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Abstract

This thesis deals with solutions to Laplace’s equation in 3D, finding new relationships between solutions,
manipulating these to find new approaches to physical problems, and proposing a new class of solutions.
We mainly consider spherical and prolate spheroidal geometry and their corresponding solutions - spher-
ical and spheroidal solid harmonics. We first present new relationships between these, expressing for
example spherical harmonics as a series of spheroidal harmonics. Similar relationships are known but we
work with the spherical and spheroidal coordinate systems being offset from each other. We also propose
a new class of solutions which we call logopoles which have many links with spherical and spheroidal
harmonics, and are related to the potential created by simple finite line charge distributions. Through
the logopoles we find another relationship between the spheroidal harmonics and the often discarded al-
ternate spherical harmonics. Then we apply one of the new spherical-spheroidal harmonic relationships
to problems involving a point charge/dipole outside a dielectric sphere. We find new solutions where the
potential is expanded as a series of spheroidal harmonics instead of the standard spherical ones, and we
show that the convergence is much faster. We also solve these problems with logopoles and the solutions
converge even faster, although they are more complicated as they involve a combination of logopoles and
spherical harmonics.
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Chapter 1

Introduction

Laplace’s equation appears in many areas of physics including electrostatics, gravity, thermodynamics
and fluid dynamics. We work with general formulae that could be applied to any of these contexts, but
for applications we focus on electrostatics. This thesis investigates new relationships between solutions
to Laplace’s equation, defines a new class of solutions, and applies these relationships and solutions to
problems involving a point source interacting with a dielectric sphere. It also attempts to generalise
these relationships to the Helmholtz equation.

1.1 Background

Solid spherical harmonics D are widely used as a basis of functions to model physical potentials satis-
fying Laplace’s equation, involving point sources or particles with or without spherical symmetry. For
elongated objects it is beneficial to use a basis of solid prolate spheroidal harmonics instead; the prolate
geometry is stretched in one direction. Naturally one may want to switch between these two bases, and
there exist relationships that express one harmonic as a sum of the other type for this. There are four
relationships - two between the regular spherical and regular spheroidal harmonics (regular meaning the
functions are finite at the origin), and two for the irregular harmonics. The regular relationships were
first presented in 1975 [I], and the irregular realtionships were first presented in 2000 [2]. They are also
useful for converting functions and solutions between coordinate systems and deriving translation rela-
tions for spheroidal harmonics [2], which can then be used for dealing with interactions between multiple
spheroidal particles [3].

The problem of a point source interacting with a sphere is fundamental and applicable to many ar-
eas of physics. In the case of a point charge outside a conducting sphere, the problem is simple and
was first solved by Lord Kelvin in 1845 [4] using an image charge. For the dielectric case the standard
solution was first presented by Stratton in 1941 [5], but the problem has continued to be researched until
recently because it is fundamental and the standard solution contains a series which converges slowly
near the sphere. There has been investigation into expressing the potential using image charges [6] - [9],
but these solutions are not straightforward as they involve integrals over image sources.

The Helmholtz equation can be seen as the extension of Laplace’s equation from static to harmonic
time dependence. The analogue of the solid spherical harmonics are the spherical wave functions, which
are the standard basis functions for solving problems involving electromagnetic radiation and scattering
by particles. For simple geometrical problems (eg. scattering by a prolate spheroid), series solutions
of spherical wave functions may diverge or have slow convergence [10], just as do series of spherical
harmonics. For the spherical wave functions, the problem of slow convergence is worse because they
cannot always be computed to high orders. Alternate solutions to the Helmholtz equation, for example
the spheroidal wave functions, have been widely studied as an alternative basis of for expressing fields,
but they are even more problematic as their differential equations involve transcendental numbers and
they do not have a simple orthogonality property. One of the main motivations behind the project is

"We will often omit the word solid for simplicity. The term “spherical harmonic” is commonly used to refer only to
the angular part of the full solution to Laplace’s equation, and the term “spheroidal harmonic” similarly refers to only the
dependence of one spheroidal coordinate of the solution, but we use these terms to mean the full solutions.



to find alternative functions for problems that are poorly modelled by spherical wave functions. But we
mostly work with Laplace’s equation here because it is simpler and we can work with the underlying
concepts before extending them to the Helmholtz equation.

1.2 Overview

1.2.1 Spherical and spheroidal harmonics

Chapter 2 provides new relationships between prolate spheroidal harmonics and solid spherical harmon-
ics, similar to the known relationships described above. For the known relationships the spheroidal
coordinates have their two foci either side of the origin; we derive new similar relationships for when
one of the foci is at the origin - when the spheroidal geometry is offset by half its focal length (distance
between the foci).

1.2.2 Logopoles

Chapter 3 defines and investigates a new infinite class of solutions to Laplace’s equation called logopoles.
They have several equivalent definitions - they can be written as a finite sum of spheroidal harmonics,
as a series of irregular spherical harmonics, as a series of offset spherical irregular harmonics, a sum of
spherical harmonics of the second kind (these functions are often discarded for physical applications; their
angular part are the Legendre functions of the second kind). Logopoles can be calculated by recurrence
and have an integral form. They were actually the main inspiration for the project because they could
be applied to the problem of a point source near a sphere. We also use them to derive a relationship
between spheroidal harmonics and spherical harmonics of the second kind.

1.2.3 Point source interaction with sphere

Chapter 4 focuses on various series solutions for the potential created by different point sources near a
sphere. It demonstrates the use of one of the new relationships between spherical and spheroidal har-
monics to convert the standard series solutions (involving spherical harmonics) into series comprised of
offset spheroidal harmonics. We then show that these series converge much faster near the sphere. We
deal with various point sources - a monopole and two orientations of dipoles, both inside and outside the
sphere, and find spheroidal harmonic solutions for the internal and external potentials in each case. We
also solve some of these problems with logopoles. The logopole series solutions also converge quickly but
they are more complicated.

The reflected electric field of a dipole near a sphere is particularly important to nano optics [9]. An
oscillating electric dipole has a temporal decay rate which depends on the self induced electric field (the
scattered field from the sphere at the dipole position). The electric potential of an oscillating dipole
obeys the Helmholtz equation, which can be approximated by Laplace’s equation when the wavelength
of the light is much longer than the size of the sphere. The electrostatic field provides a first order
approximation. We calculate the electrostatic field from the gradient of the potential using both the
standard spherical solution and the spheroidal harmonic solution. The quasi-static decay rate computed
with spheroidal harmonics converges much faster than with spherical harmonics.

1.2.4 Matlab
All important results throughout this thesis are proved analytically, but we used Matlab to search for
many relationships and check every identity. In the appendix we briefly describe how Matlab was used.

1.2.5 Publications

Part of chapter []is currently under review in Physical Review E, under the title “Spheroidal harmonic
expansions for the solution of Laplace’s equation for a point source near a sphere”, with authors Matt
Majic, Baptiste Auguié, and Eric C. Le Ru. It is currently available on Arxiv.

I also intend to publish results from chapters [2| and |3| in early 2017.



Chapter 2

Spherical and spheroidal harmonics - definitions
and new relations

This thesis uses many different harmonics (solutions to Laplace’s equation) and coordinate frames and in
this section we define most functions and coordinates for reference, then derive new relationships between
these harmonics.

2.1 Laplace’s equation in spherical coordinates

We use spherical coordinates and harmonics extensively in this thesis. Laplace’s equation VZ¢ = 0 is
separable in spherical coordinates (r, 6, ¢). 1) can be written as a product of three independent functions
¥ = R(r)O(0)®(¢) where each of R, O, P obey a second order ordinary differential equation.

The Legendre functions are the solutions to the 8 dependence of spherical harmonics, and they also
appear in spheroidal harmonics. Let f(u) where u = cosf be the § dependence of ¥. It can be shown
that f(u) obeys the Legendre differential equation:

[(1 — uz)d{i(“)} + [n(n +1)

u

m2

1 -2

d
du

Flu) =0 (2.1)

n is a non-negative integer. m can be any integer, but typically |m| < n for physical solutions (all
separable solutions in spherical coordinates with m > n have an infinite line singularity which makes
them impractical), and in this thesis we only use m > 0 (although it is common for authors to include
definitions for m < 0). The solutions to this equation are the associated Legendre functions of the first
and second kind, P"(u) and Q"(u). P!*(u) are far more commonly used in physical situations since
Q" (u) are singular at u = 1 (the entire z axis). Most of this thesis considers problems with azimuthal
symmetry (symmetry of revolution about the z axis) corresponding to m = 0. The first few orders for
these functions are (we drop the superscript for m = 0):

Pw) =1  Qolu) = %m bt H
Pi(u)=u;  Qi(u) = uQo(u) — 1
Polu) = 5302 = 1) Qafw) = 5 [(Bu” ~ )Qofu) — 3u]
Pa(u) = 560~ 305 Qalu) = 5 | (56° - 3u)a(u) — (50° - 3 )

And the rest can be calculated by recurrence (Eq. .

The associated Legendre functions are defined from the m = 0 Legendre functions as

P =1 — a2 Py, Q) = -2 Q) (2.2)

n dum um

These functions for a general m must be used when there is no rotational symmetry of the physical
problem. Some authors include a factor of (—)™ (short for (—1)™) in the definition for |u| < 1, but this



factor would have almost no effect on our formulae anyway.
P (u) and Q)'(u) both follow the recurrence relation [I1] (where X" = P} or Q'):

(n—m+ )X (u) = 2n+ DuX]"(u) — (n+m) X" (u) (2.3)

and the differential relations:

(1= ) X7 () = X ) + (- m) Xy () (2.4)
=n+DuX"(u)— (n—m+1)X"(u). (2.5)

The first few orders for m =1 are:

P()l(u): Qé(u):m

Pl(u) = /T = Qi) = VT =T |Q§(u) + 7]

P} (u) = 3uy/[T = 2] Qb(u) = /T =T [3uQB(w) + 42 |
PYw) = 3(u? = DVIT=]  Q4w) = /T2 [3(5u” ~ 1)Qf(w) + 455 |

2.1.1 Solid spherical harmonics

The solid spherical harmonics are commonly used as a basis for solutions to Laplace’s equation. They
depend on all three spherical coordinates, but the ¢ dependence is simple (e*"?) and we can omit it
from all our equations without affecting the results. Ignoring the ¢ dependence there are a total of four
solutions to Laplace’s equation in spherical coordinates for each n and m (there are two solutions for

each second order ordinary differential equation). However, we mostly work with the following two - the
n+1

n
regular solid harmonics: <%) P'"(cos ), and the irregular solid harmonics: o P'"(cos#). In the

logopoles chapter we will also use the following functions which are rarely mentioned in literature, we
call them regular solid harmonics of the second kind and define them as (we only deal with m = 0):

n
(=)t <%> Qn(cosB). We include the fixed ‘radius’ R to simplify later expressions and make things

non-dimensional. We will use this R in other definitions (coordinate systems and spheroidal harmonics)
as a place holder for some distance; it is not necessarily the same R as here unless in the same equation.
The regular solid harmonics are finite everywhere, but increase with r so are not useful for fitting solutions
that decay far from the origin. The irregular harmonics are singular at the origin, but can be used to
describe physical solutions in regions that do not contain the origin. The harmonics of the second kind
are almost never used for physical applications since they are singular on the entire z axis. In fact we
do not directly use them for physical applications either, but find some relationships between them and
other harmonics. We will use the following properties that take the solid harmonics up or down by one

order:
R;Z <Ij)”+1 P, (cos 0)] =—(n+1) <f)n+2 P,11(cos) (2.6)
(B Gty | = (B ko) @1
These can be derived using the multivariable differentiation relation 5= glcé;?r + Sirfeacaosg’ and

relations for P,.

2.1.2 Translation relations

It is a useful tool to be able to express a solid spherical harmonic in terms of harmonics in a translated
coordinate frame. We define two translated frames, centred at O’ and O”, offset by +R and —R respec-
tively along the z-axis (see figure [2.1)). Notation: we use R, O” and O” for general formulas, but not for



the applications section (there R — Ry and O’— P). The new coordinates can be expressed as:

T T x =z

Yy =y y" —y

o =p =22 +y> p” =p (2.8)
Z =z—R 2" =z+R '
7! =p*+ (2 — R)? r =P+ (z+R)?

cost =z'/r cos®’ =2"/r"

Harmonics in the primed frame can be written as a sum or series of harmonics centred at the origin:

(o) mion - $r () e ()

k=0

()" =3 (5) (2) " e ron e

T n T
k=n

=(=)" i (k - n) <%>kPk(cos ) (r<R) (2.11)

n
k=0

These relationships are specific cases of formulae in [12], but for a hint at their derivation:

Eq. [2.9 can be obtained by assuming some expansion coefficients ¥, and evaluating the expansion
at cosf = cos@’ = 1. Then the expansion reduces to (r'/R)" = (r/R—1)" = Y}_,ak(r/R)*, and it is
clear that o must be binomial coefficients (up to a sign).

For Eq. m the case for n = 0 comes directly from the generating function for the Legendre
polynomials: \/TH =3 poot"Py(u) with t = /R and u = cosf. The formula for general n can be
obtained by differentiating both sides n times with respect to z and applying Eq.

For Eq. the case for n = 0 comes from the generating function, this time with t = R/r.
Differentiate both sides n times with respect to z and apply Egs. and

2.2 Prolate spheroidal coordinates and harmonics

We will present new relationships between spherical and spheroidal harmonics, and new solutions to
problems using spheroidal harmonics (these will use an unconventional offset coordinate frame, but first
we will define spheroidal coordinates in the conventional frame - we will also present some known results
in the standard frame for comparison). Prolate spheroidal coordinates are defined using two focal points
on the z axis at z = R and —R. There are other definitions for prolate spheroidal coordinates but we
use (£, 7, @), where £ is the normalised average of the distance from two focal points (on the z axis), n is
the normalised difference of these distances and ¢ is the same as in spherical coordinates:

" +r"  Vr?+2Rz+ R*+Vr? — 2Rz + R? oy

2R 2R 1T TR
Surfaces of constant & are spheroids and surfaces of constant 7 are paraboloids. For background we will
now sketch a derivation of the forms of prolate spheroidal harmonics. The Laplacian is [13]

£E=

2, _ 1 9 o 2, 0P E—n P
V= g € Vet o g @ e @0
so Laplace’s equation is
0, .9 oY 9, OY 1 1 0% B
a—§(£ )6£+—( n)+<§2—1+1—n2>8¢2_0 (2.13)

Laplaces equation is separable in prolate spheroidal coordinates. To find separable solutions, assume
that ¢ = Z(£)H (n)®(¢) and insert this into Eq. and divide by 1):

10 0= 10 OH 1 1 1 9P
2o Vg Taat o s Q21+ >w2

—=0 (2.14)



Differentiating this with respect to ¢, we obtain:

0 (10°® 1 0%®
- - [ 2.1
06 (<I>8¢>2> "7 o ¢ (2.15)

Technically a could be an arbitrary constant, but it must equal —m? where m is an integer to satisfy
that ®(¢ + 27) = ®(¢); the solutions are ® = e*™?. Then we have ®”/® = —m? and can insert this

into Eq.

10, 5 = 10 9 O0H 9 1 1
—— (¢ -1)—=+==—010-—n")— — =0 2.16
10, , = m? 10 o OH m?
=>—-——(&"-1)—= 5= ——1-n)——-———==-b 2.17
for an arbitrary constant b. In order to have
solutions which are finite at n = 41, we must
have b = —n(n + 1) where n is a positive in-

teger. Then Egs. both become Legen-
dre’s equation, and Py*(&)F;"(n), Qp'(E)F" (1),

P(&)QM(n), QM (€)QM(n) are all solutions. How-
ever only two are commonly used - the ‘regu-

lar’: PJ(€)P2 () and ‘irregular’: QU(€) P (n),
because the others contain infinite line singulari-
ties.

QM(E)PT(n) go to zero as r — oo and are
singular on the z-axis between z = —R and
z = R. P"§)P(n) are regular everywhere and
diverge as r — oo. We call the ’focal length’
of the spheroidal harmonics the distance between
the origins of O’ and O” used to define & and

n.

z=0

~ We also define offset spheroidal coordinates
(& 177, ¢) where

r+r o r— 7!

R "TT R
These have the same shape as the non-barred co- Figure 2.1: Schematic of some of the coordinates
ordinates, but are scaled down by 2 and translated used in this thesis for general formulae
up the z-axis by R/2, as seen in ﬁgure We find
new relationships between the harmonics P™(£)P™(7) and Q™ (£)P™(n) and solid spherical harmonics
in section ?7?7. We also use these spheroidal harmonics in an offset frame as solutions to the problem of
a point source near a sphere in section

=

2.3 Green’s function expansions

We present the expansion of Green’s function in terms of different harmonics - we use these expansions
for the proofs of some relations between spherical and spheroidal harmonics. Below are two known
expansions of Green’s function for points r1 = (r1,01,¢1) = (&1, 11, ¢1) and ra2 = (r2, 02, P2) = (&2, 12, P2)
[2]. The spherical harmonic expansion which applies for r; < ro:

[ty —r2| kzo Pk mZ::O(Q - mO)mPk (cos 01) ;" (cos 62) cos m(d1 — a). (2.18)



Note that for rq or rz on the z-axis, Eq. .18 reduces to the translation relation Eq. [2.10] for n = 0.
And in terms of spheroidal harmonics with & < &s:

— 2n g n—m)!?
L + LS (e 6mo)();2P,T(Sl)Pgl(nl)Qzl(@)Pﬁ(m)cosm(¢1 _ 69),

ry —ra| = — (n+m)
(2.19)
where R is half the focal length of the spheroidal harmonics. However, we will need the expansion

of Green’s function in terms of the offset “barred” spheroidal harmonics, which can be obtained by
coordinate changing Eq. into barred-spheroidal coordinates with & < &o:

= n - n—m .2 = —
= T S (2 = ) P P QR () P ) cos (6 — )

‘1‘1 o I‘z‘ n=0 m=0
(2.20)
The coordinate change involves two steps, first translating up the z-axis by R/2, (the coordinate change
applies to both points r; and rz) this does not change the left hand side since the distance between
the points is unaffected by a translated frame. Then scale coordinates by half; this halves the distance
between ry and rg, and finishes the conversion to barred spheroidal coordinates.

2.4 Relations between spherical and spheroidal harmonics

We first present the four known relations between the regular and irregular spherical solid harmonics,
and the regular and irregular prolate spheroidal harmonics. The azimuthal dependence e*™® is omitted
since it is the same on both sides.

m o - ()R 2(n 4k — D (n4+m)! fr\E
PROPIM = 2 it (0l () Feos®) (2.21)
n+k even
T\ = 2k+1)(n+m)! (E—m)! ., m
() Pr(eost) = kz (n(— k>u<ff+k+)1>u§k+m§!f’k (E)F" () (222)
n+k even
m m > —)"(k —m)! n+m)! Rkﬂm
n ()P () = kz: (k‘(n;!!((qunil)!! Enm;' <r> P (cos ) (2.23)
n+k even
R\"t o ()ER2EME+ D+ k- DI (k—m)! m
(F) Pricose) - > o LM R or o) (229
n+k even

nl!' =n(n—2)(n—4)... and (—1)!! = 0!! = 1. Derivations can be found in [2], [14].
There also exist two more spherical harmonics Q™ (cos ), r"~1Q"(cosf) and two more spheroidal
harmonics P (€)@ (n) and Q1'(£)Q(n), but these are not useful due to singularities along the z axis.
As far as we have seen there are no known spherical - spheroidal relationships between these except one
that we derive in section [3.101

In the four expansions above, note that the spherical harmonics are centred half way between the foci
of the spheroidal harmonics. Eq. is only valid for r > R and Eq. is valid everywhere except
the singularity of QI"(£) - on the z axis from z = —R to R.

Similar to Egs. - we now derive new relations for when the spherical and spheroidal
coordinate frames are offset from each other so that the spherical harmonics are centred at one of the
foci of the spheroidal coordinates. So we can relate the ‘barred’ spheroidal harmonics to the spherical



harmonics:

P (&) Py () n+$ PIgy k:z OH:;: (%) P{"(cos 0) (2.25)

(5)" Prreos) :n!(n+m)!§ (n—k)len++1k+l)'E: Z; " (8) P (i) (2.26)
Qu (&) P (1) = (_Z)m EZJ—FZ;E = ui kk+mn+1 , <f)k P (cos ) (2.27)
<1:)"“Pm039):m§( e CT AU BCES

Eq. is only valid for » > R; the focal length of the barred spheroidal harmonics is half of that for
the non-barred harmonics, so the radius of divergence of Eq. [2.27]is effectively twice the size of that for
Eq. For an expansion of Q,(£)P,(n) or @, (£)P,(7) that is valid in all space, see Eq. - 3.56 later.
Eq. is valid everywhere except the singularity of Q" () - on the z axis from z = 0 to R.

These relations can be coordinate shifted down the z-axis by R/2 and scaled up by 2, so that the barred
spheroidal harmonics become non-barred and the solid harmonics become double primed - centred at
(z,y,z) = (0,0,—R). We can also expand spheroidal harmonics in terms of spherical harmonics centred
at O’, by then reflecting coordinates around z = 0 and using the simple symmetry relations for the
Legendre functions, P (—z) = (—=)"t™P™(z) and Q7' (—x) = —(—)"T™Qu(x).

Proof of Eq. B
Consider the expansion of P(£) P (17)e™™? in terms of regular solid harmonics 7% P (cos §)e?™?, which

must exist since the solid harmonics are a basis for regular solutions to Laplace’s equation. m must be
the same on both sides since e"™? are independent functions. So we write:

PP =Y ofi (&) A cosh). (2.29)

k=m

The associated Legendre functions can be written as

P (z) = |1 — 22|17 (2) with II"™(z) =

n

——Pp(z). (2.30)

Note ITI7"(x) is a polynomial of order n —m. One can show that the “barred” spheroidal coordinates
satisfy R%2(1 — 72)(€2 — 1) = 4r?sin? 0, from this we deduce

m (¢ PM (5 m 2r " am mM(ENTTM (5
@R = () s en @ (2.31)
so Eq. can be written in terms of I as

MO =3 o (=) 5T (cos6) (232)
k=m

The cogﬂicients a;y. can be determined by evaluating the expansion at 6 = 0, 2 > R, where /) = 1 and
= R(§ +1)/2. Using the special value:

(1) = ;m (2.33)
we obtain
=~ . m)l(n—m) 1 (E+1\F™"
- Z Ynk m%'En + m;! om <2> . (2:34)



We then derive from scratch the coefficients for the expansion of II"*(£) in terms of (£ +1)/2. To do this,
start from the definition of the associated Legendre functions:

m (¢ 2nn| __ an+m n
Py (§)W —3g+ (& -1)
=0y ME+ D (E+1-2)"

(=) * (n+ k) (g + 1)’“"“

=IO =D Kk —m) \ 2
k=0

From this, we identify

ap = (=) (n+m)! (n + k)!
nk (n—m)! kl(n — k)!(k +m)!’

for m < k <n, 0 otherwise (2.35)
which are the coefficients of Eq.

Proof of Eq.

This proof is long and indirect compared to the previous one. Since P (£)P™(7}) can be written as a
finite sum over k of Pj™(cosf), we can also write PI*(cosf) = >_p_, =~ B™ P/ (£) P () (where each 87
is a constant). Evaluate this assumed expansion at 7 =1, cosf = 1 as before with Eq. (and relabel
€ — ). Then the problem reduces to

(n+m)! mie [T+ " o (kEm)
7)‘(1‘2—1) /2< > —§n2 ﬁnki(k_ Pl (x)

(n—m)! 2 m)!
Essentially we need to show that /%% = 2" EZJFZ Z B ™ solves
(22 — 1)z +1)" Z M P (2.36)

This can be done by finding a recurrence relation on n for +,7;. and showing that the assumed expression
for ~,. defined from Eq. satisfies the recurrence and initial values. Begin with

(2% = 1), (x> — D™ 2(z + 1) ™ = ma(z® — 1)z + 1) + (n — m)(z® — 1) (2> — 1)™?(z + )"
=nz(z® — )22+ )" — (n—m)(z? — )" (z +1)"™

Plug in the assumed expansion Eq.

(2% —1)0, Z’Ynkpk *mUZ%kPk - Z’Ynkpk

k=m k=m

and use these properties

(k=m+ 1P, + (k+m)P
2k +1
k(k—m+ 1P, — (k+1)(k+m)P",
2k +1

(22 — 1)9, P =



to obtain everything in terms of Legendre functions:

Z o k(k—m+ 1P — (k+1)(k+m)P, 1 Z”: (k=m+ 1P, + (k+m)P™,
Tk 2% + 1 n ) 2k + 1

n
—m) Z'Y%P?

" m(n—lc)(k:—rrht1)P+1+(/k;+m)(n+k:+1P,;”1 "

k=m
Re-index the sums so that they are all sums of P}

n+1 n—1

(mn—k+1)(k—m)_,, m (k—l—m—i—l)(n—i—k—l—Z)
k=m+1 k=m—1
(2.37)
Since the Legendre functions are linearly independent, this must hold for each value of k:
(n—k+1)(k—m) (k+m+1)(n+k+2)
m m —_ _ m 9.
fY’n,k‘—l 2% — 1 FYTL,]C-‘F]. 2%k + 3 (TL m)vnk‘ ( 38)
Now assume that
2"(2 1 —m)In!
m (2k +1)(n —m)n (2.39)

Tk = T k) (n + & + 1)

With this 77}, we have that 37} equal the coefficients in Eq. It can be shown that /7 satisfies Eq.
It is also straightforward to check that the coefficients of P/ for k =m —1,m,n,n+1 in Eq.
are equal on both sides.

We must also show it has the correct initial values - it is easiest to find 7,7 , by looking at the coefficient
of 2"~ in

(l’ + 1 Z fynka

~vm must be such that the coefficient of ™~ is the same on both sides. The left hand side coeflicient

is 1, and on the right hand side, only the n‘* 'term in the sum contains z™ and its coefficient can be
. 2
found from Rodriguez’s formula to be Wnlm), Therefore 4 = % which is consistent with

Eq.

For the second initial value, we need v,", _;, which can be found by comparing the coefficients of gn—ml

The Lh.s. coefficient is n—m, and for the r.h.s. only the (n—1)** term contains z™~™!
of (2n—2)! 271 (n—1)!(n—m)!
2n—l(n—1)(n—m—-1)!" (2n—2)!

, with a coefficient

Therefore v, _; = , again consistent with Eq. [2.39

10



Derivation of Eq.

To prove Eq. we will make use of the expansions of Green’s function in terms of both spherical
and spheroidal solid harmonics. For points r1 and ro with r; < ro and & < &s:

o — r2| Z e Z (MO)MP (cos b1) Pl (cos 02) cosm(dr — p2) (2.40)
S : —m)1? . _
SRS HELCE 5m0)MP:T(El)P;T(ﬁl)Q?(ﬁz)Pé”(ﬁz) cosm(¢1 — 6a).
k=0 m=0
(2.41)

Now substitute Eq. for rq into Eq. to express it as an expansion on the same spherical harmonic
basis:

1 2k +1 m (k—m)1? [ (k+m)! k )k (k)
7|I‘1 —I‘2| ZQ R Z(_) (2_5m0)(k,_|_m)|2 k‘ m 'n - ’I’L' n+m k ) ﬁpﬂ (COSgl)

m=0
x Q' (&2) P (772) cos m(¢1 — ¢2).

2k+1 — )Rt (e — ) (k +n)! P ot E N
- nz:()mz:[)l;LQ - )((k: J)r m)!(k(— n)'n)'((n + m))' RI"P" (008 01) Q5 (§2) 5" (72) cos (g1 = ¢2)

(2.42)

where we have swapped the order of the sums using first mezo ZZ:m = 22:0 > om—o and then

k
Ziio ano = ZZO:O Ziin

Now equate Egs. and Because the functions r] P}*(cos 6;) are independent, we can equate
all terms with same n and m to get:

(n—m)! 1 %+ 1 (=) (ke — ) (k + n)!
(0 gt D (c0s02) = 22 k+m) (k_n),n,(n+m),Ran @) (), (243)

which can be simplified to obtain Eq. [2.28

Eq. 227 can be derived in the same way as with Eq. [2:28]- by plugging in Eq. [2.26]into the expansion
of Green’s function in terms of offset spherical harmonics, and using the independence of the Legendre
functions.

Comment on proofs

These proofs may not be how we initially found the relationships. Here is one technique to find ex-
pansion coefficients using Matlab, with the example of Eq. Create a length n vector v of various 6
values for (%)" P (cos ), and create a n by n matrix M of various 6 and k for P/"(€)P{" (7)) and solving
Mx = v for x (solving this is easy in Matlab). x contains numerical evaluations of the coefficients of the
expansion, which hopefully can be used to guess the analytic form of the coefficients. This method can
even be useful for infinite expansions if the series converges fast enough.

11



Chapter 3

Logopoles - A new class of solutions to Laplace’s
equation

The logopoles are a new class of functions found by Eric Le Ru. Investigating these was the initial idea
for this project, and this thesis is the first public available document that logopoles are mentioned. They
have singularities on a finite line along the z axis just like the spheroidal harmonics, so they can be used
to describe solutions to physical problems outside objects. They were first introduced as a part of a
fast converging solution to the problem of a point source near a sphere. In this chapter we first derive
a number of equivalent definitions and properties of logopoles. The highlight of this chapter is possibly
the new expression of spheroidal harmonics as a finite sum of spherical harmonics of the second kind
(section [3.10). We only define logopoles with symmetry of revolution (m = 0) since they are not yet
properly generalised to higher m.

Notation: Throughout this section we use the following shorthand notation:

Sy = <R>n+l P, (cosb); S, = (—)"*! ( ) Qn(cos0)

r

Again R is an arbitrary constant.

3.1 Series definition

The logopoles can be defined as an infinite series of multipoles:

= nlkl R\*! . nlkl
Py(cos 8 3.1
kzz()”+k+1 < ) k(cosf) kz::OnJrk:Jrl (3.1)

which converges only for r > R. As we will see later, logopoles can be analytically continued inside this
radius.

This power series definition is straightforward but may not be convenient for practical calculations or
manipulation. It is our first definition since it was the first appearance of the logopoles, in the solution
of a point source near a sphere, so our derivations tend to use this definition frequently. This series may
converge slowly as » — R, but it seems to be numerically stable (see appendix on numerical instability).

3.2 Expression in terms of offset multipoles of the second kind

We will justify the following alternative expression for the logopoles:

Ln= (- (’;)nc;n@ose%;(Z)(—)’f(;)%k@ow) —Na—k;(’;)ék 2)

The @, (cos ) have a logarithmic singularity on the entire z-axis which is why they are always discarded
from standard solutions for physical problems. But in Eq. the offset multipole singularity is partially
cancelled by the singularities in the sum. We prove later that the singularity is only on the z-axis from

12



O to O’. Despite the change in coordinate frame, this definition is more practical as it involves a finite
sum and is valid everywhere except at the singularity, although it is not possible to numerically evaluate
the logopoles along the z axis using Eq. because the individual terms are singular. Also, numerically
computing logopoles at points far from the origin with this sum may produce errors due to subtracting
terms that are very close in magnitude.

Justification of Eq.
Eq. is actually a rearrangement of Eq. below which can be viewed as a translation relation for
the regular solid harmonics of the second kind:

n Y [e.o]

=2 X et T T (33)
0

p=0 PH(

This equation may not be known so we will justify it by induction on n. This is a justification because
we only prove Eq. up to some function of p, but it has been checked numerically that this function
should be zero. First derive the base case starting from the known expansion for an offset point charge

(Eq. for n=0)

*\m

Z (3.4)

We now integrate Eq. [3.4] with respect to z. The following integral relations will be useful. Eq. is
obtained by integrating Eq. Eq. is obtained by integrating Eq. The n = 0 case is treated

separately.
/ 5, %

/Sodz dz — —In_ ; =4 f(p) = =50 + f(p) (3.6)

(p) (n>0) (3.5)

/ 5,2 = —n”fl + 1) (37)

with p = /22 + y? and f(p) an arbitrary function. These also apply to multipoles in the primed frame
because integrating with respect to z is identical to integrating with respect to 2’. Integrating Eq.
splitting off the first term in the sum and using Eqs. and [3.6] then reindexing the sum, we obtain

Sp=So+ Z k (p) (3.8)

k=0

It can be seen by plugging in explicit expressions and evaluating this expression at z — oo that f(p) = 0.
Then we have shown the base case n = 0 for Eq.

Now begin the induction. Assume Eq. is valid for n, and integrate it with respect to z to obtain the
n + 1" case. We will use Eqgs. -

-, dz ” dz > nlk! dz
/S”R: (n—p)! /S - Z (k+n+ 1) /S’“R (3.9)
_ S © n! - oS (k- 1)

ST T Gr gt T T e G 0 G
=8, = Z (p+(711)+( 1)! p)!g”“ N Z(n(l:—i)n(lj—l) LS+ 1) (3.11)
k=1

n+1 0o
oy D g (n+ 1)
N pz_:op!(nJrlp)!Sp + kzo (k+n+2) Sk‘|‘f(p) (3.12)



which is case n 4+ 1 up to a function of p, so by induction Eq. holds up to a function of p. It would
be ideal to prove that f(p) = 0. Naively it would seem that this problem of the arbitrary function
could be avoided by applying definite integration between some reference point and the variable z. The
reference point would be chosen to be where all the integrated functions are zero, but we could not find
such a point. Another way to complete the proof would be to find some z where Eq. holds with
no additional function of p. Obvious values of z to try would be £oo; here at least the sum over the
irregular harmonics goes to zero. Showing that the rest then equals zero seems to be difficult; it may be
helpful to use the alternative form of logopoles in the next section.

3.3 Alternative form of logopoles

Assuming Eq. is correct, the logopoles can equivalently be expressed as

Ly = (R)n [Po(cos0) Lo + W1 (cos 8)] — kznjo (Z) (;f’)k Wi,_1(cos 0) (3.13)

: 1
with W, =) Pk P W_1=0 (3.14)
k=1
which clearly distinguishes the logarithmic part Ly from the polynomial part. Then it is clear that the
logopoles are analytic everywhere except at a line of singularity from O to O, i.e. for p=0, 0 < z < R.

Derivation of Eq.
Begin with the expression in terms of multipoles of the second kind (Eq. [3.2)) and insert the expression

Qn = PnQO — Wh-1:

_/r/ —r

n n k
L,=- () [P (cos0")Qo(cos0") — W,,_1(cos )] + Z (n) <> [Pr(cos 0)Qo(cos ) — Wi_1(cos 0)]
R prd k R
Applying the translation relation for regular spherical harmonics, Eq.

_a

Ln=— ()n [P, (cos 8")Qo(cos 8) — Wi_1(cos 8')] + <T>nPn(cos 6')Qo(cos 0)

5 R
_kznzo <Z> (‘R’”)kwk_l(cos 6) (3.15)

Then recognise Ly = Qp(cos ) — Qo(cosd’) to obtain Eq.

3.4 Expression in terms of offset multipoles of the first kind

Logopoles can also be written as a series of solid harmonics in the primed frame:

= (OF R\ ) — ()"
Ln:kz;)n+k+1<7’/> Fi(cos) :kzon+k+15k (3.16)

This converges outside the sphere 7 = R. Like the first series definition of the logopoles this seems to
be numerically stable, although the coefficients converge more slowly.

Proof of Eq
Begin with the series definition of L, in the non-primed frame O (Eq. . The solid harmonics

centred at O can be expressed as a sum of solid harmonics centred at O’ by manipulating the translation
relation for irregular solid harmonics (Eq. [2.10) - first translate the relation down the z axis so that O’

becomes O and O becomes O”, then replace z with —z, and use the parity of the Legendre functions
P,(—z) = (—)"Py(x). So we have

S, = i(—)”*k (i) S;, (3.17)

k=n
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Inserting this into Eq. 3-1}

= nlk! p!
— e _\ptk_ P 1
Ln Z (n—i—k—l—l)!pgk( ) (p—k)!k!sp (3.18)

L, = i zp: ()" Pnlp! sl (3.19)
" (n+k+1)!(p—k)! '

Now we have to simplify the sum over k. Ignoring the (—)P, the sum can be written using a binomial
coefficient:

On—l—k—i-l (p— k) n+p+1' 0 '
Now we can use Pascal’s rule:
n+p+1 n+p n-+p
— 3.21
(p—k‘> <p—/€)+<p—k—1> (3.21)

Then we have (re-indexing k¥ — k — 1 for the sum over the second binomial coefficient):

SR S () S

k=0 k=0 k=1
LOGI) RO G () e

In the last step the kK = 0 term in the second sum on the r.h.s. was extracted and we used the fact that
the k = p + 1 term is zero by the definition of binomial coefficients. The two sums cancel and we have
the identity

P Ipl 1
np
= 3.23
z(:)n+k:+1 p—k) n+4+p+1 (3.23)

Insert this into Eq. and relabel p — k to obtain Eq.

3.5 Recurrence relation

The logopoles obey the following recurrence relation:

z '\ 2 r
This is only numerically stable near the singularity. For example at the point p = 2R, z = 0, numer-
ical errors become apparent (on the order of the magnitute of the function itself) at n ~ 40, while for
p = R/2, z =0, errors become apparent at n ~ 240.

Derivation of Eq.
Begin with the series definition in terms of offset multipoles (Eq. [3.16). We use a rearrangement of the
recurrence relation for irregular solid harmonics:

R R?
2
= Sk = (2k + 3)%Sk+1 (k+2) 5 72 Sk+2 (3.26)
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Using this in the primed frame and inserting into Eq.

o0
Z (—)kn 1 = / =/ /
e ntk+1k+1 [2/(2k + 3)Sj1 — /(K +2)Sp40) (3.27)
, 2
ith shorthand notation ¥ = —; 2z’ = —.
with shorthand notation 7 = ;2 = &

Now split into two sums, and re-index so that the spherical harmonics are order k:

L~ 2kt+1g (=) &k
Ln:_l ( )n /2 S/ 3.28
" z;n—i-k k kZ_:TH—k—lk—l (3.28)

Now we want to extract L,_1 and L,_o, splitting off the desired prefactors:

2k +1 n+k
n

= -1+ (3.29)
n+k—1
_ = — 1 _— .
no— =n— 14+ (3.30)
Applying Eq. [3:29 to the first sum in Eq. [3.28] and Eq. [3:30] to the second sum:
nL, =—-%[(2n—1) i () Sh + i L_)ksg —7? | (n—1) i = S+ i (=) A
n+k k n+k—1 kE—1
k=1 k=1 k=2 k=2
2n — 1 — (—)*
(2n —1)Z' L1 + n ZSy— 7 (k)S,{c
k=1
/2 12 / 7/2 . (_)k !
—(n—=1)F%L, o+ 7% |S) — S Zk_lsk (3.31)
k=2

The first two terms on the r.h.s. of Eq. have been revealed, now we have to show that the rest of
Eq. equates to r/R. Note for the lowest orders:

Z’S{) = F'QSi = cosf'; 'QS' 7

so that (and re-indexing the last sum of Eq. [3.31):

X Nk
nLy, + (2n —1)Z'Ly_1 + (n — 1)7?Ly_o = cos @ + 7 — Z (k) (z'S;, — 7”251'“_1) (3.32)
k=1
=cost +7 = (=) (F2Shy — 228, - Spy)  (3.33)
k=1

The last step used a rearrangement of the recurrence relation for Sj.. Then re-indexing sums again and
adding the lowest orders to the sums so that they can be extended down to & = 0:

o0

nLn+(2n =12 Ly 1+ (n— 1%Ly 5 = cost/ +7 + (F?+22+1) > (—)FS; — 2255 — 7%(S) — S1)
k=0

(3.34)

Then use the following identities (the first is obtained by reflecting the translation relation for irregular
spherical harmonics Eq. about z = 0 and using the parity of P,):

2

- R
kg _ . —/2

and cancel the remaining terms in the r.h.s. of Eq. to find that it does equal r/R.
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3.6 Lowest orders of logopoles

There are a range of expressions for Lg. First from Eq. [3.2}

Lo = gé — go = QQ(COS 0) — Qo(COS 9/) = 2Q0( )P[)(ﬁ)
The last equality is derived in section Note the following expressions for Qo:

1 14+cosf 1. r+z P r+z
Qo(cos 6) 2 %1 cosf 2 0r—z Tr—" " P

The lowest orders of logopoles are best derived from the recurrence relation or Eq. and are (with

u' =cos@ and ¥ =r'/R):

r—z 1 r+z

=1In
r—z '+ 2
L1 =-— [’U,/L()—i-l]F/—i-?7

1 1
Ly :5[(31/2 —1)Lg + 3u)7? + 3 (=37 +1] 7

) 2
—u'7 + } 3

1 4 1 4
Ls=—; {(51/3 — 3u') Lo + 5u* — ] S R [51/27"2 — gf@ -3 2

3 2

55 1
[(35u'4 30u"? + 3) Lo + 35u — 3u'] 7=

Ly
8

oo\}—n

1 64
Ly=-3 [(63?/5 — 70u® + 15u/) Lo + (63u’4 490" + 15) (1 - T)] 75
T

1 161 42 32 18 8
+ g [—211/37“/3 + Eu/?;/s + Eu/277/2 . Efa _ gu/f/ + 5} P

3.7 Differentiation and integration along z axis

The logopoles obey the following relations:

RaLn:—nLn 1+§
0z

dz -1 r—2z
L,— = L, 1
[ 05 n+1( At >+f(p)

where f(p) is an arbitrary function of p.

Proof of Eq.
Start from the series definition of L,, (Eq.

(9 > nlk! 0
Ry Ln 2} n+k+1) Ry Sk

and apply Eq. RO,S, = —(n+1)Sp41:

0 > nlk!
R—L, =-— ——(k+1)S
= nlk!
= — Sk (k+1—k)

|

— (n+k)!

=-nlp_1+ E

T

And Eq. [3:36] comes directly from integrating Eq. with respect to z.
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3.8 Link to spheroidal harmonics
Logopoles can also be written as a finite sum of barred spheroidal harmonics and vice versa:

n o k n '

Qn()Pa(i]) = % ( 2) k!(Q(rj_—k)k')!Lk (3.38)
—)* TL.2 _

(s(— ll)!(?::lilll)!@“mp’f(”) (3.39)

n
L, =
k=0

Eq. is numerically unstable in all space for large n; Eq. is much more accurate and only shows
inaccuracy either very close or very far from the singularity.

Proof of Eq.

Compare the expansions of L,, and @, (&)P,(7) in terms of spherical harmonics:
)P, (7 3 i S, 3.40
> nlk!
L, = —— 5. 3.41
’;0 (n+k+1)7" (341)

The sum in @, (£)P,(7) starts from k = n, but it can be written as

S klk(k—1)...(k—n+1)
@n (&) Pn(7) - 50t

Sk

so that the sum extends to K = 0. This is identical to Eq. since all terms with k£ < n are zero
anyway. Now assume that the spheroidal harmonics can be written as a finite sum of logopoles:

Qu(©)Pu(m) =) _apLy. (3.42)

Insert the spherical harmonic expansions of L, and Q,(£)P,(7) into Eq. Because Sy, are linearly

independent, the coefficients a;; must satisfy:

k(k—=1)..(k—n+1)
(n+k+1)!

- 2p!
= —al 3.43
p+k+1)7 (3.43)

p=0

We want to use the fact that any degree n polynomial p(t) of an integer argument ¢ can be expressed as
a sum of binomial coeflicients:

p(t) = i)aq <2> (3.44)

with ag = zq; (=)o <f) p(d)

%

This can be proved by substituting p(i) = Y, _, (k) into the expression for a,, rearranging the order of

q .
summation, and using the identity Z(—)QH (q) (;) = g [15].
i
i=0
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So we rearrange Eq. [3.43] to express it using binomial coefficients:

pl(n+k+1)!
k(k—1 - 1) QPN TRT )
( ). n+ Z TR o,
p=0
=~ [k 1
:Z 2< et >p!(n—p)!oz;Z
n—=p
p=0
- k+n+1 n
:Z 2( ] >q!(n—q)!an_q g=n—p

Il
o

q

In terms of Eq. we havet=n+k+1,p(t)=(t—n—1)(t —n—2)...(t — 2n), so

aq = 2q!(n — q)lal_, = Z (=)ot <q) (i—n—1)(i —n—2)...(i — 2n).

Since i < n, we can write

Then

This expression can be simplified using the identity ([I8], pg 619, or [2], pg.1394):
S ()0l
n n—m
7=0

making substitutions m —n—p, j - n—p—1, a =n+ p and using (nﬁ;}iz) = (”;p)z

S ) () ()

-
=5 ()(") -
The first few orders are
Qul&)Po(i) = 2
QORI =2~ 1y
QEP(m) = 20 3L, 1 3L,

. L
Q3(§)P5(1) = 70 — 6Ly + 15Ly — 10L3

Note that the expansion coefficients of @Q,,(£)P,(7) in terms of Ly are almost identical to that of the
coefficients for P, (£)P,(7) in terms of 7% Py (cos 0) (Eq. - 2.25( for m = 0). They dlﬁer only by 2(—)*. By
noting that Eq. - can be inverted to expand r" P, (cos#) in terms of Py(&)Pk(7) (Eq. -, we can
deduce the expansion of L, in terms of Qy(&)Py(7).
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We now derive a key identity that makes Eq. [2.26] the inverse of Eq. 2:25 Inserting Eq. [2.25] into Eq.
2,20

T\ = (2k + 1)n!? (2P (ke +p) T\P
\'p = E: P
(R) n(cos ) =R+ k+1)! = pPk—p)! (R) p(cost)

& 2k:+1 n!? () P(k+p)! fr\P
= — ) Py(cos® 4
p ;; M+ k+ D! pP(k—p) (&) Foteost) (345
It must be true that
= 2k +1nl>  ()MP(k+p)! 5 (3.46)
S =Rtk + ) pRE-p! '

Now do the same with logopoles - first assume an expansion with coefficients 8%: L,, = >"7_, 85Q,,(£) P.(7)
and insert Eq. [3.38}

- _(k+p)!
L, = L 3.47
-y G, 17
Again it must be true that
- (k+p)!
k (
= Onp, A4
Zﬁ 2 p'2(k —p)! p (3.48)

By comparing this to Eq. [3.46], we must have

2(—)k(2k + 1)n!?

k_
bn = (n—k)(n+k+1)I

(3.49)

which are the coefficients of Eq. [3.39]

3.9 Integral form

The logopoles can be expressed as the potential created by a line charge with density ¢(z) = (1 —z/R)™:

_ f _Z " dz _ L (1 —w)"du

The line charge distribution is ¢ = (1 — u)™ which ranges from ¢ =1 at u =0, to ¢ = 0 at u = 1 (for
n > 0). ¢ is positive which means that the logopoles are positive everywhere in space. The potential
of any continuous finite line charge can be expanded in terms of logopoles by expanding the charge
distribution as a power series in (1 — u).

Derivation of Eq.
The spheroidal harmonics can be represented as the potential of a line charge distribution on the segment
from z = —R to R [16]:

1 u)au
%@&wzf[lﬁfgimz (3.51)

We actually need the corresponding equation for barred spheroidal harmonics with singularities from
z =0 to R, which can be obtained by coordinate changing to barred coordinates (see section ??). First
express this integral completely in terms of £ and 7, plugging in z = Rén and p = R/(£2 — 1)(1 — n?).

R P (u)du
Qn(§)Pu(n) = ) /1 VR —1)(1 — n2) + (REn — Ru)?

(3.52)
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Then change £ — & and 7 — 7). The relationship will still hold because this is only a relabelling. Then
plug in the expressions of € and 7 in terms of z and p: R\/(£2 — 1)(1 — 72) = 2p and REf = 22 — R.
Also change the dummy variable u — 2u — 1. After simplifications:

Ao R U P(2u—1)du
Qn(§)Pu(n) = 21 (2= Rup

(3.53)

Since the logopoles can be written as a finite sum of offset spheroidal harmonics, we can find the line
charge distribution that creates logopole potentials. Inserting Eq. into the expansion of logopoles
in terms of barred spheroidal harmonics, Eq.

n

I _Z 2(—)k(2k + 1)n!? @ L p(2u — 1)du
" (n—E)(n+k+1)!2 02 + (z — Ru)?

k=0
F(2k + 1)n!?

/¢p+z—_mz (n— R+ k+ 1]

Now we present an identity to simplify the sum. Evaluate the expansion of r"P,(cosf) in terms of
Py (€)Pe(7) (Eq. [2.26) with m = 0, 7 = cos@ = —1, (which means r = (£ — 1)R/2):

1P (2u — 1) (3.54)

n

(—)*(2k + 1)n!? S (E-1\"
> ik 1O = O (53 (3.55)

Insert this into Eq. with £ = 2u — 1 =2Z/R — 1 to obtain Eq.

3.10 Alternate expression for Q,,(¢)F,(n)

We derive a new formula expressing the relatively common irregular spheroidal harmonics as a finite sum
of the rarely used offset spherical harmonics of the second kind:

n

QP = 5> (Z) <" N k) ()" = (=)"S4] (3.56)

k=0

Note in this section we use S = (=) (5 ) Qr(cos ) (with 2R instead of R before). Note Eq.
has not been strictly proven since the derivation relies on Eq. which is not strictly proven. But Eq.
has been checked in Matlab to be correct, although it is numerically unstable in regions of space
where S’I’C and S’,’é are close in magnitude. A similar expression can be written for the barred spheroidal
harmonics using the coordinate frames O and O’ instead of O” and O’.

Derivation of Eq.
First note that we will work with stretched logopoles L,, which have their singularity from z = —R to
R. The scaling/translation transformation between L, and L, is the same as that for Q,(€)P,(n) and
Qn(£)P, (7). By coordinate changing Eq. E we have:

awerm =33 (1) (") i 357)

k=0

k
Ln=5,-)_ <k> Sy (3.58)
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Again these S, have 2R instead of R. Combining these two expansions:

n

@t =33 (") |- > (%) (359

k=0 p=0
gPEIRIGWLS pnlHIGNHE I

The last sum over k can be simplified. Now we will derive a binomial identity for this purpose. P, (5 )P (n)
can be expanded in terms of S’ or S” We equate these expansions and expand S’ in terms of S” using
Eq. 2.9) then rearrange the summation order:

n

rorsa-Er () 1)s-E 0

k=0

(3.61)
Xq:(—)ﬁp <q> s (3.62)

SR (0

and by the orthogonality of the spherical harmonics, each coefficient of Si on the left hand side must be
equal to the coefficient of S, on the right hand side when p = &, so

S ()0 - ()

Apply this identity to Eq. to obtain Eq.

3.11 Attempt at expanding solid harmonics with logopoles

The irregular solid spherical harmonics cannot be expanded in terms of logopoles; an attempt can be
made by starting with the expansion of solid harmonics in terms of Q, (&) P, (%) (Eq. and applying
the expansion of spheroidal harmonics in terms of logopoles (Eq. , then rearranging the order of
summation. For Sy:

So="0= 32020+ 1(-)"QuEPa(0) (3.65)
n=0
= Z (2n + 1)(=)" Z k,gn k) )|Lk (3.66)
n=0 =0 '
n+k)
_ kzo 2 (2n +1)( ”“fké(:)k)!Lk (3.67)

But the coefficient of Lg in this expansion is ) 2 ((2n + 1)(—)" which diverges. This also suggests that
Green’s function cannot be expanded in terms of logopoles, since Sy is a special case of Green’s function
where the point source is at the origin.
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3.12 Symmetric and antisymmetric logopoles

The logopoles have no parity about z, but for potential applications to problems with reflective symmetry,
we investigate defining anti/symmetric logopoles.

3.12.1 Definitions

We introduce symmetric logopoles L] as:

(1’ Y,z ) (.f(f,y, —Z)}

2[
00 k+1
nlk! R
= P, 0) — Pi(—cosf
2:;] TR < ) [Py (cos 6) — Py(—cos 0)]
= nlkl <R>k+1
= — | = Py(cos )
kzo (n+E+1D!\r
k even

The last identity comes from the parity of the Legendre polynomials Py(—2z) = (—)*Py(x). And the
antisymmetric logopoles:

1
L?L = §[Ln($7y7z) - Ln(x’ya _Z)]
= nlk! R\"!
Z CET =] < ) Py(cos0)
kodd

Note that L, = L] + L%. Using the expression for L,, in terms of offset multipoles, the symmetric and
antisymmetric logopoles can be written as:

B=8 - rsi- 3 (1) a- s,

k=0
-~ n
o "
=S, — (-G -2 <k> Sk
k odd
n
Lo =S, +(=)"Sp—2 > <k>5k
k even
The first few orders are
1 ~ 1. =2 1 "+
LS:i(S{)_Sg)iiln/r”—zﬂ751 7°,+z/
8 _ lln (7"/ o Z’)(T‘” o Z”) _ }ln (7, 4 2)2
2 (7« _ Z)2 2 (?”’ _ Z’)(T” _ Z”)
1 4+

(S’ Sy =S =L§—zL3 +r— o7

—
2R

The antisymmetric logopoles are proportional to the potential created by a line source between O” and

O’ with line charge density (1 — z/R)"™ (except for L§ which has density z/|z|). For the symmetric

logopoles, the line charge density is |1 — z/R|™.

L$ =L§—zZLg+

3.12.2 Spheroidal harmonics as a sum of anti/symmetric logopoles

The spheroidal harmonics (centred at the origin) can be written as a sum of either symmetric or anti-
symmetric logopoles:

Z 2)p (n +p)! L5/ (s/a for n even/odd) (3.68)

P Ipl12—P
= (n—p)'p!
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See appendix for derivation. We note that the coefficients in the sum are almost identical to the coeffi-
cients in the sum for the expansion of Q,,(€)P,(7) in terms of L, (Eq. |3.38).
The first few orders are

Qo(§)Po(n) = Lj
Qi(§)Pi(n) = Lg — LY
Q2(&)P2(n) = Ly — 3L + ng

15 5
Qa(&)Pa(n) = L — 6L§ + - L§ — 7L
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3.13 Intensity plots

We present intensity plots of the irregular spheroidal harmonics and logopoles on the xz-plane. The
spheroidal harmonic singularities range from z = —2 to 2, while the logopole singularities range from
z =0 to 2.

The colour-bars give the value of the function - note that since QQoFy is non-negative, the dark blue
corresponds to a value of zero, but for higher orders, zero is green.
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Figure 3.1: intensity plots of irregular spheroidal harmonics for m = 0 and 1. The horizontal axis of the
graph represents x in 3D space, and the vertical axis represents z.
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For the logopole plots, all logopoles are actually infinite along the central line from z = 0 to 2,
although it is not clearly seen with the higher orders because they do not diverge until very close to the
singularity, so they appear smooth where the plot is interpolated across = 0 (they cannot be evaluated
at = 0). The logopoles were calculated by recurrence and checked with the expansion in terms of
barred spheroidal harmonics. The equipotentials of the logopoles approach spheres as r — co. They are
positive everywhere in space (since they are proportional to the potential created by a positive charge
distribution). Note Lo and Qo(§)Po(n) are the same functions but translated and scaled.

L,(r.0) L,(r.0) L,(r.0)

Figure 3.2: intensity plots of logopoles. The horizontal axis of the graph represents x in 3D space, and
the vertical axis represents z.
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Chapter 4

Applications - Point source interaction with sphere

Problems involving a point source interacting with a dielectric sphere were the main motivation for this
project, in particular to find a faster converging solution to the electrostatic approximation of the decay
rate of an oscillating dipole near a dielectric sphere. We hoped to generalise this to the Helmholtz
equation to be able to apply these calculations to the exact decay rate, but are yet unsuccessful (see
conclusions and outlook). These problems have motivated investigating logopoles and offset spheroidal
harmonics since both were useful as solutions.

Point source at
r=z=R,

p

4.1 General definitions

This chapter deals with a sphere radius a
centred at the origin O (see figure ,
and separately with three electrostatic
point sources - a charge, a dipole oriented
perpendicular to the surface and a dipole
parallel to the surface. The permittivity
of the surroundings is €; and the relative
dielectric constant of the sphere to the
medium is €. The point source is located
at P where (z,y,2) = (0,0, Rp). Image
point sources appear at [=(0, 0, R;) where
R; = a®/Rp. Coordinates with subscript
P are centred at point P, and similarly
for point I. For each of the three cases we
consider both Rp > a and Rp < a, and
calculate the potential inside and out.

o
Q0
—
(3]

=
(8]
()

=
o
Q0
©

E

z=0

r=a

Figure 4.1: schematic representation of the problem. The
spheroid at constant & is not real but we will use these
offset “barred” spheroidal coordinates in a solution of this

problem.
zp
2p=z—Rp, rp=+/p?>+(2— Rp)?, cosbp=—"
Tp
zr = z — Ry, T[:\/p2+(Z—R[)2, COSG[ZQ
rr
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4.2 Point charge near sphere

4.2.1 Standard solutions using spherical harmonics

A point charge ¢ is at point P above the sphere. To derive the potential outside the sphere, it is useful

to expand the incident potential Vlﬁﬁ created by the charge in terms of regular solid spherical harmonics

centred at O, using Eq. for n = 0:

veh = yeh 2 = yeh 2 ) Py(cosd <R 4.1
inc TP 0 Rp 7%20 Rp (COS ) (T P) ( )
where
ch __ q
Voo = 4megera

Call potential inside the sphere Vi, and outside V% = V¢h +Vﬁf} The reflected potential Vfg} (r) can be

in out — Vinc
derived by assuming solid harmonic expansions of the potential inside and out and applying electrostatic

boundary conditions:

Vel = Z anr" Py(cos0) ref = Z bpr "1 P, (cos 0) (4.2)
Vi = V;%h, €0,V =0,V at r =a (4.3)

Applying these gives simultaneous equations to solve for a, and b,. The reflected potential is

o] n n+1
Vref = (6 - 1)7§n(e+1)+1 <}?> Pr(cos0) (4.4)

This solution is slowly convergent when the source and the evaluation point are near the surface (often
the most interesting case). We now reformulate Eq. to increase the rate of convergence, as done by

[9].
4.2.2 Separation of image sources

The convergence of Eq. can be improved by separating out an image charge from the solution. To
do this, split the fraction n/[n(e + 1) 4+ 1] to isolate the dominant term as n — oo:

n 1 1
nle+1)+1 e+1  (e+Dn(e+1)+1]

(4.5)

The sum over the first fraction can be recognised as the potential due to a point charge located at I,
since

o0 n+1
R R

E <I> P,(cosf) = —L. (4.6)
r rr

n=0

This identity can be seen as a translation relation: Eq. for n = 0. Then we have for the potential:

[e.9]

R, 1 R; n+1
o 7;0 T Tl <r> P, (cos 9)] (4.7)

This solution converges faster but is still slow. We can continue to isolate image terms to improve
convergence; by separating the next dominant term in the fraction:

_ _yeh€— 1
Vil = = Vg 1

1 1 €
et D41 1D+ D)  ex Dt Dnle+ 1) +1] (48)
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Although the separation of 1/(n + 1) seems arbitrary (as opposed to 1/n), it makes the calculation of
the next image source easier. We now derive the analytic expression for the sum over the dominant term

in Eq. The aim is to calculate:
oo n+1
b,
S () el (49)
r n+1

n=0

To do this, start from the generating function:

m Zt"P (Jt| < 1). (4.10)

Integrating with respect to t (from 0 to t):

t—a+ V122t +2|

1—=x

tn+1

In Pu(z),  (t| <1). (4.11)

0n+1

n=»

Setting x = cos @ and t = Ry/r, we obtain after simplifications:

o) n+1
P, -
y <RI> Poleost) _yri=z o gy (4.12)
o\ n+1 r—z
Then the potential becomes
1 - > 1 ntl
Vref = Che LB P Z ] P,(cosf)] .
e+1|rr e+l r—z e—I—ln:O(n—l—l)[n(e—l—l)—l—l] r

(4.13)

The convergence has been improved again, but is still not ideal.
Note that the logarithmic term is singular on the line segment OI. It is interesting that this term is
actually the prolate spheroidal harmonic for n = 0:

S 1o E41 1 -z
Qo(&)Fo (1) = 5 lng_ T =g — (4.14)
With £ = (r +77)/R, 7= (r —7r7)/R. To derive the last equality invert the definitions of £ and 7:
R - R - R __ R __
=5 E+n; =g E-0; 2= gEn+l); = @) (4.15)
and insert these into the r.h.s. of Eq.
— ¢ _p)—(€n—1 c+ 1) (-1
mey _(E-m-@@-1) _ E+DE-1 )

r—z  (E+n)—(En+1)  (E-1DH-1)

4.2.3 New solution using spheroidal harmonics

In fact, the problem of a point charge near a sphere has been solved using image theory where the entire
image source was comprised of a point charge at I and a line charge on OI [6]. This provides motivation
to look for an expansion of the potential in terms of irregular barred spheroidal harmonics, since they
have this same singularity on the line OI. Starting from the potential with just the point image separated
out (Eq. , we apply Eq. - the expansion of irregular spherical harmonics in terms of irregular
barred spheroidal harmonics (with m = 0):

che—l Ry & 1 R\
= — = — P, 4.1
Vref e+1|rr ;]n(e+l)+l < r (cos ) (4.17)
_pene=1 &_Z‘” ;ii etk (E+n) o ap
O e+1|rs vt n(e+1)+1n!? = (=) 2k + 1)(k7n)!Qk(§)Pk(n) (4.18)
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Now rearrange the order of summation and relabel n <> k to obtain:

yeh - _yen€ 1 22 2n+1) Z (k) Qn(E)Po(7) (4.19)
ref = e+1 k‘e—i—l +1k2(n— k)" . '

However, the sum over k is numerically unstable to calculate - noticeable errors start occurring at
n =~ 20 as seen in figure This numerical problem can be solved by finding an alternate form for this
expression. Defining

_ 1
'u_e—kl’
we have
() (k) Lk k) ek
Z_;) k:e—i—l +1k12(n—k)! Mkz—o k4 u K?2?(n—k)! kl:[Ou-i-k (420)

See appendix for proof . These coefficients are plotted in figure

T T T T T

1010 - Z n+k (nJrk)! ]
k=0 k e+1 +1 k2 (n—k)!

_Hk 0 ,quk

Figure 4.2: An example of numerical
error in calculating the coefficients in
Eq. The absolute value of the
coefficients is plotted. ¢ = 1.4 in this
example but the results are virtually
the same for any complex €. The coef-
ficients follow a clear decreasing curve
until numerical errors in the sum be-
come comparable to the size of the co-
efficients themselves at n ~ 20, and
: continue to increase with n. The prod-
uct form follows the same curve, sug-

coefficient magnitude
=
o
o

loo \

: : : A : : gesting it has been calculated accu-
0 5 10 15 20 25 30 35 40
- rately.
coefficient number, n
Then our final form of the potential is
e—1| Ry > L w—FK _
Vet = —ygh —= =2y 2n+) ]~ P.(7 4.21

This converges much faster near the sphere as seen in figure Also since the singularity of the
spheroidal harmonics is only close to the surface near § = 0, the series converges even faster for other areas
around the surface, as opposed to the spherical harmonic expansion which converges slowly everywhere
where 7 — R;. Eq. [£:2]] takes only 18 terms to reach double precision accuracy at r = Rp, 6 = m,
while [4.7] with the single point charge separated takes about 1100 terms.

The potential could instead be expanded in terms of spheroidal harmonics with foci at z = —Rj
and Ry; image sources are not unique and this problem can be solved with a longer image source.
This expansion was actually derived but its convergence is slower than the barred spheroidal harmonic
expansion (not shown here). It appears that an image extending from z = 0 to R is more natural.
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' —spherical §=0 Figure 4.3: A comparison .Of
—1 term separated 0=0 the rates of convergence of dif-
. ferent forms (Egs.
spher_0|dal =0 4.21)) of the reflected poten-
—spherical 0=r tial of a point charge outside
—1 term separated 0=7n| 4 sphere. The relative error is
spheroidal 6==

partial sum—converged sum
converged sum The

distance of the charge from the
origin and the radius that the
potential is evaluated at are
both close to the sphere (r =
Rp = 1.01a). The relative di-
electric constant of the sphere
and medium is ¢ = 1.13 but
the convergence rates are almost

identical for any complex €. The
0 500 1000 1500 flattening out of the error at

—13 —14
truncation order (N) 107 — 107" comes from the
limit of double precision.

error

10-10 !

4.2.4 Image line charge density

As mentioned before, Lindell [6] also found an appropriate image source containing a point charge at
I and a line charge on OI. Here we compare our series solution to Lindell’s integral solution. They
calculated the line charge density to be g(z/R)~/(tD) = ¢(z/R)*1, so the potential can be written as:

Ry s\ p#—1 5
. on €—1 Z dz
Vine = V0 (e+1)2 /0 <R1> 24 (z—2)% (4.22)

Here the tilde means a dummy variable. By comparing this solution to ours (Eq. |4.21)) we can deduce
the expansion of the charge distribution in terms of Legendre polynomials. We use the expression for
barred spheroidal harmonics as the potential due to a line charge distribution along OI (similar to Eq.
3.53)):

. 1 (B p(7)dz
P,(7) == 4.23
Q@ =5 [ (4.23)
Note that on the z-axis 7 = 22/R; — 1. In order for Eq. to hold, it must be that the image line
charge distribution can be expanded in terms of Legendre polynomials as follows:

p—1 — n— 00
z n+1
— =(— (2 1)— ( 4.24
(m) - (% > =2t Hu+k 20

This has been checked in Matlab, but the sum converges very slowly for y << 1 (for u = 0.25, successive
terms actually increase up to atleast n = 105, but may eventually converge). Insert this identity into Eq.
and use Eq. to see that the series and integral forms of the potential are equivalent.

Out of interest, Eq. |4.24]is actually a general case of Eq. evaluated at m = 0, £ = 1:

< ) =2 n+l?:k++11 ' k)[P"(ﬁ) (4.25)

k:O

which can be seen by substituting 4 — n + 1 in Eq. and relabelling summation indicies.
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4.3 Perpendicular dipole near sphere

We want to find a similar expression to Eq. [4:2]] for the problem of a point dipole p = pz at P
near the same dielectric sphere. This problem is particularly relevant for calculating the electrostatics
approximation to the decay rate of an oscillating dipole near a sphere. The incident potential of the
dipole is

ipallp dip 0 r\"
Vi = ydin? op = —vir & 1) () Py(cost <R 4.26
o=V st = S k) () Paeest) 0 <Be) 029
where
dep b
0 AmegeraRp’

The above expansion uses Eq. for n = 1. The outside potential V5, = Vit + VL ¢ can be derived
by assuming solid harmonic expansions of the potential inside and out of the sphere and applying

electrostatic boundary conditions. The reflected potential is

] 00 1) RI n+1

Vi, = dep(e —1) E _nlnt+l) <> P, (cos ) (4.27)

ref 0 n
nle+1)+1\r

Like with the point charge, this converges slowly for r — a, Rp — a.
The separation of image terms is similar to the point charge case except that there is an additional image
dipole. As before, separate the leading order from the fraction:

n(n+1) n en
= + . 4.28
nle+1)+1 e+1 (e+1)[n(e+1)+1] (4.28)
The sum over the first term can be evaluated analytically using Eq.
oe] n+1 2
Z n (RI> P, (cosf) = R—; cos 01 (4.29)
r Y

n=0

which is proportional to the potential of a dipole located at I pointing along z. The next image term
is separated out in the same manner as with the problem of the point charge outside the sphere, and
again we do not separate any line source images because we want to express the line source as a series
of spheroidal harmonics. We have

1| R? e R e & 1 Rp\"™
Vit = VAP | Tlcos L) Py(cost)] 4.30
ref e+1|r? cosvr¥ e+1rr e—i-lnz%n(e%—l)%-l r (cos ) (4.:30)
Inserting Eq. 2:28
—1) |e+1R? Ry > s -
V _ Vvdz]oe(6 I os 6 -2 E 2 1 (1 4.31
el (e4+1)2 € r? 1 Ty r " H n(&)Fa () ( )

The comparison of the convergence of this expansion with the spherical harmonic expansion is similar to
that of the point charge case.
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4.4 Parallel dipole near sphere

We find a similar expression to Eq. for the case of a point dipole aligned parallel to the surface with
p = px at P. If we know the potential due to a parallel and a perpendicular dipole then we solve for for
any orientation, since any orientation of dipole can be vector decomposed into a linear combination of
three orthogonal dipoles (one along each of x, y and z), and because of symmetry the parallel dipole can
represent either x or y orientations. The incident field is

Rpx _ aipalip yiin — (r\"
VH _ dlpa _ p P CcoS 9 CcoS w__ <> PT} COS 9 COS r < R
inc TP 0 TP 1 ( P) d) Rp nzz:l Rp ( ) d) ( P)

(4.32)

This expansion can be derived by expressing the Legendre functions P! in terms of the simpler Legendre
polynomials:

Pl(cos ) = _ne [cos 0P, (cosf) — P,—1(cos@)] (4.33)

sin
And using the translation relation Eq.

By applying boundary conditions, it is straightforward to determine the potential outside the sphere
Vil —yll + VHef, with the reflected potential

out = "inc

n+1
I — _ydin Ry 1
Vier =V 1) cos ¢ g_ Py ( > P, (cos®) (r > Ryp) (4.34)

Like with the perpendicular dipole, the fraction can be split and image terms can be separated out to
make the convergence faster. Splitting the fraction as before:

n 1 1 1

— — 4.35
nle+1)+1 e+1 n(e—|—1)2+n(6+1)2(n6+n+1) (4.35)
The first term results in the series
o) n+1
Z <RI> Pl(cosf)cos ¢ = R?% (4.36)
o r Ty

Which is the potential of a dipole located at I, which is actually oppositely aligned to the source dipole.
This identity can be shown by expressing in terms of the simpler Legendre polynomials, and using the
translation relation Eq.

The second term gives the series:

e e} n+1
Z 1 <RI> Pl(cos ) cos ¢ (4.37)
—n\r

In contrast with the case of a perpendicular dipole where an image point charge was identified, it is not
straightforward here to recognize an analytic expression. To manipulate Eq. we use Eq.

o] n+1 &) n+1
Z% <R1> P (cos 0) cos ¢ — _C?Séﬁ Z (1?) [cos 0P, (cos ) — Pp,_1(cos )]

= r sin 6 =
cos ¢ = (Rr\"™! R & (R "™
- E — P, - — g — P,
ez [cos.@nz1 ( " ) (cosf) F 2\ (cosf)
cos ¢ Ry R; Rr Ry .
_ fo By fuf Eq. B10 for n =
g [cos@ <7“1 . > . 7'[:| using Eq orn=0
0 —
= M(cos& —cosfy), since cosfj = reost — By
rsinf rI
Rz
= —(cos — cos0r) (4.38)
p
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Note that the above expression is singular on the segment OI only. Because this singularity matches
the singularity of the barred spheroidal harmonics, we include this term inside the spheroidal harmonic
expansion. So we write the potential with only the image point dipole separated:

R%Sine[ > 1 R[ ntl 1
-1 — (= P, 0 4.39
R M Y  (cos ) (4.39)

|y dip€—
V’”ef_v e+1

This can be converted in to barred spherical harmonics using Eq. for m = 1, so that the sum in Eq.

[4.39] becomes

) 1 R; n+1 B 00 _9 00 ( )nJrk (k—i—n)! ok + 1
o 2n . )tk n ! _
e ok +k)',Q£(£)Pﬁ(ﬁ) (1.40)

n(n+1) 1k(e+1)+1k‘!2(n—k).

In the last step the order of summation was swapped and the indices relabelled n <+ k. Now we need
to convert the sum over k into a product as was done with the point charge. To do this we first use the
following identity which is obtained by evaluating Eq. atm=0,{=n=1

n

z(:) W e k)‘ =1. (4.41)
Now note that
- HEE S (n 4 k) ()M (n k) = e (n+Ek)
=) ()P =1 (4.42
;k D)+ 1R2(n — k)l +kzk(e+1)+1k:!2(n—k)! k:l( LAY (442)

n (_)n+kkj (TL-I—/{I)' B 1 n y—k
= kzlk(e+1)+1k!2(n—k)!_e+1(1_IHM> (4.43)

Here we used Eq. Then the potential is:
p€—1 R2sinf; 2+l (5 -
VH — lepe I Pl —
ref 0 €+1COS¢ ’I“% 6—|—1§: 1’L—|—1 ||M+k (f) n(n)

Again the convergence of this series is much faster than the spherical harmonic expansion. Note the
potential cannot be evaluated at § = 0 because both expansions are singular; however we know by sym-
metry that the potential is zero along the entire z-axis anyway.

(4.44)

We only separated out one point source from the expansion because there is no point charge term
for m = 1 - instead there is a line singularity (cos@; — cos#)/p which corresponds to n = 0, m = 1.
So the angular part cosf/sinf is a solution to Legendre’s equation for n = 0, m = 1, but it is not
Q(IJ = —1/sind, it is the second independent solution. As far as we know this has no name but would
be analogous to Pj(cosf), although P is zero for m > n. It turns out that the exclusion of this term
from the series has only a slight difference in the resulting spheroidal harmonic expansion. Separating
out this term leads to replacing the —1 that comes after the product (in Eq. with —(—)". This
has no effect on the rate of convergence, so we ignore it.

4.5 Reflected electric field and dipole decay rates

We calculate the electric field for the dipole sources because it applies to nano-optics for calculating
the decay rate of an oscillating dipole near a sphere. The full decay rate must be calculated using the
Helmholtz equation, but we can provide the electrostatic approximation when the wavelength is much
longer than the sphere size and the Helmholtz equation reduces to Laplace’s equation.
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4.5.1 Perpendicular dipole

In terms of spherical harmonics, the standard solution of the reflected electric field is (calculated from
E=-VV):

T

L B 2 nn+1)%2 (Rp\" . Pyii1(cos) — cosOP,(cosh) A
E. ;= Eo(e—1) nz:% el P, (cos )t + — 0 (4.45)

with

p

Ey=——"—.
dmegera’d

Starting from the barred spheroidal harmonic expansion of the potential (Eq. , Erle 7 can be obtained
in terms of unit vectors # and 0 by using the gradient in spherical coordinates. The electric field of the
point terms is easily calculated, but for the spheroidal harmonics we need the gradient in spheroidal
coordinates, which we derive for the case of constant ¢:
0. sinf OV 4
VV:—g o 600896 -
_ <8§8V 8778V> < 0¢ 871{4_ on 8V>é
or 9§  Or On 80059 0  0Ocosf On

+(1— 2)?;) F— — @‘g ‘g) 0. (4.46)

R(€ - n§+n(

After some algebraic manipulation, the reflected electric field is:

By = Bl [“Eh e (<207 s 0) 4 By coso )
+2?§<2n+1><n+1>gﬂ <Qn(§)Pn(n) Q@) n+1<§_§n+l<s> <n>)]f
_ OZ(E:__SgsinQ[f; etlf?(r + Rpz — 2R3)

Ll ni)@n 1) “);Mk (Qn<£)m<9>cose+m <Qn<§> Pra) _ Qn+€12<¢21?<n>>>]é

(4.47)
Now we evaluate the field at the dipole position. The dipole position corresponds to coordinates
_ R2
r=Rp, 0=0, ry=r;p=Rp— Ry, €:§p:27§—1, n=1
a
The self-field Er is the reflected electric field at the dipole position. Note that the angular field at

the dipole is zero. We present both the standard solution (Eq. [4.48) and new solution (Eq. [4.49) for
comparison:

> +1)2 a2 \"*?
Bl — Bye—1)S Mt DT (o ; 4.48
s = Fole >nzon(e+1)+1 R, z (4.48)

(e—1) +1R} R? u
:Eozee+1)2 {266 A */51:*12 (2n+1) 1;[ Qn §p} (4.49)

e Tip RPTI P
The decay rate is deduced directly from the self-field [9]:

r 6meper Im (p* - Egf)
Lo k3 p|?

7 (4.50)
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where Iy is the decay rate of the oscillating dipole in the absence of the sphere (which depends on the
surrounding medium) and k; is the wavenumber in the surrounding medium. Note that €, the dipole
moment p and Eg are complex in general.

=1 =1 2 —_ - -
FD + 2(]{1&)5 m (€+ 1)2 € T?P T‘%P + RpT[p

r, 3 e(e—1) |.e+1 R} R? \/fP_li -
— _— 2n+1) H

(4.51)

This expression converges much faster than the corresponding expression involving spherical harmonics.

4.5.2 Parallel dipole

In terms of solid harmonics, the reflected electric field is

EH - _E = n(e—l) RI e Pl 50 L AR
ref = 0;71(64—1)4—1 o [(n+1)P, (cos §) cos oF

+nPn+1(cos 0) — (n + 1) cos P} (cos 6) s qﬁé . P!(cos )
sin 6 sin 6

sin ¢>&>} (4.52)

In terms of barred spheroidal harmonics:

3 o 0 2 _ R2
E"r"ef —Ey +1cos¢[Rlsm (2r = Riz — Rj)
2 Ry Qn&)Pa() | QuE)Paia() — nﬂ( &) Py (7 )) R
e+1rn_12 n+1) <Hu+/~c >< n + (n+1)(&—7n) r
e—1 cosf  3Ryrsin?é 2R  — -
—E0€+1cos<;5 R?( 3 — - >+(€+1)p;(2n+1)< 1)
y (Q%(f)Pﬁ(n) Qu(© P ()& —1) = Qur (O P () (7 — ﬂ 5
noor (n+1)(E+7) (€~ 77)
1 R3 2 Rr= 2n+1 N
_EOZ~|— sin ¢ €+1 pf :LH—l (H,u+k ) QLEPIH) | b (4.53)

To calculate the self-field E! f (the field at the dipole position) we need to take limits as # — 0. For the
Legendre polynomials:
Pl(cosf) n(n+1)

li n = 4.54
91_1}1% sin @ 2 ( )

Then the self-field is (note that © = % at the dipole and the self field in the z-direction is zero):
0o n+2
I e—1 n?(n +1) CL2 .
E . =FE
sf 0 92 Z n(e+1)+1 X

— gl R%?_ 2 i(QnH)(H’H;—l)% % (4.55)

e+1|rip e+1n:1 k:1u+ %_1
And the decay rate is
It 3 e—1|R 2 & s Qu(Ep)
L =1- Im =L 2 _N'on+1 -1 =z 4.56
Ty 2(k1a)3 e+1 [r3, e—l—lZ::( ) kl;Il;H—k: 2 (4.56)
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4.6 Potentials inside the sphere

The potential inside the sphere can also be expanded in terms of (radially inverted) spheroidal harmonics.
The inside potential is a series of regular spheroidal harmonics, so we would assume that this could be
re-expressed in terms of regular spheroidal harmonics using Eq. but this does not work. Instead,
by changing coordinates to 7 = 1/r and Rp =1 /Rp, the potential becomes a sum of irregular solid
harmonics just like the reflected potential, and the same derivation can be applied to expand it in
terms of inverted spheroidal harmonics. We present new solutions to the potentials inside the sphere for
each point source. The results are similar to that of the outside potentials and the comparison of the
convergence of the spheroidal harmonic solutions to the spherical harmonic solutions is very similar to

figure

4.6.1 Point charge

The inside potential VZ%h can be calculated from boundary conditions on the sphere. Note that the
solution involves regular solid harmonics and the radius of convergence is r = Rp.

> 2n+1 r
Vch Vch a
0 RPZ n(e+1)+ 1R}

n

P, (cosb) (4.57)

We can separate out the image charge using the identity
2n+1 2 e—1
Rt D41 et (er D+ D+1]
The sum over the first term on the r.h.s. can be evaluated analytically using Eq. for n =0:

i <B;)nPn(COS o) = 2r (4.59)

r
n=0 P

(4.58)

which is proportional to the potential of a point charge located at P (the same location as the source).
Inserting this into the potential:

(e} ’ﬂ

Z (c+ )+ 1R P, (cos 9)] (4.60)

R
otP
rp

a 1
VCh —_ ych
0 Rpe+1

As demonstrated in [6], the image source can be taken to be a line singularity extending from P to infinity.
Consider the barred spheroidal harmonics Q,,(€) P, (7). If we radially invert coordinates about the radius
Rp - take the origin to infinity, infinity to the origin while r = Rp stays the same, the singularity of these
harmonics is now from P to infinity just like the image source. Therefore we define radially inverted
coordinates + = 1/r and Rp = 1/Rp, and rewrite the potential:

00 N n+1
ch _ yrch @ 1 Rp Rp 1 Rp
Vi =V g | B T 1>rnzzon<e+1>+1 5 ) Fuleost) (461)

This is now a sum of irregular solid harmonics and we can apply Eq. as long as we also transform
the spheroidal coordinates:

5_7‘"4—7\“13_&_’_ @ 2Rpcos0_|_1
- Rp T r2 r
. _T—1p Rp R% 2Rpcos<9+1
= Rp or r2 r

Then plugging Eq. with this coordinate system into the potential, rearranging the order of summa-
tion, relabelling n <+ k£ and using the product form of the expansion coefficients:
a 2 Rp Rp > -
Vieh = ygh — — +(e—-1)—/) (2n+1) 7 4.62
O Rpe+t1 TP+(6 )r nZ;) + H ) Pn(1) (4.62)
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Radially inverting a solution can be used to create another solution to Laplace’s equation - if ¢(r, 6, ¢)
is a solution then it is straightforward to show that r~!'¢(R/r,0,¢) is also a solution. Therefore
QM) P (7)™ and 1 P™ (&) P ()¢ are harmonics, and also Vel in the form of Eq. |4.62
satisfies Laplace’s equation.

4.6.2 Perpendicular dipole

The inside potential in terms of spheroidal harmonics is

; — (n+1)(@2n+1) r"
Vb — _ydin @ N~ (0 —_P,(cosf 4.63
(N D pra 7 n(cosf) (4.63)

Before making the coordinate change, the image dipole and point charge should be separated out as with
the reflected potential:

N n+1
: -1 [(Rp _e+1R? Rp 1 Rp
vl _ydir @ €71 [ AP 5T P cp i SN Rl P 0
o O Rp(e+1)2\ rp E—IT%COS P+€'r Zﬁn(ﬁ—i—l)—&-l 7 n(cos )
(4.64)
Then following the same derivation as for the inside potential for a point charge, we find:
; —1 |Rp _e+1R? Rp -
VL — _ydv @€ TP 9t TSP s 2— 2n + 1) ; 4.65
o O Rp(e+1)2|rp e—1 %CSP—l_ ‘ Z + H )P (4.69)
4.6.3 Parallel dipole
The inside potential in terms of spheroidal harmonics is
I a4 — 2n+1 r"
dip & 1
‘/i ‘/0 RP Z WRTPW' (COS 0) COS (b (466)

As with the reflected potential, there is only one point image source. The spheroidal harmonic expansion
is:

i a 2cos¢ | R5sinfp  €—1Rp 2n+1 N .
Vo= Vo' T T Xnm H/Hk QUOPIM)|  (4.67)

Rp e+1 TP e+1 r =n

4.7 Sources inside the sphere (Rp < a)

Results are similar when point source is inside the sphere, but not identical. The image position
I1=(0,0, Ry) is now outside the sphere, and the inside potential is Vi, = Vipe + Vie f- Again the conver-
gence of the spheroidal harmonic solutions are faster than the corresponding solutions involving spherical
harmonics; the comparison in every case is very similar to that for outside sources.

4.7.1 Point charge

Unlike when the point charge was outside the sphere, the source potential szfé should now be expanded
in terms of irregular solid harmonics in order for the series to converge on the surface where boundary

conditions will apply.

n+1
Veh = VchRP Z(RP) P,(cos 0) (4.68)

T T
P n=0
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Following a similar derivation to the case of the source being outside the sphere we obtain:

. 2n+1 Rp\"*
out Z Ei—li_ +1 < P> Pn(COSG)
2¢ | R > m =k _
OCh +€1 =£ (6_1)Z(Qn+1)Hh Qn(&)Pn(n)]
n=0 k=0

and the reflected potential inside the sphere is:

R > n+1 r\"
ch 1P
-1 g — | = | P, 0
Vref Vo (6 )n: nle+1)+1 (R1> (cos )
ch @ €— RP Rp n M—k N .
— 2— 1 — Qn&P,
0 RNH + n§0j 2n + >kf:[ou+k Qn(E)Pa(i)

This time the radially inverted coordinates are inverted about r = Rj.

4.7.2 Perpendicular dipole

The inside and outside potentials in this case are:

i aip @ Rp dip S Rp\""!
Ve = Vg R—chosﬁazvo nzz:ln<r> Py (cos0) (r < Rp)
Vb = Vil ;P i m (Rrp)w Pa(cos)
T e e 2L 0 TESE 0.0n0
Viey = V(e 1>§:<+1>+1 (z;)np”(“”)
Odz-p(:;ll)Q (e+2)fl+(e+1)R§2 Cosgl_ﬁi (2n+1) f[ n(ﬁ)]

4.7.3 Parallel dipole

The inside and outside potentials in this case are:

mnc
p

dipaRpx dip @ = (Rp\"
7l =V, — =V Pmacosgb;(T) P&(COSQ)

[e o]

a 2n+1 (Rp\"™
V;)‘zl/,t _ Vodzp 6COS¢Z 1) +1 ( ) Pﬁ(cosﬁ)

dip @ 2€

; R3 e—1x 2n+1 _
=V - P g 0 _ ]_ Pl _
0 RPG—l—lCOS(b [T?g smmop €+1nz TL+1 (H M_’_k ) n(g) n(n)

I dlp n+1 r\" 1
Vil = vt cos¢>Z Y +1(RI) Pl {cost)

e+1

in€ — 1 R? 2¢ R 2n+1 > N
Odpi s¢[—sm91+ = <Hﬂ+k 1)@#(5)31(77)

7'[ +1r n(n+1)
n

39

(4.69)

(4.70)

(4.71)

(4.72)

(4.73)

(4.74)

(4.75)

(4.76)



4.8 Logopole solutions

Logopoles can be used as part of the series expansion for problems with point sources outside spherical
objects. The series converge faster than the spheroidal harmonic expansions but the spheroidal harmonic
solutions are simpler. The logopole solution for a perpendicular dipole near a sphere was originally found
by Eric Le Ru and I used his method to find the point charge solution.

4.8.1 Potential of point charge near sphere

We will derive the logopole solution for the reflected potential starting from the standard solution:

o0

n n+1
Vel =~V (6—1)7§W<}?> Po(cos0) (4.77)

We want to expand n/[n(e + 1) + 1] as a sum of fractions that can be related to the coefficients in the
first series definition of the logopoles. We split off terms in the same way as when we applied spheroidal
harmonics to this problem, but continue indefinitely. Each term that is split will reveal the next order
logopole in the solution. The fraction should be split as follows:

n _on(e+1)+1-1
nle+1)+1  (nle+1)+1)(e+1)
1 1
T et 1l (e+D)(nle+1)+1)
_ 1 (n+1)(e+1)
e+l (n+1(e+1)2%(n(e+1)+1)
1 1 (I(e+1)—1)
T e+l (n+D)(e+1)2 (n+1D)(e+12n(e+1)+1)
1 1 B (n+2)(e+1)(1(e+1)—1)
Ce+l (n+D)(e+1)2 (n+2)(n+1)(e+1)3(n(e+1)+1)
1 1 B le+1)—1 B (I(e+1)—1)(2(e+1)—1)
T+l (n4+D)(e+1)2 (n+2)(n+De+1)3 (n+2)(n+1)(e+1)3(n(e+1) +1)
(4.78)
This process can be extended to infinity (the terms approach zero as ¢ — 00):
n 1 > nlq!
nle+1)+1 e+1 e+12qz:: n+q+1!7‘1' (479)
where 9 =1,
e+ 1) —12(e+ 1) —1]...[g(e + 1) — 1
o= ql(e+1)4 kl_11< 6+1)> g1
Putting Eq. [£.79] back into the the reflected potential Eq. [L.77}
a1l 1 — nlq! R\
Vily = 0h6+1 RZO l-— % CEPERVI (r) P,(cos 0) (4.80)

swapping the order of the summation of n and ¢, using the closed form expression for the image charge
term R/rr, and the first definition of the logopoles (Eq. :

me—1 | Ry 1 «—
- — L 4.81
O e+1 | 6+1qZO’Yq 1 ( )
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The logopoles used here have their singularity from z = 0 to z = R;. However, it turns out that the
convergence of this solution is slower than the standard solution. To derive a faster converging solution,
truncate the sum in Eq. at some () and add the remainder:

n 1 1 nlq! nl(Q+ Dlygy1  e+1
- - 2 Z | Ve QT (4.82)
nle+1)+1 e+1 (e+1) = (n+q+1) n+Q+1)! nle+1)+1
This time putting Eq. back into the the reflected potential Eq.
Q n+1
e 1 nlq! n!(Q + 1)! YQ+1 Ry
vk — _ycht 1- - M) po(cosh
ref 0 e+1nzzo e+1qzzo n+a+t D m+Q+Dinfetl)+1]| \ 7 n(cosf)

-1 2 nl(Q+1) 1 R\"™!
:_chh6 - P, 0
O e¥1 | e+127q a ’YQ“Z n+Q+1‘n(e+1)+1< n(c0s0)
(1.83)

The sum over ¢ is chosen to continue up to some @, then this () must be used in the next sum over n,
which can be summed up to say N. So there are two parameters that determine the accuracy of the
solution. The logopole part of the solution can be seen as an approximation, and the spherical harmonic
part is then the remainder. Even though the logopole approximation converges slowly, the remainder
converges very fast. At the dipole position, we found that the total number of terms N + @ to reach a
given accuracy is minimised if N = (). For r = Rp = 1.01a, § = 0, the solution takes N = @) = 18 terms
to reach double precision (= 107!5). In comparison, the spheroidal harmonic solution takes about 100
terms, while the spherical harmonic solution (with the point charge separated) takes about 1100 terms.
The rates of convergence of the logopole solutions for different () are compared in figure [4.8.1

It is interesting to compare the image line charge distribution to that of the logopoles and spheroidal
harmonics. The logopoles are the potential created by the charge distribution (1 — z/R)™ which is
qualitatively similar to the the charge distribution in the problem (z/R)*~!: both are positive and
decrease from the origin to the point I. The spheroidal harmonics are the potential created by the line
charge distribution of a Legendre function which has positive and negative regions, but despite this the
spheroidal harmonic expansion converges faster.

10'2 T T T T T T T

Figure 4.4: Comparisons of the
10 rate convergence of the spherical
harmonic part of the logopole solu-
tions for different ). The relative

partial sum—converged sum
converged sum

For Q > 0, the partial sum starts
with the initial sum over logopoles.
As (@) increases, the next sum over
n starts with a smaller magnitude
and converges faster. The poten-
tial is evaluated at r = Rp =
1.01a, # = 0, and € = 1.2 but the
results are qualitatively € indepen-
por 1 1 1 1 1 1 1 1 dent. For () = 64 the flat base of

5 10 15 20 25 30 35 40 45 the curve is due to limited floating

number of spherical harmonics (N) point precision.

error is ’

relative error
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4.8.2 Perpendicular dipole near sphere

The application of logopoles to this problem is similar to that of the point charge near a sphere problem.
Starting from the expression with the image point sources separated:

Vieg = Vo' 0 — - ) Pa(cost 4.84
rel r1 | Ot o, e+1;n(6+1)+1 = n(cosO)),  (4.84)
Rearranging Eq.
Q
1 _ Z Tl'q' ’I’L‘(Q =+ 1)")’Q+1 €+ 1
n(e+1) + e—i—l p (n+q+1)! e m+Q+1)! nle+1)+1

And inserting this into the potential:

1 [R? e R
dip 0 I
Vref Vo 6+1[ cosfr + P -
}: Lo+ §: QD! efl (R, o (4.85)
T T+t m+Q+Dn(e+1)+1\ r " '

4.8.3 Parallel dipole near sphere

A definition of logopoles for m = 1 would be helpful (just as the solutions with spherical and spheroidal
harmonics involve the corresponding harmonics for m = 1); this would be an investigation for future
work.
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Chapter 5

Generalization to Helmholtz

The Helmholtz equation (V2 + k?)®(r) = 0 appears in applications involving electromagnetic radiation
where the fields have harmonic time dependence e . k is the wavenumber and w the frequency. Here
the spacial part of the electric potential satisfies the Helmholtz equation. This chapter attempts to
generalize some of the concepts presented above from Laplace’s equation where k& = 0.

The problem of a point dipole near a sphere in section[dis related to the discrete dipole approximation
for a spherical particle with a layer of surface material that can be modeled by a large number of dipoles.
In the full electromagnetic problem, the spherical Bessel functions are used to express the electric fields
of the dipoles. Numerical computation is problematic if the dipoles are close to the sphere; large numbers
of Bessel functions are needed for each dipole, but the functions cannot be computed due to overflow -
the values exceed 103%® which is the largest number representable with double floating point precision.
Therefore we look for alternative functions, similar to the spheroidal harmonics, that might provide
solutions with faster convergence.

We begin by extending the expansions between spherical and spheroidal harmonics to the Helmholtz
equation, and show that the Helmholtz Green’s function can be expanded as a series of these new
functions. Then we look at the problem of a radiating point source near a sphere. The point sources that
we dealt with in the context of Laplace’s equation are the long-wave limit of a radiating point source.
Here the problem is more complicated because spherical Bessel functions replace the simple powers of r,
which stops us from generalizing our method of solving this problem as we would hope.

5.1 Generalisation of spherical-spheroidal harmonic expansions

We define new functions that are some kind of analogue of the spheroidal harmonics for the Helmholtz
equation (but are not the standard spheroidal wave functions). These have the same coefficients of
expansion in terms of the spherical wave functions as do the barred spheroidal harmonics in terms of
spherical harmonics. We define them from their expansions:

om (_)m (n+m)‘ - (2p+1)p'(p_m)‘ m
K (n—m)‘;(p—n)!(n+p+ 11 o) Fy (cos 0) (5.1)
i (n +m)! (—)"*P(n + p)! !jp(kr)P;”(cos 9) (5.2)

~ (n—m)! & pl(p+m)l(n—p)

=

where j,(z) and hy(z) are the spherical Bessel and Hankel functions of the first kind. Eq. is based on
Eq. where [}, is analogous to Q™ (£)P™(n); the expansion coefficients are the same (except for the
(2p+ 1) which is added because this factor appears in the expansion of the Helmholtz Green’s function).
Similarly Eq. is based on Eq. where f, is analogous to P™(£)P™ (7). These expansions can
then be inverted just like Egs. and because the inverse relationships rely on combinatorial
identities (similar to the derivation of the expansion of logopoles in terms of spheroidal harmonics, Eq.
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—)ntm & n)! (p—m)! -
o (k) P (cos ) — n%gn)_m)' Z(‘)pjii Ez * n;: g+ m;: m (5.3)
in(kr) P (cos 0) = nl(n + m)! Zn: 2p +1 b= m)! e (5.4)

n+p+ 1! (p+ m)!

pm

5.2 Alternate expansion of Green’s function

Green’s function for the Helmholtz equation can be expanded in terms of P:’]L” and f™ with the same
coefficients as the expansion of the Laplace Green’s function in terms of Q' (&) P () and P (€) P (7).

The Laplace Green’s function was m for two points r; and ra, and the Helmholtz Green’s function
f;klrll__;;‘ . Here we derive the expansion of the Laplace Green’s function in terms of offset spheroidal

harmonics, starting from the expansion in terms of spherical harmonics. Then we argue that the same
works for Helmholtz. Start with Eq. and introduce the arbitrary radius R which will become the
focal length of the spheroidal harmonics:

oo k
1

;ZZ Zgicosm(d)l 2) <7) P (cos ) <Z>k+lp,:%(c0592) (5.5)

|I‘1—I‘2| k=0 m=0

This holds for r; < ro. Then insert the spheroidal harmonics using Egs. and

m)!
|r1—r2| RkZOmZ:O - WCOSW(% — ¢2)k!(k +m)!
k
x Z - nan++1k' +1)! EZ + Z;:P’T(&)Pﬁ(ﬁl)
rm & —m)! ~
ljé}g) o (=) (2p+1)(194_r:;; E§+m;;Q$(§2)Pz§n(ﬁ2) (5.6)

Now rearrange the order of summation. We want to have the summation over k last, but it is currently
first. This is best done by shifting one place at a time:

o k [e'e) koo 00 00 00 00 00 D
ELEE-EEEEEEEE-EEEE

Then we have

= L3> S bmeonmln — on)(2n + 1)(2p+ IR O (58)

‘1‘1—1‘2‘ m=0n=m p=n ( +m) P+
P k+
o (=) (p + b)!
P (&)PT (&)P 5.9
x P (&) P (m)Qy (§2) Py (772); =Tt D)lp— )] (5.9)
This simplifies because of the identity
Zp: (=)FP(p 4 k)! _ Onp (5.10)
P (k—n)l(k+n+Dl(p—k)! 2p+1 ’
Therefore we have (after inverting the summation over n and m)
=322 S ) ) o R )R QR ) s — 0
|r1 —ra] r2| ot (n+m)!? B &1 2 2 b
(5.11)
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This derivation also works for the Helmholtz equation because it relies solely on the expansion coefficients
between the spherical and spheroidal harmonics/wave functions. So starting from the expansion of
Green’s function in spherical wave functions ( Jackson [I7], p. 428) we can find the expansion in terms
of f™ and F™:

zk\rl I‘2| m
P r— ZZ 2—6mo)( 2n+1)gn+m;:‘]”(ml)h (kro) Py (cos 01) Py (cos B5) cos m(p1 — ¢2)
n=0m=0
m 12
_22 2n+1) Z( )" (2— 5m0)2+7ﬂ;'2fm(r1)F (rg) cosm(pr — ¢2) (5.12)
m=0

This result encourages us to look for analytic formulae or recurrence relations for F,, and f,.

5.3 Expanding acoustic pressure with new functions

We expand the potential due to a point source near a sphere in terms of F,. However, due to the more
complex form of the radial part (spherical Bessel functions) this method does not simplify as much as
we hoped.

It is easier to deal with acoustics in Helmholtz because in electromagnetism the electric field must be
worked with which is a vector, and Green’s function becomes a matrix. The velocity of a particle in
space is determined by the gradient of the velocity potential V(r). Consider a radiating monopole source
on the z axis at z = Rp outside an acoustically soft sphere with radius a. The (adimensional) external
potential radiated by the source is

eik’f‘p &
Vot = e = D20+ - i) Fa(eos)
where k is the wavenumber in the medium, rp = \/r2 —2Rpz+ R%, r« = min(r,Rp) and r> =

max(r, Rp). This expansion is analogous to the expansion of the offset point charge in Laplace’s equation
and is actually a specific case of the expansion of the Helmholtz Green’s function.

Assume that the scattered potential Vi, can be expanded as a series of hy,(kr)P,(cosf). The boundary
condition for a soft sphere is that the total potential must be zero at the boundary. From this the
scattered potential is

Viw=—> 20 +1) 2"((22)) i (kR o (i) P (05 ) (5.13)
n=0 n

We now substitute in F}, using Eq. The expression for the velocity potential becomes

o0

F,

_ ]n(ka) n p (p+n)
_ zohn(ka 2(kRp) 'QZ + 2p+1)( ]

= 2 j —)"P (p+n
g B 5

’B

F,

Before with Laplace’s equation, the J”((ka))h (kRp) would have been powers of Rp and a which combine

to give a new radius Ry. This R; was actually absorbed into the spheroidal harmonics (Egs. “ 2.25|t0 [2.28] “

contain the arbitrary parameter R which can be set to Ry). We could instead include j’; ((Im))h (kRp) in

the definition of F, (call this new function F},):

A o) 2 ; a
oS b o
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If we repeat the above derivation with F,, we would have

n

:—22 2n 1) (- T (n +p)! -, (5.15)

= p(n —p)!

which can be simplified using the following identity obtained by evaluating Eq. até=n=1,m=0:

n

Sy DLy (5.16)

12 _ |
= p*(n —p)!
so that
o0
ca=—-2Y (2n+1)F, (5.17)
n=0

but this F}, would be more complicated and involve two extra parameters, so finding alternative expres-
sions for F;, would be even more difficult.

46



Chapter 6

Conclusions and outlook

To conclude we discuss some possible extensions of this work.

6.1 Relationships for spheroidal harmonics

The new relationships between spherical and spheroidal harmonics may be useful for deriving translation,
scaling and rotation relations for spheroidal harmonics, which may then be useful for problems involving
multiple spheroidal particles [8]. All three of these relations are given in [2] (for regular harmonics only).
They were derived by expressing the spheroidal harmonics in terms of spherical harmonics (using the
known relations), then applying translation/scaling/rotation relations for spherical harmonics, then re-
expanding these into spheroidal harmonics (the formulas involve multiple sums). We could derive these
formulas using our new relations between spherical and spheroidal harmonics instead, and possibly find
simpler forms.

The known spherical-spheroidal harmonic relationships could also be used to find the T-matrix for a
spheroid in the electrostatic approximation, by solving the problem with spheroidal harmonics then
expanding these in terms of spherical harmonics. Integral forms of the matrix elements are known, but
it would be ideal to find analytic formulae.

6.2 Interacting dielectric spheres

The application of spheroidal harmonics to the problem of a point source was successful and it may be
possible to apply spheroidal harmonics to the more complicated problem of two interacting spheres.
This problem could potentially be solved using two bases of spheroidal harmonics - one for each sphere.
To one sphere, the other acts as a series of multipoles which induce a reflected field from the first sphere
which could be expanded on a basis of spheroidal harmonics, similar to the point source problems. In
order to use this approach we would first have to determine the solution for any multipole outside a
sphere using spheroidal harmonics.

6.3 Logopoles

Investigating logopoles has found many interesting formulae and a new expansion of spheroidal harmon-
ics in terms of offset spherical harmonics of the second kind. We should investigate other electrostatics
problems to see if they are physically useful.

It would be interesting to find a definition for logopoles with m > 0 which would be particularly useful
for the problem of a parallel dipole near a sphere. But there could be many different generalisations.
One would be to simply replace S,, with S]* in Eq. (this generalisation fits nicely with a few of the
logopole formulae). Another would be to take the expansion in terms of Q,(¢)P,(7) (Eq. and
generalise it using the same coefficients as in Eq.
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Appendix

A Proof of Eq. |3.68

This derivation is similar to the one for the relationship between Q,,(¢)P,(7) and Ly, (Eq. [3.38)).
We use the series expansion [2]:

- k! s 2nk! (ELm))

Qn(§)Pn(n) = kz:; (k—n)!!(k:+n+1)!!sk = kzzo ks n 1) " (A.1)
n—k even n—k even

Note the sum can be extended down to k& = 0 since all terms with & < n are zero anyway. Without
loss of generality, consider the even spheroidal harmonics (n and therefore k are even). The symmetric
logopoles are:

k'n!
L} = —_— A2
" kzzo (k—i—n—i—l)!sk (A-2)
k even

Now assume that the following expansion exists:

= Z LS (A.3)

N o (kJrn) k'p'
= E E E — S A4
keven(k n) (k+n+1 Cpkeen k—i—p-|-1)| k ( )
by the orthogonality of Sk, ¢, must satisfy
klEgn (kin 1) (kin 1 " WRICT
on 2 (5 ) (55 -+ ):Z PG (A.5)
(n—l—k—l—l). = (p+k+1)!
k+n (k+n k+n " nt k41
2" —1)... — 1) = —p)p!C? A.
() (B e ) = (T g 4o
p=0
n t .
= (0o -, (A7)
q=0 9

Wheret =n+k+1and ¢ =n—p. This is in the form Where e can use the binomial coefficient formula
Eq. . The polynomial on the left hand side is p(t (Tl ) (tgl —-n+ 1). We have

ag = ql(n—q)\C"_, =2 Eq: qﬂ(Z)Z;l <i;1_1> ...(igl—n—|—1> (A.8)

p(4) is zero for i = 2b+ 1 for some b in the range 1 to 2n — 1. These i values are all odd so the (—)’ can
be neglected. Then

n _(_)n—q2n g 1 n_l i—l_
S i!(q—i)!g( 2 b) (A.9)

=0
For the antisymmetric case (n odd), the same derivation as above can be used to find the same ¢’ - the
only difference is that both @, (£)P,,(n) and L% are sums over k odd instead of even which does not affect
the derivation.
Now we want to write this with positive integer binomial coefficients in order to use a known identity.
Expand the product over b:

n—1
H(ilz?:;W4w—&ﬁ—%+”

b=0
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All factors with b > /2 are negative - there are n — i/2 of these so multiply by (—)"~%? and switch the
sign of the negative factors:

n—1 7 — _\n—i/2
11 < ! b> G- 3@ —i—1)@n—i—3).1

2 2n
b=0 ‘
— (_);:/z(i — (@20 —i—1)!
(=) (2n —7)!
2n 2i/2( i/2)120=i/2(n — i /2)!
N —)i/? (2n —1)!
= g = ,Z 1 (i/2)!(n — i/2)]
q/2 (2n — 2k)! .
n—q'Z k'q—Zk)( —k)! k=if2

( 2n —q qz/% 2n —2j
2n —q
=0
This can be simplified using the relation ([18], pg 620):

q/2
e 2n—2/~c) <n>
— =2 A.10
kzzo( )<k‘><2n—q q (4.10)
Therefore, subbing back in p =n — ¢:

G- () () - G e .

2r D 2P (n —p)lp!?

B Proof of equation [4.20

We want to prove that
Z ) (nt k) H —1)(2 = p)eer(n — pp)
k:Jr,u k)k!2 ,u+k: ,u,u+1)(,u+2)...(,u+n)
First convert the left hand side into a single fraction:
1 (n+1)n n (n+2)(n+1)n(n —1) n (n+3)(n+2)(n+1nn—-1)(n—-2) n (_)n2n(2n —1)..
7 p+1 (u+2)2!12 (n+ 3)3!2 (u+n)n!?
_(ptD)(ptn) — (n+ Dnpp +2)..(p+n) + sz +2)(n+ Dn(n— Dp(p+ 1) (1 +3)...(p+n) —

plp+ 1) (e +2)..(p+n)
Now both the left and right hand sides are fractions with denominator pu(p+1)( 4+ 2)...(u+n), and the
numerators are a polynomial degree n. The numerators can be shown to be equal if they are equal at
n + 1 points. Define f(u) as the Lh.s. numerator and g(x) as the r.h.s. numerator. Choose the n + 1
points to be at = —q where ¢ =0, 1,2,...n. For g(u) it is easy to show that

9(=9) =1 +q)(2+q)..(n+q) = n ; o

f(p) is composed of a sum of terms containing [(—)?/b'?]pu(p+1)...(u+b—1)(u+b+1)...(u+n) x (n+
b)(n+b—1)...(n —b+1) for some b € {0,1,...n}. When we set u = —g, all the terms vanish except the
one with b = ¢. This term is

f(=q) = ﬂ;ﬁq (@)t q—De(n— g+ 1)  (—q)(—q — Dons(—1) x (1)(2).n(n — q) = T2

This applies to all n + 1 values of ¢, so f(u) = g(u), and Eq. holds.
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C DMatlab

All important equations have been checked in Matlab, usually by computing both sides of the equation
separately and computing the error. Ideally the error should be = 107'° if the equation is correct,
because this is the maximum accuracy that Matlab (or any other program) can compute to using double
floating point precision. However, sometimes this method can produce large errors even if the equation
is correct, due to numerical instability. Below is a simple working example script that checks Eq.
for m = 0.

N=40; % check values for n up to n=N
r=12; % choose some radius to evaluate the equation at
th=pi/3; % theta

R=4.7; %focal length of spheroidal coordinates
rp=sqrt (r~2-2*Rxcos(th)+R~2); % rp=r’
xib=(r+rp)/R; % barred xi
etab=(r-rp)/R;
PP=createPn(xib,N) .*createPn(etab,N); % see function createPn below
P=createPn(cos(th),N);
S=zeros(1,N+1); % S will be the regular spherical harmonics
for n=0:N
S(n+1)=r"n/R n*P(n+1); % Matlab indicies start at 1 hence the n+l1 instead of n
end
s=zeros(1,N+1); % s will be the reg. spherical harmonics created by a sum over PP.
for n=0:N
for k=0:n
s(n+1)=s(n+1)+(2xk+1)*factorial (n) "2/factorial (n-k)/factorial (n+k+1)*PP(k+1) ;
end
end
(S-s)./s % display the error. Output contains N values

This script uses the function createPn(x,N):

function [ P ] = createPn(x,N)
% create legendre functions of the second kind for a range of x values
% P is N by length(x) and P_n is actually P(n+1)
% X can be a vector
P=zeros(length(x),N+1);
P(:,1)=x./x; % a vector of ones
P(:,2)=x;
for n=2:N
P(:,n+1)=( (2*n-1)*x.’.*P(:,n)-(n-1)*P(:,n-1) )/n;
end

In this example only one point in space is compared, and depending on the point there may be noticeable
numerical instability or slower convergence, but that is not the case with this equation. For many
equations a matrix of values for r and 6 were checked at once.

D Numerical instability

Calculating a sum or recurrence relation may produce inaccurate results due to the limited accuracy of
floating point numbers. We work with double precision (&~ 15 digits accuracy). Consider two numbers
which are identical for the first 10 digits - their subtraction can only be accurate to 5 digits. This
means that sums of terms with alternating signs can be inaccurately calculated - the best way around
this problem is to find an alternate form of the expression. A recurrence relation can be unstable if it
involves the subtraction of similar sized terms; the best way around this is to do the recurrence backwards.
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E Computation of Legendre functions
Both P and Q] can be computed using the recurrence relation Eq. [2.3}

(n=—m+1)P" (u) = 2n+ DuP)"(u) — (n+m)P;" (u) (E.1)

E.1 Computation of P (u)
P (u) can be computed using Eq. with the initial values

P (u) = (2m — 1)1 — u?|™/2, (1) = (2m 4+ DuP)) (u) (E.2)

This method is numerically stable - the limitation of numerical precision does not accumulate to produce
large errors as n increases.

E.2 Computation of Q"(u) for |u| > 1

Calculating Q" using the recurrence relation Eq. is numerically unstable. Computing the recursion
backwards avoids this problem because it no longer involves subtracting two very similar numbers. We
use the method descibed by [19], briefly the method is:

Guess a small value for QF; are for some large N, then use the modified Lentz algorithm [20] to calculate
the ratio T = Q}/QR_; and use this to guess Q\_;. Then recur backwards to n = 0, where the value
for Qf* will be wrong but the ratio of all @] to each other will be correct. Then rescale all Q' by the
same factor, knowing what the correct value of Q" should be.

Lentz algorithm for Q"
Here our notation is based on [20]. We want to calculate T3 which follows the continued fraction
recurrence:

m_ QN N+m ay
TN = m = m = m m (ES)
QN_1(w)  CN+LDu—(N-m+1)TF,; by+Ty,
The recurrence is over N and we can treat each value of m separately. a'y; and b%} are:
—-N 2N +1
N=— by =———— E4
NEN—m+1 NT TN—m1 (E4)

Below is the Lentz algorithm to find T3 to a desired accuracy e (ideally € = 10~ for double precision)

set TN = tiny

set C' = tiny

set D=0

forj=N,N+1,N+2, ..:
set D =b; +a;D
if D=0, set D = tiny
set D=1/D
set C =0bj+a;/C
if C =0, set C =tiny
set Ty =TNCD
if |[CD — 1| < €, exit

In the notation of [20] f = T§ and they use subscript j’s (f;) which we can ignore as only the last T](,”j
is needed. tiny should be less than €[b]"|. Here [b]"| is always greater than u, so we can set tiny = elul.
The last line leaves the loop when T3 is accurate to e.
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Then calculate Q"

Set Q3 any number and Q%_; = Q¥/Tx. These will be initial values for the backward recurrence on
n (Eq2.3). After the recurrence all these Q" will be off from their correct value by the same scaling
factor: this can be obtained by dividing the incorrect Q' by the actual value of Q. Note that unlike
P, Q' is non-zero for n < m. Q' can be obtained by using the following recurrences on m:

V1-u2Qf = (2—m)QT " — muQy ! (E.5)
V1—u2Q7 = (2 —m)uQ" ' —mQy! (E.6)
With initial values
1. u+1
Qg D) In u_1 Q? = qu —1 (E.7)

You have to compute all Q' and Q7" and discard the Q*. Multiply all @;' by the scaling factor for the
corresponding m to obtain the correct values. Note that even if T is calculated incorrectly, Q' will be
accurate for n << N which may lead to a false sense of success (see figure D.1).

1000 [T u=2
—u=5

u=20 Figure D.1: the error in calculat-
ing Qn(u) with the incorrect ratio
10°F1 ] Ty = Qn/Qn-1 is plotted for var-
ious u. Here N = 50. The error
is the difference between the incor-
rect @, with Ty = 1 and the cor-
rect @, with T calculated by the
Lentz algorithm (Tn ~ 0.02 — 0.2).
The error is quickly corrected by the

15 | i} . backwards recurrence.
10 RS ADET AT > NTRS

absolute error

order, n
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An example Matlab script is shown below:

function [ Q ] = createQmnmbackwards(x,N,M)
% create Legendre functions of the second kind for a range of x values.
7% x must be a row vector with all [x(:)|>1
% Q is length(x) by N by M and Q_n"m is actually Q(:,n+1,m+1) in Matlab

x=x.’; %convert x to a column vector
Q=zeros(length(x) ,N+1,M+1);
Qs=zeros(length(x),2,M+1); % Qs(:,1,m+1) is the scaling factor for that m

% Need n=0 and n=1 to create all Qs but in the end only need scaling factors for n=0
Qs(:,1,1)=1/2%1log((x+1)./(x-1));
Qs(:,2,1)=x.%Qs(:,1,1)-1;
for m=1:M
Qs(:,1,m+1)=((2-m)*Qs(:,2,m)-m*x.*Qs(:,1,m))./sqrt(x."2-1);
Qs(:,2,m+1)=((2-m) *x.*Qs(:,2,m)-m*Qs (:,1,m)) ./sqrt(x."2-1);
end

for m=0:M ¥ treat each m separately
T=le-14*x; Y start with any small value of T=T_N=Q_N/Q_{N-1}
C=le-14*x; Y, used to compute T
D=0*x; % used to compute T
exit=0;
J=N;
while exit==0
D=-(2*j+1)/(j-m+1)*x - (j+m)/(j-m+1)*D;
for i=1:length(x)
if D(i)==0 || isnan(D(i)) % check if D=0 or undefined for any x value
D(i)=1e-14*x(i); % reset to a small value, here epsilon = 10~{-14}
end
end
D=1./D;
C=-(2%j+1)/(j—m+1)*x - (j+m)/(j-m+1)./C;
for i=1:length(x)
if C(:)==0 || isnan(C(i))
C(i)=1e-14x*x(i);
end
end
Delta=C.*D;
T=T.x*Delta;
if max(abs(1-Delta(:))) < le-14
exit=1;
end
J=i+1;
end
% now guess values for Q_N"m - will correct all Q_n"m later with scaling factor Qs
QC:,N+1,m+1)=1e-14%*x./x;
QC:,N,m+1)=Q(:,N+1,m+1) ./T;
for n=fliplr(2:N) % apply backwards recurrence
QC:,n-1,m+1) = ( (2*n-1)*x.*Q(:,n,m+1) - (n-m)*Q(:,n+1,m+1) )/(n+m-1);

end
scale=Qs(:,1,m+1)./Q(:,1,m+1); % all Q_n satisfy the recurrence, just need to scale them:
for n=0:N
QC:,n+1,m+1)=Q(: ,n+1,m+1) .*scale;
end

end
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