the blue closed
circles by solving the eigenvalue equation (245). Deforming
the sphere into a spheroid partially lifts the degeneracy, thus
yielding Iy + 1 = 11 distinct resonances, each characterized
by a different value of |m| =0,1,...,l. The remaining
twofold degeneracy is due the rotational invariance of the
spheroid with respect to the z axis, which implies that the
physics is the same for clockwise (m > 0) and counterclock-
wise (m < 0) waves. Note that waves with |m| < [y have a
polar angle 6 extension, growing with /y — |m|. This implies
that they are more sensitive to surface deformations.

Figures 3(b) and 4(b) display the relative error éx/x be-
tween numerical (xpum) and perturbative (Xper) calculations,

TE, lo =10,

2.540} o numerical o
"2 2.535] « pertubation theory
-~ L)
= 2530 5
= 2525
— 2.520 ®

2.515

10
6.765 6.770 6.775 6.780 6.785 6.790

Re(ka)

2,510

106 6x/x

0.1

0.05+

10 8 6 4 2 0
azimuthal number |m)|

FIG. 3. (a) Comparison between numerical calculations (orange
open circles) and perturbation theory predictions (blue closed circles)
for the TE complex-valued resonances x = ka of a dielectric approx-
imate oblate spheroid with § = 0.01 and refractive index n; = 2.
Here k = k;;,,, where Iy = 10 and ny = 1 is the first radial number.
The numbers 10, 9, ..., 0 nearthe resonances mark the values of 0 <
|m| < lp. (b) Relative error §x/x between numerical and perturbative
calculations, calculated according to (250). The dashed orange line
gives the average relative error.

with x = ka, calculated as

Sx Xpert ]
= |——— — 1],
X Xnum — anum

(250)

where Sx,,m has been estimated as the absolute error be-
tween the theoretical (exact, |m|-independent) values obtained
by solving (28) with [ = 10, n = 1, and the (|m|-dependent)
numerical results for a perfectly spherical cavity. To give a
quantitative estimate of the error, we have also plotted the
average relative error (orange dashed lines). Figures 5 and 6
are the same as Figs. 3 and 4, respectively, but with § = 0.05.
Overall, all plots exemplify the goodness of the second-order
perturbation theory we have developed, even for nonequato-
rial modes with |m| < [j.

To produce the plots above, we greatly benefited from the
fact that the infinite sums that appears in (204), (205), and
(246) actually contain only a finite number of terms according
to the rule

, lo+Limax I 4
PR DR DD D
Lm,i [ = max(ly — Lipa, 1) m=—1 i=1
11
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™, lop = 10, 0=0.01
(a)
0
4360 o numerical @?
S « pertubation theory 92
= 4340 ® 3
£ o 4
|
- 4320 @ O
= 6
— ®
| 4.300 ® 7
® ® 8
4.280110 9
7.180 7.185 7.190 7.195 7.200 7.205 7.210
Re(ka)
(b)
5.0t
4.0 o« °
[ ]
=380 °
R
(Q L]
~
= 20
o—
L]
°
1.0 ]
10 8 6 4 2 0
azimuthal number |m|
FIG. 4. Same as Fig. 3 but for TM waves.
TE, lp = 10, 0=0.05
(a)
. [ 4
2.90' o numerical C>6© 0
S 2800 ° pertubation theory & s 21
= & 4
2.70
= 0 s
e 260 ¢ 6
— Io) 7
| 250 o s
240} ¢ 9
o
6.52 6.54 6.56 6.58 6.60 6.62 6.64 6.66
Re(ka)
(b)
1.0te . °
L]
0.5 "7 T L Enhhhhhhhhhhhhh e
= . ’
R
to o
k=
— 0.1
0.05
[ ]
10 8 6 4 2 0

azimuthal number |m|

FIG. 5. Same as Fig. 3 but for a bigger value for the magnitude
of the deformation § = 0.05.

™, lp = 10, 0=0.05
(@)
6.00 .
i &
o numerical 6@ 0
= 5.50] . pertubation theory & 51
= & 3
E 500 o 4
, 5
S ®
T 450 @ 6
) 7
® ®
400 49 9 8
6.95 7.00 7.05
Re(ka)
(b)
7.00e ]
6.0/ . o o
5.0+ ° N
________________________ S
§ 4.07 .
e 3.0 °
w
S 20 .
1.0 ° ]
10 8 6 4 2 0

azimuthal number |m|

FIG. 6. Same as Fig. 5 but for TM waves.

where L« is determined by the expansion of the deformation
function f(6, ¢) in terms of the spherical harmonics:

Linax L

FO6) =" Y fim¥in(®, ¢).

L=0 M=-L

(252)

For example, from (248) it follows that
f(6,¢) =sin’6

= %E[Yoo(& ¢) — %Ym(@, ¢)}, (253)
so that L.y = 2.

The rule (251) is empirically determined. However, it
could be rigorously proven by writing the product of spher-
ical harmonics in terms of the Wigner 3-j symbols [35].
Such products appear in the quantities (X;,,/, f(0, )¥;,,,) and
Xy Y (6, ¢)e(0, ¢)), used in (A7b) and (A8b). A practical
example of the use of the 3-j symbols in this kind of calcula-
tion can be found in Sec. VIC of Ref. [25], Eqgs. (115)-(120).

IX. SUMMARY

We have developed a boundary-condition perturbation the-
ory to determine the electromagnetic resonances of nearly
spherical dielectric resonators. The three-dimensional nature
of the resonator and the vector character of the electromag-
netic field dictated the use of vector spherical harmonics for
handling the problem, as opposed to the more familiar scalar
spherical harmonics, the latter being typically employed in
problems with spherical or nearly spherical symmetry. By
imposing standard electromagnetic boundary conditions at the
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surface of the resonator separating two different dielectric me-
dia, we obtained an exact algebraic homogeneous system of
linear equations. The mathematical correspondence between
linear operators and matrices allowed us to reformulate the
problem in the language of quantum mechanics and to use
the well-known Rayleigh-Schrodinger perturbation theory to
build up a perturbation series for the resonances of the elec-
tromagnetic field, up to and including second-order terms.
However, as dielectric resonators are de facto open systems,
we had to use the mathematical machinery of non-Hermitian
operators and biorthogonal bases. We considered both simple
and degenerate unperturbed spectra, including the case when
degeneracy is not fully removed to first order. For the latter
instance, exemplified by the spectrum of an oblate spheroid
resonator, we have compared the predictions of our theory
with numerical calculations, finding excellent agreement.
The main results are represented by Egs. (174), (204),
(245), and (246). These formulas can be used to calculate
the spectrum of the electromagnetic resonances of arbitrarily
deformed nearly spherical dielectric resonators of any size,

J

provided the conditions (49) for the applicability of the per-
turbation theory are satisfied. Notably, as second-order terms
are included, this theory can also be used for the calculation
of the spectra of spherical resonators with random surface
roughness. This is the case, for example, of helium droplets
with thermally excited capillary waves [24].
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APPENDIX A: PROPERTIES OF THE MATRIX ELEMENTS

In this Appendix we demonstrate some general properties of the operator M defined by (93). In particular, we want to

calculate the terms of the expansion
<l,, m/’ i|M(O) +M(1) + M(Z) e |l m,

to demonstrate the validity of (106)—(108).

J) = [Mll;::n,(())]ij + [Mll;r:n/(l)]ij + [Mll;;n/a)]ij +oe (AD

As M is operatively defined by its matrix elements, defined by (93), we must investigate the properties of [MII,;’I"/(")],- j» with

n=20,1,2,...and i, j = 1,2, 3, 4. To begin with, we note th
be written in terms of

'm’

where, according to (70),
8at(nX) = F )l (ngx

with o = 1, 2. Using this result and following the discussion
terms of the following elements:

at from (71) it follows that for & = 0, the 4 x 4 matrix Mll;;”/(o) can

811 S » (A2a)

) (A2b)
0, (A2¢)
811’(Smm’gal (nax)a (AZd)
)= ; [(ngx)bg1(ngx)] (A3)

(nax)bal (nax) '

in Sec. IIIC, we can express the 4 x 4 matrix M} [Eq. (67)] in

U'm/ U'm’

[AL], () = by + e[AZV], + 2[AZD] 4 (Ada)
(42T 0 = e[SV e[4S (Adb)
(B2, 0 = e[BEO], +e2[BIV, 4+ (Adc)
[BY]S™ () = 81 S ot (nax @) + 6[BXV], " + £2[BY@]" + (Add)

Next we evaluate the terms on the right-hand side of (A4
isolating their common denominator by, (kya), that is,

bai (kar)

). To this end, it is convenient to rewrite the three functions (15)

Y
1 _ Cy(ker) (ASa)

1
Flilkr) = 1L+ 1)
l

kot boi(kga) ~ bai(kea)’
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v U ReDbaka)) 1 ch(ker)
Far et = e ) bulad)’ (A5b)
()
Faq;(kar) = by (kyr) ! = Cal(kar) (A5¢)

bal(kaa) B botl(kota) .

Note that in each of these expressions the dependence on ¢ enters in different ways in the numerator and the denominator,
because

W (kyr) . el [ngx(e)r/al e (c© 4+ exV 4+ 2% 4 O[T+ (6, )]}
batlha@)  baltax(®] | _atiseso.0) bar[g @@ + ex() 4 e26® + )]
withW =W, d,Y.
Substituting (AS) into (62), making a Taylor expansion around ¢ = 0 using (A6), and evaluating the integrals (61), we
eventually obtain, up to and including second-order terms,
[ Ax(o>]l/m/ _ o (nax®)
* m bal (nax(O))
=1

, (A6)

Xims ®im), (ATa)

@ 07’ ® ©0)y7]
X _ CatMaX ) o o Lem@ax™] o
A = e [bal(nax(o)) e b1 (ngx©@) Kiw: £6: )Pim), (ATb)
=0
! o (ax™) 7 1 ® (nx®)7"
axe _of Cat(MaX™) X, By, S (ngx Dy | Cat X D,
[P L = x| e | 2=y | K un) | 5 (rax ™) | 2= (K, i)
=0 -0

bai(ngx©)

) 0N\ ) 0
+n x(l)([cal(nax( ))] () [Cal(”ax( ))]
¢ bai(ngx©®) ¢

] ) <Xl’m’s f(ev ¢)<I>lm>

@ )11
Oy [Cotl (ngx )]

1
—(ng Xy, £2(6, 0)®, A7
+2(nx by (1x®) X, [7(0, §)Pim) (ATc)
and
W (0)
U'm’ c (nrxx )
(B O = = (X, W), (A8a)
" ba (nax( ))
———
=gt (1)
- v ©)) ! [C\P (n x(O))]/
pXMY™ _ " Cat(MaX™") Xy i, a O oy £6, )W,
BV, =x"(n Dot (0 ) X im) | +nax Dar (@) Xim, f(0, )W)
contributes to (I’,m’|D|l,m)
cgl(nax(o))
Xim> Yim (0, ) (0, @), (A8Db)

bal(nax(o))
—————

_ 110+
T i ngx©)

'’ v o (0) ! 1 v o 0) "
(BT = 2 (| Sl D o w0 )+ x| e N
Im bai (nax(o)) 2 bu (”ax(o))

contributes to (I/,n’|D|l,m)

+ngx! (M + ngx® [M

ble (nax(o)) bal (na-x(o))

j| > (Xl’m’a f(@, ¢)‘I’lm)

1 [Co‘f', (nax(o))]// cg (gx )7’
+§(nax(0))2m<xl’mu fz(e, V) + nax(l) [m] Xymr, Yim (0, ¢)e (0, ¢))
Y 0) Y (ONE
+ (—% + nax<o>%> Xy, Yin0, 96, $)ey 0, 9)), (ASc)
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where single and double primes denote, respectively, first and second derivatives with respect to the argument, and we have
introduced the suggestive notation

1
<Xl/m/a H(rv 97 ¢)) = m / X?’nz’(g’ ¢) . H(r5 95 ¢)d527 (A9)

with X = W, ® and H(r, 0, ¢) being an arbitrary three-dimensional vector field. Calculating explicitly the higher-order terms, it
is straightforward to see that

d AX () I'm' d BX(m) I'm'
i wa]lm o B ;x(n)]“" = na[Ey 1ax)] Xy, i) (n 2 1), (A10)

where (A5b) has been used and

0 ifX=a®
Xy, Wy = {8”«8%/ X — 0 (A1)
Similarly,
0 ifX =w
Xy s Pim) = {811’6mm’ if X = @. (A12)
Other useful properties of the vector spherical harmonics are
@7 P = YV, Y, (A13a)
v @y = =@ Wy, (A13b)
To evaluate the integrals containing € (6, ¢) in (A8b) and (A8c), we find it useful to recast e (0, ¢) into the form
oo L
0. ¢)=>Y_ > fiuVin(®, ) (Al4)
L=0 M=—L
where, from the definition (38),
i = [ 1400170, 4102 (ALS)
and, by definition,
o) L
FO.0) =" fiu¥iu(®.¢). (A16)
L=0 M=—L
Gathering all these results, we can eventually write
nyl'm ml'm
(A" ) = [AS"] (Al7a)
n)1lm nl'm
[Ag)( )]lm = [A;D( )]Im ’ (A17b)
nyl'm nlm n
[B(l)lll( )]Im = [B;P( )]lm + X811 S (Al7¢)
nyl'm nyl'm
[ng )]lm — [B;M )]lm , (A17d)

where the terms denoted by calligraphic letters are independent of x™ and contribute to V™. The diagonal operator D is
characterized by

dor = no[F) (1:x™)] = nalgat(max)' (@ =1,2) (A18)
and represented by
0 0 0 0
2 )\ 2 O\
| —nilgu(nix™)] nilga(npx™)] 0 0
br= 0 0 [ (x®)] —[ga(nax®)Y (A19)
0 0 0 0

This completes the proof of the validity of (106)—(108).
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APPENDIX B: CALCULATION OF (&, |P5 V" Py |ag)

In this Appendix we calculate the elements of the N;, x N;, matrix (&o|Py» 9(1)P@ |og), with Nj, = 2lp + 1. The knowledge of
this matrix permits us to evaluate x from (174), here rewritten as

(@0|P7 VDV Py |atg)
(Go| Dy, leto)

A = —(@) }90/30)) (Lw=1,2,...,Np). (B1)

In practice, to solve (B1) we need to solve the right- and left-eigenvalue equations

(@9|P7 V'V Py |atg)

0) (1) )
- o), (B2a)
(@] Dy, lexo) ") = )
7 (60| Py VD Poy et = (o). (B2b)
#o (o] Dy, leto) .

The procedure is straightforward: Multiplying (B2a) from the left by (ly, m’| and using (153), we obtain

lo V(l)
m'm (0) — (1) 0) B3
(Gl Dy larg) T = T P (B3

where we have used (172) twice to rewrite

(@0 P2 V'V Py o)

Z Z Lo, m') (o, m{lo, m', o] V" |lo, m, arg)

m'=—ly m=—I

Z Z o, m') (Lo, m|V, o), (B4)

m :—Zo m——l()

where V”(qlrl withm',m = —lp, lp + 1, ..., lp — 1, Iy, denotes the matrix element of the N;, x N;, matrix VO to be diagonalized.
Using the definitions (93) and (107a), we readily find

VO = Iy, m', Gol MDly, m, ag) |y
~ / 1
= (@olM Vloto) i . (BS)

Substituting (B5) in (B3), we can straightforwardly determine the sought eigenvalues xl(}) and eigenvectors |¢,0). A similar
procedure can be repeated to calculate the left eigenvectors (@0l

Note that Vngl;l takes a different value for TE and TM waves. Specifically, we find, forn > 1,

1

(@5 M o) = 2 E([AT" T — [ATL) — (m[BY T — ma[BY ™)) (BO)
for TE waves and
| BY™ 10;71/ BY™ lom' , ,
(@' M le') = 1~ : ‘nl]l”” . an]“"’ M (AT~ [az) (B7)

for TM waves, with zZ and z" defined by (117) and (135), respectively. From the definitions (26) and (A5) it follows that, for
n=1,

Im' Im’ 1
[A7 T = (A3 T Lo = 2O SF GO @ 6. ) 1), (B8a)

Im

Im'
nl[B;V(l)]lm — nz[B;P(l)]lm e = [ (o>(n - )_'_ﬁE(x(O))](q,,m,,f(9,¢)\1:lm), (B8b)
L w1 e wayqm la+net 1 M, ©)
Bl = B Lo = | T (7 — g ) ) | W £0.6)00)

n 5

Ia+1 1
PO <n_2 %><‘I’1m Yim(0, Pley). (B8c)
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To derive these expressions we find it useful to replace second derivatives of the spherical Bessel functions b,;(u) defined by
(13), according to Bessel’s differential equation

2

2 d I+ 1)
du?

bai (1) = —[—— +1

I " ]bal(’/‘)- (B9)

We can use (B8) to simplify (B6) and (B7), because flf (xg))) =0= fl’g’l (xj(‘f;) ). After a straightforward calculation we obtain

I 1

<&5|Mlom,(l)|ag>|x“):0 = ?ZE + 1

l[)m

X0 (nf — m3) (Wi, £O. )W) (B10)

for TE waves and

m' 1 1
(@' Mo 1) oo = 7 = {zMxE‘})fsz () (@i (0. )1,
I(1+1 1 1
- %(; - ?)[«b,omf, F(6, $)®4) + (Wi, Vo6, ¢)e”>]} B11)
M 1 2

for TM waves.
Finally, we evaluate the denominator in (174). A lengthy but straightforward calculation gives

1
(68 Dy o) = < 1l (3f”)] = e ()]
1 1
= 7m(n% — n%), (B12a)
~ 1 /
<a0M|D10|agI) - M1 {[8210(712)51(‘2))] - [gllo(nle(lg))]/}
2 2
_1t [ e Dot ()| (A (rax) (B12b)
- i ZM —1 (.XI(S))Z jl() (nlxj(\g)) hl(:)(nzx](lg))
for TE and TM waves, respectively, with
E l() +1 jlo+l (nlx(EO))
= — , B13
Z x}fo) ni jlo (nlx](go)) ( a)
1 +1 ‘ &
M= ;{ Oxjg) —m ”]“fzi";ﬁf))}. (B13b)
1 M L\
Note the common factors
1 1 1 1
(B14)

PZE41 i M1
in front of (B10)-(B12). They simplify when taking the ratios, as required by (174). For example, for TE waves using (B5),
(B10), and (B12a), we obtain a particularly simple result

v ©
e = X (Wi s f(O, )W) (BI5)
G Dafa) ol
Substituting this result into (B3), we obtain
lo XD
D (¥, £O, 9)Winlols) = =G0 =12, Ny). (B16)

Wl:—l()
Since f(6, ¢) is a real-valued function, Eq. (B16) is a Hermitian eigenvalue equation. This implies that the ratio x{!’/x is also
real valued, in agreement with previous results [13,25].
APPENDIX C: PROOF OF (7 |y{’) =0
Consider the perturbed vector

1pa(e) = [¥0) + e|wi”) + &2 |v ) + 0(e), (C1)
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where, by hypothesis, the vector corrections |1ﬁ(")) do not fulfill (217). However, we can always rewrite each |w("))

A7) = (i) = [ s 1)) + [wig N0 |va”) = [wild) + 1w (€2)
where, by construction,
( (0)‘ ( (C3)
Substituting (C2) into (C1), we obtain
[va(e)) = [vi) +e(vil) + | ;13>)+e (lwi2) + |vid) +
VR OB )+ ) s
where
[Vao e v + 2wl ) 4 = (1 e{dg [ui”) + 200 [vi”) + ) lv. “”)—%W) (C5)
with Z(¢) a normalization factor. Substituting this result back into (C4), we get
[Yale)) = 76 )| YV eyl + 2y l)) + - (C6)
Since |4 (e)) satisfies
M@)pa(e) =0, (&)
irrespective of its normalization, we can multiply both sides of (C6) by Z(¢) to obtain
a(e))' = [vi0) + Z(@elyi) + & wid) + -]
= Va0 + elwild) + 2 (Jwi) = (73 [wa)|wil) + (C8)
where HﬁA(S)), = Z(¢&)|ya(e)) fulfills
M@)lyua(e)) =0. (C9)

Equation (C8) shows that now all the corrections to the zeroth-order vector |1/f/§%)) are orthogonal to it.
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