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Zusammenfassung

Die spin-gewichteten Kugelflichenfunktionen, definiert von Newman und Penrose (1966),
bilden eine Orthonormalbasis des L?(Q2) auf der Einheitssphire 2 und haben ein breit
gefachertes Anwendungsgebiet.

Wir préasentieren eine einheitliche mathematische Theorie der spin-gewichteten Kugelflachen-
funktionen inklusive Auflistung ihrer bereits bekannten Eigenschaften auf mathematische
Weise, verkniipft mit der Notation der Theorie der Kugelflachenfunktionen. Des Weiteren
verwenden wir die spin-gewichteten Kugelflachenfunktionen zur Konstruktion tensorieller
Slepian-Funktionen auf der Sphare.

Slepian-Funktionen sind raumlich konzentriert und spektral begrenzt. Fiir skalare und vek-
torielle Messdaten auf der Sphéare werden sie in diversen Bereichen wie Geodasie, Kosmolo-
gie und der biomedizinischen Bildgebung verwendet. Ihre Konzentriertheit in einer aus-
gewahlten Region auf der Sphéare ermoglicht die lokale Inversion, wenn nur regionale Mess-
daten gegeben sind oder ermoglichen es, regionale Information zu extrahieren.

Wir konzentrieren uns auf die Analyse von Tensorfeldern mit Hilfe von Slepian-Funktionen,
wie sie z.B. von der Satellitenmission GOCE stammen. Unsere Konstruktion mit spin-
gewichteten Kugelflachen-funktionen erzielt fiir tensorwertige Felder diverse numerische Vor-
teile und erlaubt eine effizientere Konstruktion der tensoriellen Slepian-Funktionen fiir sphé-
rische Kappen, z.B. eine lokale Basis auf der spharischen Kappe fiir die Polarisation der
kosmischen Hintergrundsstrahlung (CMB).



Abstract

The spin-weighted spherical harmonics of Newman and Penrose (1966) form an orthonormal
basis of L2(£2) on the unit sphere {2 and have a huge field of applications.

We present a unified mathematical theory, which implies the collection of already known
properties of the spin-weighted spherical harmonics, recapitulated in a mathematical way,
and connected to the notation of the spherical harmonics. In addition, we use spin-weighted
spherical harmonics to construct tensor Slepian functions on the sphere.

Slepian functions are spatially concentrated and spectrally limited. For scalar and vectorial
data on the sphere, they are utilized in a variety of disciplines, including geodesy, cosmology,
and biomedical imaging. Their concentration within a chosen region of the sphere allows for
local inversions when only regional data are available, or enable the extraction of regional
information.

We focus on the analysis of tensorial fields, as collected e.g. in the GOCE mission, by means
of Slepian functions. For tensorial data, Slepian functions have already been constructed by
Eshagh (2009) in the basis of the tensor spherical harmonics of Martinec (2003).

By using spin-weighted spherical harmonics, our theory offers several numerical advantages.
Furthermore, we present a method for an efficient construction of tensor Slepian functions
for spherical caps. In this context, we are able to construct a localized basis on the spherical
cap for the cosmic microwave background (CMB) polarization.
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Chapter 1

Introduction

This thesis deals with a unified mathematical theory of the spin-weighted spherical harmon-
ics of Newman and Penrose [63]. They are used to construct the tensor Slepian functions
on the sphere and to recapitulate the scalar and vector Slepian functions [43, 67, 78, 82].
Furthermore, we use the spin-weighted spherical harmonics to construct a commuting oper-
ator for the spherical cap, which enables us to find an efficient method for calculating the
Slepian functions on spherical caps. Moreover, we use this method on the example of the
CMB (cosmic microwave background) polarization.

That functions cannot have a temporal (or spatial) and spectral finite support at the same
time is well known. However, we can find signals that are timelimited and optimally concen-
trated in the spectral domain. This leads us to a concentration problem, which was solved
by Slepian, Landau, and Pollak in the early 1960s for Euclidean domains like the real line
[52, 84, 85]. Therefore, the timelimited and optimally concentrated functions are called the
Slepian functions.

In geosciences, we have data measured on planetary surfaces or parts of it. So, the use of
the method of Slepian, Landau, and Pollak is also useful for spherical problems. On the unit
sphere, Albertello, Sanso, and Sneeuw [2] and Simons, Dahlen, and Wieczorek [78, 82] deal
with the scalar Slepian functions.

Furthermore, the method of Slepian functions has been extended to the vectorial case by
Plattner and Simons [67, 83] and by Jahn and Bokor [43].

Note that there also exists an alternative method to the method of Slepian functions to
obtain a spatially localized basis. This method is based on the construction of an operator,
which is composed of a projection operator and a multiplication operator. The operator is
closely connected to the theory of orthogonal polynomials. Here, an eigenvalue problem for
that operator is to solve. This method was developed by Erb on the real line [19] and by
Erb and Mathias on the sphere [20]. However, in this thesis, we deal with the method of
Slepian functions since they are more common in various disciplines.

For data on the sphere in scalar and vectorial form, the Slepian functions have proven
to be a viable and versatile tool. They have been applied in a variety of fields including
geodesy, planetary magnetism, cosmology, and biomedical imaging (see [43, 67] and the
references therein). Furthermore, Khalid, Kennedy, and McEwen [48] investigated scalar
Slepian functions on the ball and Michel, Orzlowski, and Schneider [59] considered vector
Slepian functions on the ball.

The Slepian functions are orthonormal on the entire sphere as well as orthogonal on the
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concentration domain [82]. Further, we know that they are optimally concentrated within a
region of interest. Thus, they are relevant and advantageous for local problems.

The scalar Slepian functions are a basis transformation of the spherical harmonics and the
vector Slepian functions are a basis transformation of the vector spherical harmonics of Hill
[40]. So, with the method of the Slepian functions, we transform a global basis into a local-
ized one.

For the construction of the Slepian functions, we have to solve a concentration problem,
which leads us to an eigenvalue problem that can be rewritten as an integral equation. The
kernel matrix of the eigenvalue problem is supposed to be ill-conditioned. So, the solution of
the problem is unstable. For special regions, it is possible to formulate a commuting operator
to the kernel function of the integral equation. This leads to an alternative problem and thus
to an alternative eigenvalue problem with a matrix, which commutes with the kernel matrix.
This commuting matrix has the same eigenvectors like the kernel matrix. Furthermore, the
commuting matrix is a tridiagonal matrix and thus we solve the numerically stable alterna-
tive eigenvalue problem.

The commuting operator for scalar Slepian functions can be formulated for the spherical
cap [37, 78, 82] and for the spherical double cap and the belt [80]. For arbitrarily shaped
regions, the ill-conditioned eigenvalue problem must be solved (see [81] for further details).
The commuting operator for the vector Slepian functions for the spherical cap is given by [43].

Satellite gravity gradiometry data (SGG data), like the data recorded by the satellite mis-
sion GOCE, is given in the form of tensors. Moreover, the CMB polarization is also given
in form of tensors and is for practical reasons only given on parts of the sphere, mainly on
spherical caps. So, an extension of the method of Slepian functions to tensors is also useful.
As a realistic example, we will look at the CMB polarization by tensor Slepian functions for
synthetic data.

The analysis of CMB anisotropies is used for studies of the early universe and for classi-
cal cosmology [45, 46, 53, 62]. The CMB anisotropies are measured in terms of temperature
and polarization anisotropies on parts of the sphere, mainly on the hemisphere. The tem-
perature anisotropies are scalar fields that can be described by scalar Slepian functions [1].
The polarization anisotropies are tensor fields and can be separated into an electric and
a magnetic component. They are given in series of electric and magnetic tensor spherical
harmonics, which we connect to the tensor spherical harmonics of Freeden, Gervens, and
Schreiner [27].

However, tensor Slepian functions on the sphere have been rarely investigated so far. Eshagh
[22] has previously developed the tensor Slepian functions for the basis of the tensor spherical
harmonics of Martinec [56]. We use a different ansatz for the construction. There is a huge
spectrum of tensor spherical harmonics from which we choose the tensor basis (see [90]). We
decided to use as basis the tensor spherical harmonics of Freeden, Gervens, and Schreiner
[27], which we transform to a spin-weighted basis system. This enables us to decouple the
concentration problem to spin-weighted eigenvalue problems. So, the kernel matrices have a
blockdiagonal structure and we analyze every block for itself. These blocks can be reduced
to scalar problems, depending on the spin-weight. Furthermore, we also have the tool to
investigate the CMB polarization by tensor Slepian functions.

The spin-weighted eigenvalue problem has the advantage that we can formulate a commut-
ing operator for the spherical cap for it. By solving the spin-weighted eigenvalue problem,
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we do not only get the tensor Slepian functions, but also the scalar and the vector Slepian
functions. So, we have a unified formulation of the Slepian problem depending on a spin
weight, which enables us to calculate all types of Slepian functions. We need spin weight
zero for the scalar problem, spin weight zero and +1 for the vector problem, and spin weight
zero, £1, and +2 for the tensor problem. The spin-weighted Slepian functions are scalar
fields. To get the vectorial or the tensorial ones, we have to multiply the corresponding
spin-weighted Slepian functions with spherical unit vectors or with the tensor product of
spherical unit vectors.

So, the scalar, vector, and tensor spherical harmonics that we use are connected to the spin-
weighted spherical harmonics.

All those advantages for the construction of the Slepian functions lead us to analyze the
spin-weighted spherical harmonics in more detail. The spin-weighted spherical harmonics,
as defined by Newman and Penrose [63], have a huge field of applications. Mainly, they are
used in quantum mechanics [18], but also for the theory of gravitation, in early universe
and classical cosmology, and in geophysics [12, 15, 63, 91, 97]. An important fact is that
the spin-weighted spherical harmonics of spin weight zero are the well-known spherical har-
monics. So, the spin-weighted spherical harmonics are also called the generalized spherical
harmonics [12].

We see that the spin-weighted spherical harmonics are a viable and versatile tool. They
form an orthonormal basis on the L?(Q2). However, a major problem occurs that is con-
ditioned by this huge field of applications. To date, it exists no complete theory of the
spin-weighted spherical harmonics and hence, there is no unified notation given. Therefore,
we treat the spin-weighted spherical harmonics to a large extent in this thesis. Here, we
show a unified mathematical theory of the spin-weighted spherical harmonics. Furthermore,
we recapitulate the definition and properties of the spin-weighted spherical harmonics in a
mathematical way and formulate and prove multiple new properties. We choose this mathe-
matical notation such that it is connected for spin weight zero to the theory of the spherical
harmonics.

For this purpose, we recapitulate and connect different definitions of the spin-weighted
spherical harmonics. They can be defined as function of spin weight [91], defined by the
spin raising and lowering operators O and 9 as iteration or directly connected to the spheri-
cal harmonics [34, 63|, and defined by the Wigner D-function [53, 96, 97]. We do not only
recapitulate recursion relations for the spin-weighted spherical harmonics [93], but also prove
new ones.

Furthermore, we formulate the Parseval identity, a Christoffel-Darboux formula, a finite se-
ries expansion, and a Sturm-Liouville differential equation. This differential equation leads
to a differential operator, a spin-weighted version of the Beltrami operator [49]. Based on
this operator, we show with the completeness of the spin-weighted spherical harmonics that
they are the unique eigenvectors of the spin-weighted Beltrami operator. Moreover, we for-
mulate Green’s second surface identity for this operator. Still based on the spin-weighted
Beltrami operator, we formulate the set Harm’ of the (%, N)-harmonic functions of spin
weight N and degree n, which is spanned by the spin-weighted spherical harmonics. This
notation is connected to the definition of the set Harm,, of the harmonic and homogeneous
polynomials of degree n, which is spanned by the spherical harmonics [33, 28, 58].

Besides, we formulate the spin-weighted spherical harmonics in terms of the Jacobi polyno-
mials [18, 77, 93].
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As an additional feature, we introduce the spin-weighted Legendre polynomials and the
spin-weighted associated Legendre functions. Here, we show properties like some recursion
relations, the orthonormality with respect to a weighted scalar product, a finite series ex-
pansion, and a Christoffel-Darboux formula.

The outline of this thesis is as follows:

We start with the fundamental tools that are needed in this thesis. Here, we first de-
note the basics and notations. Then, we introduce the tensor nomenclature we need in
Chapter 6 for calculations with tensor fields. Next, we collect spherical nomenclature that
is important for this work, because all our functions will act on the unit sphere or on parts
of it. Therefore, we necessarily have to introduce a system of functions on the unit sphere
that form an orthonormal basis therein. These functions are the scalar spherical harmonics.
Furthermore, in Chapter 5 and in Chapter 6, we want to look at the vector and the tensor
Slepian functions. So, in the fundamentals, we introduce the vector spherical harmonics of
Hill [40], the tensor spherical harmonics of Freeden, Gervens, and Schreiner [27], and their
properties.

Chapter 3 deals with the theory of the spin-weighted spherical harmonics. Here, we start
with the definition of the spin weight and a function of spin weight. Therefore, we have to
define the functions o' and 6%, i = 1,2, which deliver us the spin weight of a function.
Following, we define the spin-weighted spherical harmonics with the help of the spin rais-
ing and lowering operators d and 8. Here, we use the definition of Newman and Penrose
[63], which connects the spin-weighted spherical harmonics to the spherical harmonics by an
iterative use of the operators 0 and 8. Furthermore, we reformulate this definition into a
recursion formulation which connects the spin-weighted spherical harmonics of spin weight
N to those of spin weight N =+ 1.

Next, we show different properties of the spin-weighted spherical harmonics. For example,
we prove known and new recursion relations, formulate a Christoffel-Darboux formula, and
recapitulate a Sturm-Liouville differential equation, which leads us to the spin-weighted Bel-
trami operator.

In the next section, we deal with the addition theorem for the spin-weighted spherical har-
monics. However, we need to introduce the Wigner D-function at first, through which
we represent the spin-weighted spherical harmonics. This property of the spin-weighted
spherical harmonics is of upmost importance. The Wigner D-function is already very well
investigated for example by [18, 93]. With help of this representation, we write the spin-
weighted spherical harmonics in a finite series expansion and thus in a finite series expansion
with the functions o and ¢, i = 1,2. From the finite series expansion, we can prove that
the spin-weighted spherical harmonics are bounded. Furthermore, we can show conditions
for different derivatives of the spin-weighted spherical harmonics. With these properties, we
define a set of functions that fulfills these conditions. Then, we formulate Green’s second
surface identity for the spin-weighted Beltrami operator. Furthermore, the definition of the
spin-weighted spherical harmonics by the Wigner D-function enables us to express them in
terms of Jacobi polynomials. In addition, the formulation by the Wigner D-function enables
us to prove the orthonormality of the spin-weighted spherical harmonics on L?(£2).
Additionally, we pay attention on the spin raising and lowering operator and its properties.
Here, we connect, for example, these operators to the spin-weighted Beltrami operator.

In the following section, we describe the kernel of the spin raising and lowering operators.
Also, we show the completeness of the spin-weighted spherical harmonics and conclude from
this the Parseval identity. Then, we define the set of the (*, N)-harmonic functions of spin
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weight N and degree n. The spin-weighted spherical harmonics span this set. With all
these properties, we prove the uniqueness of the spin-weighted spherical harmonics as the
eigenfunctions of the spin-weighted Beltrami operator.

Further, we introduce in the next section the spin-weighted Legendre polynomials. These
are really polynomials that are orthonormal on [—1,1] with respect to a weighted L%-scalar
product. Furthermore, we show recursion relations, a Christoffel-Darboux formula, and a
finite series expansion for the spin-weighted Legendre polynomials. Moreover, we also define
the spin-weighted associated Legendre functions and look at analogous properties of them.
In the section about additional properties of the spin-weighted spherical harmonics, we
mainly collect recursion relations for the spin-weighted spherical harmonics, which are given
in [93] for the Wigner D-function.

In the last section of this chapter, we show the relation between the spin-weighted spherical
harmonics and the scalar, vector, and tensor spherical harmonics that we introduced in the
previous chapter.

Some of the properties of the spin-weighted spherical harmonics from Chapter 3 like the
recursion relations, the Christoffel-Darboux formula, the orthonormality, the completeness,
the spin-weighted Beltrami operator from the Sturm-Liouville differential equation, and the
addition theorem, we need to prove that the commuting operator for the spin-weighted
eigenvalue problem from the Slepian problem commutes with the kernel matrix of our prob-
lem. Additionally, the relation between the two kinds of spherical harmonics from Section
3.9 is important for the formulation of the Slepian eigenvalue problem. Other properties
from Chapter 3 are given for reasons of mathematical correctness of the theory of the spin-
weighted spherical harmonics.

After dealing with the spin-weighted spherical harmonics, we can now move on to the Slepian
functions. In Chapter 4, we start with the scalar Slepian functions and explain the method
of the Slepian functions on the sphere. This was previously investigated by [78, 82]. We
start with the derivation of the scalar Slepian functions. Here, we start with a concentration
problem. This is why we want to find bandlimited functions that are optimally concentrated
within a region of interest. This region is a part of the unit sphere. Then, we transform
this problem to an eigenvalue problem and further, to an integral equation. The solutions of
the integral equation are the Slepian functions. We sort them by decreasing eigenvalue such
that the first functions are the best concentrated ones in the region of interest and the last
ones are the least concentrated functions. Furthermore, we choose the eigenvectors of the
eigenvalue problem to be orthonormal by the Gram-Schmidt algorithm and thus we can show
various properties for the Slepian functions in the next section. For example, the Slepian
functions are orthonormal on the unit sphere and orthogonal on the region of interest.
Next, we introduce the Shannon number as a good estimate for significant eigenfunctions.
This means that we get the number of functions that are well concentrated within the region
of interest. The remaining functions can be omitted.

In Chapter 5, we do the same for vector fields [43, 67]. Here, the derivation of the vec-
tor Slepian functions is separated into the normal part and the tangential part of the vector
fields. In analogy to the scalar case, we also show the properties of the vector Slepian func-
tions and determine the Shannon number for the vector case.

In Chapter 6, we develop the method of the Slepian functions for tensor fields. The strat-
egy is the same as before but it is a little bit more complicated. Here, the derivation is
separated into four parts, the normal part, the left normal/right tangential part, the left
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tangential /right normal part, and the tangential part. In analogy to before, we gain the
properties for the tensor Slepian functions like the orthonormality on the unit sphere and
the orthogonality on the region of interest. Again, we can calculate the Shannon number.

In the previous chapters, we looked at the optimal concentration of bandlimited functions.
In the same way, we can examine the spectral concentration of spacelimited functions. We
do these considerations in Chapter 7. We do this for the scalar, the vector, and the tensor
case and connect it to the results of the previous chapters.

All the cases, the scalar, the vector, and the tensor case, can be reduced to a general
spin-weighted case, which depends on a fixed spin weight N. We look at the spin-weighted
Slepian eigenvalue problem and integral equation in Chapter 8 for the spherical cap as region
of interest. Here, we start with considerations about the spin-weighted kernel matrix. This
kernel matrix is real, symmetric, and hermitian. Furthermore, numerical experiments have
shown that this matrix is supposed to be ill-conditioned. So, we want to solve an alternative
problem instead.

Therefore, we define the commuting operator to the kernel function from the integral equa-
tion for the spherical cap. We denote what it means that the operator and the kernel function
commute and prove it. This commuting operator has the same eigenfunctions as the kernel
function. Thus, we can solve the eigenvalue equation for the commuting operator instead of
the integral equation.

For practical reasons, we reformulate the eigenvalue equation for the commuting operator
and get an eigenvalue problem with a matrix, which commutes with the kernel matrix. This
commuting matrix is tridiagonal and has the same eigenvector like the kernel matrix. So,
the use of an alternative problem with a commuting operator is a valuable tool for the com-
putation of Slepian functions.

Next, we determine the Shannon number for the spherical cap for the scalar, the vector, and
the tensor Slepian functions.

In the last section of this chapter, we implement the tensor Slepian functions. Here, we plot
the norm of them for different concentration degrees within a spherical cap.

Chapter 9 deals with an application of the method of tensor Slepian functions. Here, we
investigate the CMB polarization on the spherical cap [45, 46, 53, 62]. Therefore, we first
define the CMB polarization, which can be separated into an electric and a magnetic com-
ponent [79]. These components can be written in the electric and magnetic tensor spherical
harmonics, which we connect to the tensor spherical harmonics of Freeden, Gervens, and
Schreiner [27].

Next, we construct the CMB Slepian functions with the method described in Chapter 6 and
thus for the spherical cap as described in Chapter 8.

We use the results to compare the method of the CMB Slepian functions to the basis of
the electric and magnetic tensor spherical harmonics for contrived polarizations given on a
spherical cap.

In Chapter 10, we summarize our results and provide suggestions for future researches.

Appendix A recapitulates different Gaufl quadratures like the Gauf3-Tschebyscheff quadra-
ture and the Gauf-Legendre quadrature. We need these quadrature methods for the integra-
tion over the spherical cap for example, to calculate the coefficients of the Slepian functions
for the CMB polarization. Furthermore, we mention an idea for a Gaufl quadrature with
spin-weighted Legendre polynomials.
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In Appendix B, we collect point grids on the sphere, which we use for the implementa-
tion mainly of the CMB polarization test cases, but also for the implementation of the
tensor Slepian functions from Chapter 8.5. Here, we introduce the integration grid that we
use for the integration over the spherical cap from Appendix A, the HEALPix grid, which is
an important point grid in cosmology, the Reuter grid, and finally, the Driscoll-Healy grid
as plotting grid.

In addition, in Appendix C, we collect a list of used symbols in this thesis, which facili-
tates the readability of this thesis.
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CHAPTER 1.

INTRODUCTION



Chapter 2

Fundamentals

This chapter addresses the fundamentals that we need in this thesis. Being divided in six
sections, we address the basics and notations first. Followed by the needed nomenclature
for tensors and for spherical calculations. Thirdly, we look at different types of spherical
harmonics, where we start with the scalar spherical harmonics. Next, the vector spherical
harmonics of Hill [40] and finally, the tensor spherical harmonics of Freeden, Gervens, and
Schreiner [27] are being introduced.

2.1 Basics and Notations

Here are the basic notations we use in this thesis.

N, Ny, Z, R, R*, and C denote the sets of positive integers, non-negative integers, inte-
gers, real numbers, positive real numbers, and complex numbers. R3 and C3 denote the
three-dimensional Euclidean space and the three-dimensional complex space.

Definition 2.1.1. With capital letters like F, G, we denote scalar functions and everything
that belongs to the scalar case. With small letters like f, g, we label vector functions and with
bold letters like f,g, we label tensor functions (mostly of second rank) and everything that
belongs to that case.

Definition 2.1.2. The set {e',&2 €3} denotes the canonical orthonormal basis of R? given
by
1 0
el=1(0], e2=|1], =10
0 0 1

Next, we define function spaces and its associated norms.

Definition 2.1.3. Let D C R", compact, and W C R be given. Then, C*®)(D, W) is the
space of all functions F': D — W, which are at least differentiable to order k € Ny, where
the k-th derivative is continuous. If W = R, then we denote C*)(D R) := C*)(D) and if
k=0, then we write CO(D,R) := C(D, W).

Analogously, we define c®) (D, w) for all vector functions f : D — w, w C R®, and c™ (D, w)
for all second rank tensor functions f : D — w, w C R3*3,

Definition 2.1.4. The norm for F € C®)(D), 0 < p < oo, D C R™ compact, is given by

| Fllc(py := sup |F(z)],
xeD

17
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where |y| denotes the Fuclidean norm for y € R™, n € N.

Definition 2.1.5. We call a vector field f € cP)(D) and a tensor field f € ¢P (D), 0 <
p < oo, D CR" compact, if its component functions with respect to the orthonormal basis
{e',€2, &%} are in CP)(D), where

[flle(py := sup | f ()]
rzeD

and
[ flle(p) := sup [f(z)].
xeD

Finally, we collect three definitions and one lemma we need in this thesis.

Definition 2.1.6. We define the inner product of two vectors x,y € C" by
(r,y) =z -7 := Zx]y_]
j=1

Definition 2.1.7. The Kronecker symbol is defined by

1, n=n'
Opmy =1 nen )
’ 0, n#n
Definition 2.1.8. With ||, we denote the Gaussian rounding function given for | € R by

U] ={keZ|k<I}.

Lemma 2.1.9 (Addition Theorems for the Cosine). From [4], we borrow the following well-
known properties for the cosine

cos acos 3 = %(COS(OJ — B) + cos(a + 3)),

cos(a £ ) = cos acos f F sin acsin .

2.2 Tensor Nomenclature

In this section, we look at the required properties for the calculation with tensors [12, 28, 33].
Here, we follow mainly [33].

Definition 2.2.1. A tensor T of rank q¢ € N is a functional T : (R?)? — R such that it is
linear in all ¢ arguments. This means that for all \; € R and for all z® € R and y € R3

T (Alx(l), cee /\q:zc(q)) =T (x(l), . ,:1:(‘1)) ﬁ Ais
T (x(l), L L T ,x(q)) =T (x(l), . ,I(q)) i—?T (x(l), U gD ,x(q)) .
The scalar multiplication and the addition of tensors is given as usually by
(MT1+ Ao To)(x) = MTi () + Ao To(z),

where v € (R®)?, M\, Ao € R, and Ty and Ty are tensors of rank q.
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Remark 2.2.2. Let T be a tensor of rank q € N. The components of T with respect to
{e',e2,&3%} are defined by . '
t = T(", ..., e"),

i1 yerig

where (iy,...,1,) € {1,2,3}%

Definition 2.2.3. From now on, we denote a tensor of rank q € N by t € (R3)?, which can
be written in the form

3
t= Y i © @

i1 yeyig=1

Note that a scalar is a tensor of rank zero, a vector is a tensor of rank 1, and a matrix is a
tensor of rank 2. If there is no declaration of the rank of a tensor, we mean in this work a
second rank tensor.

Now, we define our operators for tensor calculation.

Definition 2.2.4. Let s be a tensor of rank p € N and t be a tensor of rank q € N. The
tensor product delivers a tensor of rank p + q and is given by

3 3
s®t:= g E Sityipbisjef @ QEP RN Q- @M.
1,0ty =1 j1sefg=1

Note that in general st #t® s.

Definition 2.2.5. Let s be a tensor of rank p and t be a tensor of rank q with 0 < q < p,
p,q € N. The double dot product delivers a tensor of rank p — q and is given by

3
($:8)ir iy = D Siveiv-gidroondabiseiy

J1sendq=1

Note that the double dot product of two tensors of rank 1 delivers the product ”-” of two
vectors. This means that for two vectors z,y € C?

3
Tiy=1-y=Y zii
=1

Special cases of the previous introduced tensor operations are pointed out in the following.
Remark 2.2.6. The tensor product of two column vectors x,y € C? is given by
3
TRy =y = Z ziyie' @& = (Tiy))ij=123
ij=1
The double dot product of two second rank tensors a,b € C3*3 is defined by
3
(a . b) =tr (G,Tb) = Z a'i,jbi,j
ij=1

and the double dot product of a tensor s € (C3)4 of rank 4 and a tensor t € C**3 of rank 2
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3
(S : t>l7j:17273 = : : 8i)j7k7ltkal'
k=1

Now, we show the properties for tensor calculations that we need in this thesis.

Lemma 2.2.7. Let a, b, ¢ and d € C? be vectors. Then, we get
(a®b): (c®d) = (a-)(b-d).

Proof. We get the proposition directly by

3 3

(@®b): (c®d) =Y (a®b)i(c@d)i; =Y abjed;

i,j=1 hj=1

— (Zac) ( bjdj> = (a-c)(b-d).

Lemma 2.2.8. Let a, b, ¢, and d € C3 be vectors. Then, we obtain the following properties

O

(a®b)T =b®a,
a(b-c) = (a®Db)c,
(a-b)(c-d)=a"(b®c)d

Proof. The proof is straight forward.
e We get the first property directly by

(a®b)" = (aibj)};—1 55 = (aibs)ji=123 = (0jas)ji=123 = b® a.

e For the second property, we get on the one hand

3 3
alb-c)=a <Z bjcj> = <Z aibjcj>
J=1 J=1 i=1,2,3
and on the other hand, we see
3
(CL X b)C B (aibj)id‘:lg’gc = (Z (ZibjCj) .
i=1,2,3

=1

So, both sides are equal.

e The left-hand side of the third equation is given by

((1, . b)(C . d) = (Z albl> (Z dej> = Z aibidej

4,j=1
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and the right-hand side by
3 3
at(b®c)d = aT(bicj)iyj:Lg,gd = <Z a@'bicj> d= Z a;b;c;d;.
=1 j=1,2,3 i,0=1
So, both sides are equal. Consequently, we obtain the third property.
m

Lemma 2.2.9. Leta, b, ¢, and d € C3*3 be tensors of rank 2. Then, the following properties
are fulfilled

alb:c)=(a®bd):c,
(a:b)(c:d)=a:[(b®c):d.

Proof. Again, the proof is straight forward.
e The left-hand side can be written by
3 3
a(b . C) =a (Z kaCkJ) = (Z a'i,jblc,lck,l>
k=1 k=1 i,j=1,2,3
and the right-hand side by
3
(@®b):c=(ajb)ijri—123:€C= (Z ai,jbk,lck,l> :
kl=1 i,j=1,2,3
So, both sides are equal and we obtain the first property.
e For the second property, we get on the one hand
3 3 3
(CL . b)(C . d) = (Z CLiniJ) (Z Ck,ldk,l> = Z ai,jbi,jck,ldm
ij=1 k=1 i,4 k=1

and on the other hand, we see with the proof of the first property

3
a:[(b®c):d =a: (Z bmchldk,g)
ij=1,2,3

kl=1
3
= E ai,jbi,jck,ldk,l-
i7j7k7l:1

Altogether, this leads to the proposition.

2.3 Spherical Nomenclature

Next, we look at the notations for spherical calculations [28, 33, 58]. We start with contents
borrowed mainly from [58]. We begin with basic definitions.
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Definition 2.3.1. The unit sphere Q0 of the three-dimensional Euclidean space R? is repre-

sented by
Q={zeR®| [z[=1}.

Definition 2.3.2. We denote ", &%, as a local orthonormal basis on the unit sphere
given by

V1—12 cosp —sin g —t cosp
E=e"=|V1-1t2 sinyp |, e?=| cosp |, = | —t sinp |,

t 0 V1—1t?

where t € [—1,1] is the polar distance and ¢ € [0,27) is the longitude. Note that " is
radially outward, €% eastward and €' northward. Moreover, for t = —1, we obtain the South
pole and fort =1 the North pole.

Definition 2.3.3. We define the tensors [33]
ftan(§) =¥ @e? + ' @ &

and
jtan(f) = gt Qe¥ —e¥® €t

for & =¢&(t, ) € Q.

Note that we use in the following the notation for partial differentiation

0
0, = Ere

Then, we can define the following well-known differential operators.

Definition 2.3.4. The gradient is defined by

Oy
Vg = (axi)i:1,2,3 = | On,
Ors

and the Laplace operator by
A, =02 + 05, + 0,

for x = (x1,29,23)" € D C R3.
In the following, we introduce the spherical differential operators.

Definition 2.3.5. The surface gradient

* . _p
Vg.—g

1
\/1—Tt28¢+8t Vl—t2 6’t

and the surface curl gradient

L= —e¥ V1—t? O, + €t

! 0,
Vime

for & = £(t, ) € Q are differential operators on the sphere such that V,¢ = (587. + % Vz) for
reRY, € Qand Ly =5 ANVE §=E(t, @) is the polar coordinate representation of £ € Q.
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Moreover,
AL =0, ((1 —t2) 6t) + [z 62

1s the Beltrami operator such that A* = V*-V* = L* - L*.

Lemma 2.3.6. With the previous definition, it is simple to show that

EF(E) - VEF(S)
EF(E) - LeF(€)
Vel (€) - LeF(€)

0,
0,
0

for £ € Q and F € CO(Q).

Lemma 2.3.7. The Laplace operator can be decomposed into spherical components given for
r=rE€R}, r=z|€R, and £ € Q by

2 1
A, =0+ =0, + 5 AL
r T

This enables us to write down the well-known Green’s second surface identity [58]. Note
that all integrals in this thesis are Lebesgue-integrals.

Theorem 2.3.8. Green’s second surface identity is given by

0 0

where F,G € C®? (f), ' € Q with a sufficiently smooth boundary and v is the outward unit
normal vector field to OT.

[ F@si6© - cesire) e = [

or

(Fe© F©)) ao(o)

Then, Green’s second surface identity on the unit sphere is given by
| (FOa6(6 - GOAFE) dule) =0

for F,G € C(Q).
Next, we deal with spherical function spaces.

Definition 2.3.9. For1 < p < oo and a (Lebesgue) measurable set D C R", we denote with
FP(D,R™) the space of all (Lebesgue) measurable functions F : D — R™ with

/ |F(x)]" dz < .
D
Let /P (D,R™) be the space of all (Lebesgue) measurable functions F : D — R™ with

/ P(2)]” dz = 0.
D
by

Then, we define (LP(D,R™), || - ||,)

L?(D,R™) :=Z?(D,R™) /NP (D,R™),
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where

[, == |1 F e (o rmy = (/D |F(x)|? dx) < o0.
Theorem 2.3.10. The function space (L? (D,R™) .| - ||,) is a Banach space.

Note that functions, which are almost everywhere equal, are considered to be identical. So,
all functions F, where || F||L»(py = 0, are identified with the zero function.

In this thesis, we only use p = 2 and m = 1,3,3 x 3. The case m = 1 delivers scalar,
m = 3 vectorial, and m = 3 x 3 tensorial function spaces. So, we write L?(D,R) = L*(D),
L2(D,R%) = 13(D), and L?(D,R3*3) = 1*(D).

Theorem 2.3.11. (L*(D), ||.||2) is a Hilbert space. Furthermore, we denote with (12(D), ||.]|2)
the Hilbert space of square-integrable vector fields and with (1*(D), ||.||2) the Hilbert space of
square-integrable tensor fields [28, 33, T4].

Theorem 2.3.12. For all F' € C(2) and for all p € [1,00), we get
|l < (47)7 || Fllog).

Proof. The proposition follows directly by

JIF©P ds(©) < [ max PP dute) = max|F@P [ dule) = [Pl tn

qQ NMEQ

Theorem 2.3.13. We get
m\\'ﬂﬂ(n) — 12(Q).

Definition 2.3.14. We define the inner product on L*(QY) for scalar functions F,G € L*(Q)

by

(F. Gy = | FOGTE) (o)
The induced norm on L*(Q) for F' € L*(Q) coincides with the || - ||12(q)-norm from above
given by

1 F L2 = /(F, F)r2 ()

Analogously, we define the inner products for vector and tensor fields. We borrow this from
(28, 33, 74].

Definition 2.3.15. We define the inner product on 12(Q) for vector fields f,g € 12(Q) by

s Do /f duo(€).

Again, the induced norm on 1?(Q2) for f € 1?(Q2) coincides with the | - [|2()-norm from above
given by

||f||12(9) = /{f f>12(ﬂ)

Definition 2.3.16. We define the inner product on 1(Q) for tensor fields f,g € 1*(Q) by

(Fr e = /Q (6 : 908 dw(e).
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Again, the induced norm on 1*(Q) for f € 1*(Q) coincides with the || [|2(q)-norm from above
given by

HfHP(Q) = /{f f>12(Q)-

Theorem 2.3.17. In analogy to the scalar case, we obtain for a vector field f : Q0 — R3,
f€c(),
| flhe) < VAT flle@)

and

@' = (@),
For a tensor field f : Q — R¥3, f € c¢(Q), we get
[ fllz) < VAT flle)

and

m“-“ﬂ(m = 12(9)'

In this thesis, we use primarily the spaces of (L*(Q), (-, ")r2@)), (1(€), (-, ")), and
(IQ(Q)a <'a >12(Q))

2.4 Scalar Spherical Harmonics

As previously stated in the introduction, the scalar spherical harmonics are a fundamental
tool in geosciences, in mathematics, and in physics. They have a huge field of applications
and are already well-examined. For example, to construct a basis on the unit sphere, the
spherical harmonics must be clearly known. Moreover, they are based on the Legendre poly-
nomials, which are introduced as well. So, this chapter deals with the Legendre polynomials,
the associated Legendre functions, the spherical harmonics, and their properties [28, 33, 58].
For example, we show recursion relations and the orthonormality not only for the Legendre
polynomials and the associated Legendre functions, but also for the spherical harmonics.
Furthermore, we introduce the function space for the spherical harmonics. Here, we mainly
follow [58].

First, we start with the Legendre polynomials.

Definition 2.4.1. A unique set of polynomials { P, }nen, ezists such that for all n € Ny
1. P, is a polynomial of degree n on the domain [—1,1],
2. f_ll P,(t)Py(t) dt =0 for all n,m € Ny, n # m,
3. P,(1)=1.

These polynomaials are called the Legendre polynomials.

Theorem 2.4.2. The Legendre polynomials satisfy the Rodriguez formula

P =g (i) -0

where t € [—1,1] and n € Ny.
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Remark 2.4.3. The Legendre polynomials fulfill for t € [—1,1] the recursion relation

om— 1 1
b P )+ 2

P,(t) — P, 5(t)=0

n

forn > 2 with
P()El, Pl(t):

Furthermore, with Theorem 2.4.2, the Legendre polynomials obviously satisfy for t € [—1,1]
the formula

Pu(—t) = (=1)"P, ().

The next properties, like the recursion relations, the orthonormality, the differential equation,
and the finite series version for the Legendre polynomials, we borrow from [33].

Theorem 2.4.4. Further recursion relations for the Legendre polynomials for t € [—1,1]
are given by

(> = 1) PL(t) = ntP,(t) — nP,_1(t),
=—(n+ 1)tP,(t) + (n+ 1) Ppiq(t)

forn >0 with P_y := 1. From the previous remark, we get the recursion relation
(2n 4+ 1)tP,(t) = nPy_1(t) + (n 4+ 1) Py (t).

Lemma 2.4.5. The Legendre polynomials are orthogonal with respect to L2([—1,1]). This
means that for n,m € Ny

/ PP A= — 2 5,

1 2n+1

Lemma 2.4.6. The Legendre polynomials fulfill for t € [—1,1] and n € Ny the following
differential equation

(élt (l—tz)%+n(n+1)>P():0.

Lemma 2.4.7. The Legendre polynomials can also be written fort € [—1,1] and n € Ny by

LZ (2n — 2s)! —

2” (n —2s)l(n — s)!s!
This follows from Theorem 2.4.2, the Leibniz rule and the binomial formula.
Lemma 2.4.8. For the Legendre polynomials, we obtain the recursion relation fort € [—1,1]
B (t) = Py (t) = (2n + 1) Po(1)
for all n € Ny with P_(t) := 1.
Proof. Let n € Ny and ¢t € [—1,1]. We know from the recursion relations of Theorem 2.4.4

(= 1) Po(t) = ntP,(t) — nP,_1(t),
—(n 4+ 1)tPu(t) + (n + 1) Poga (1),
(2n+ DtP,(t) = nP,_1(t) + (n+ 1) Py (t).
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Then, with these relations, we obtain

Fra(t) = B (t) = [(n 4+ DtBuia(t) = (n+ 1) Pu(t) + nt By (8) — nbn(t)]

-1
= t%l [t (NPoi(t) + (n+ 1) Poia(£) — (20 + 1) Pu(1)]
=% [(2n+ 1)*P,(t) — 2n+ 1) P, (t)]
=3 1_ T (2n+ DP,(1)(t* — 1)

= (2n+ 1)P,(1).

m
Corollary 2.4.9. We conclude from the previous lemma that
! 1
P = P,_ — P,
[ Pty @t = 5= [Pa) = P )
for all n € Ny with P_1(t) :=1 and b € [-1,1].
Proof. Let n € Ny and t € [—1,1]. From the previous lemma, we know that
Pra(t) = Py (t) = (2n+ 1) Py (1)
Then, with the Definition 2.4.1, we get
) [ P ar= [ [P - PLG) a
b
= Poya( ) —Pi1(b) = Pooa(1) +Pa-1(b)
=1
= P = P (b)
m

Next, we deal with the associated Legendre functions and collect their properties from [33].

Definition 2.4.10. The functions defined by

Pot) == (1 -2 (jt)an(t)

forte[-1,1], n € Ny and j =0,...,n, are the associated Legendre functions.

Remark 2.4.11. From Definition 2.4.10, we get directly with Definition 2.4.1 and with
Remark 2.4.3 that fort € [-1,1], n € No, and j =0,...,n

P,;(1) = 60,
Poj(—t) = (=1)"" P, ().

Theorem 2.4.12. The associated Legendre functions P, ; satisfy the following recursion
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relations fort € [—1,1], n € Ny, and j =0,...,n

(12— 1) TP (1) = Py (1) — (n 4 5)Pacs 1)

=—(n+1tP,;(t) + (n+1—j)Pu1,(1),
(n+ ) Pa-1;() + (n+1 = j)Payr(t),

(2n+ 1)tP, (1)
where P, ; := 0 forn < j.

Lemma 2.4.13. For the associated Legendre functions, we get for n,n’ € Ny and j =
0,...,n,

! 2 (n+j)!
P, (t)Py ;(t)dt = — Opont -
| PasPustn = 2t s,

Lemma 2.4.14. The associated Legendre functions fulfill the following differential equation
forte|=1,1], n € Ny, and j =0,...,n,

d 2y d j° _

Lemma 2.4.15. We can write the associated Legendre functions for t € [—1,1], n € Ny,
and j =0,...,n, by [33]

%]
9 % k 2n — 2k)! n—j—2k
Ps(t) = (1=2)" 3 (=1) 2”k!(n£k)!(n—)j—2k)! o

k=0

Now, we go on with the spherical harmonics, where we follow again mainly [58]. We start
with the function spaces for the spherical harmonics.

Definition 2.4.16. Let D C R3 be open and connected. A twice continuously differentiable
function F € C?(D) is called harmonic, if for all x € D the equation

A F(x)=0

18 fulfilled.

Definition 2.4.17. A, in general, complex-valued polynomial P on R™, m € N, is called
homogeneous of degree n € Ny, if there exist constants C,,, which do not all vanish, such that

P(x) = Z Cpx”

|a|l=n
for all x € R™, where v = (aq, ..., ) € NP, |a| :=>""  ay, and = [[", .

Hom,, (R™) denotes the set of the homogeneous polynomials of degree n.

Definition 2.4.18. Harm, (R?), n € Ny, denotes the space of all homogeneous harmonic
polynomials. We also define the spaces

Harmg_,, (Rg) = @ Harm; (Rg)
i=0
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and

Harmg o (]R3) = U Harmg ; (]R3) .

=0
For D C R3, we denote

Harm, (D) := {P|p | P € Harm, (R?)}

and
Harmg (D) := {P\D | P € Harmg_ o (R3)}.

From these definitions we obtain the space of the spherical harmonics. In the following, we
look at them [58].

Definition 2.4.19. The elements of Harm,,(2), n € Ny, are called the spherical harmonics.

Theorem 2.4.20. For the dimension of Harm,,(2), we get
dim Harm,, () = 2n + 1.

Now, we can introduce the spherical harmonics.

Theorem 2.4.21. For Y, € Harm,(Q2), Y, € Harm,,(Q2), n,m € Ny, m # n, we receive

,,,,,

the function space (Harm, (), (-, -)12(q)), this means that
1 (Yo, Yo )iai) = i
2. If (F. Yo )12y =0 for all j = —n,...,n and F € Harm, (), then F = 0.

Remark 2.4.23. Because of the previous definition, all Y, € Harm,(Q2), n € Ny, can be

written by

Y, = Z <Yn7 Yn,j>L2(Q) YnJ'

j=—n

Definition 2.4.24. The index n is called the degree and the index j is called the order of
Y,

Remark 2.4.25. The set of the spherical harmonics {Y, ;} s an orthonormal

n€Np, j=—n,...,n
set in the function space (Harmg. (), (-, ")12(0)), this means that

(Yo, Yor i) 12y = Onm 0
Remark 2.4.26. [t is obvious that for 0 < p < q < oo [33]

Harm,, 4(€2) = span{Y,,;}

n=p,..., QJZ_n 7777 n’
The following theorems are very important for the use of the spherical harmonics.

Theorem 2.4.27. The spherical harmonics are the eigenfunctions of the Beltrami operator,
this means that for € € €2
AgYy;(§) = —n(n + 1)Y5;(8).
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Theorem 2.4.28 (Spherical Addition Theorem). For n € Ny and &,n € ), we obtain

S Vs (OFestn) = o Pu(e ).

j=—n

Lemma 2.4.29. Fort € [-1,1] and h € (—1,1), we get

1
D hP(t) =
— V1+h?—2ht

and ,
o 1 o
S @n+ DA PL(E) = LA
=0 (1 4+ h? — 2ht)2

Theorem 2.4.30 (Poisson integral formula). If F' is continuous on 2, then

1 A=P)Em) o el —o
/g(1+h2—2h(§-n))3 )= e

hm su

Theorem 2.4.31. Let F' € C(Q2). Then,

Z h' Z (F, Yw‘>L2(Q) Yw‘(f)

j=-—n

converges uniformly for all £ € Q and for a fixred h € (0,1) and
lim » A" Z (F, Yo )2 Yn () = F(E)

h—1—
n=0 j=-—n

uniformly for all & € €.
Proof. Let € € 2. We get the uniform convergence by

Zhnz ‘ F Yoo (5)‘

j=—n

e 2n + 1
S;Vh 2 e, m‘<F Yoz \ gy

j=—
2 1
E h"(2n + 1 n4+

o n=N

<00, because FeC(2)CL2(Q)
— 0 uniformly (|h] <1).

Furthermore, with Theorem 2.4.28, the spherical addition theorem, we obtain

Zhnz FY”J>L2 ZhnZ/ dw( Y5 (8)

j=-n j=-n

Z 2n+1 /QF(n)Pn(€~77) dw(n).

=0
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Due to the dominated convergence theorem, we can interchange the summation and the
integration. In addition, we use Lemma 2.4.29. Then,

Zmz Vo) oy Yo € /ZW%H (€ 1) () de)

_ 1 [ O=mFy
o /ﬂ eyt

With Theorem 2.4.30, the Poisson integral formula, we get

Z h" Z (F, Yo i)z Yni(8) iy F(&) uniformly for all £ € €.

j=-n
O

In the following, we show the completeness of the spherical harmonics. First, we have to
prepare this by some corollaries and a theorem.

Corollary 2.4.32. The set {Y;}, o, j .. @ closed in C(Q), this means that for all
F € C(Q) and for all e > 0, there exists >~ > iy DnjYn; such that

L n
=2 D DuiYa,

n=0 j=—n

<e.
e())

Proof. Let F' € C(Q) and ¢ > 0. Then, according to Theorem 2.4.31, a real number
h = h(e) < 1 exists such that

Zhn > Yo )i Yo

j=—n

IN

£
5
)

Additionally, because of the uniform convergence of the series for L — oo with fixed h = h(e),
there also exists L = L(e) € Ny such that

n . n c
> (o oo~ 0 S Y| <
j==n j==n @
So, we deduce
L n
e €
F=> 0" (F,Ya;)ia0 Yo <sHg=e
[
Theorem 2.4.33. The set {Yo;}, cn, je—n..p 18 closed in C(S2) with respect to || - [lr2(q)-
Proof. From Theorem 2.3.12; we know that for all G € C(Q2) and for p = 2
1G> (@) < V|Gl
With the previous corollary, we get the following. O

Corollary 2.4.34. The set {Y, ;} is closed in (L*(), ]| - [lr2())-

n€Np,j=—n,...,n



32 CHAPTER 2. FUNDAMENTALS

Proof. From Theorem 2.3.13, we know that
o) = 12(0).
Let F € L2(Q) and € > 0. Then, G € C(Q) exists such that

|G — Flr2) <

l\.’)l(‘n

We conclude from the previous theorem that for GG a linear combination, given by
Zn 0 Z]_,n Y, ;, exists such that

L n

G—=> > Dn;Ya;

n=0 j=—n

L2()

All in all, we deduce

L n
F=Y Y dyYa,

n=0 j=-—n

L2(Q)

So, we can obtain the following important theorem.

Theorem 2.4.35. The set {Y,, ;}
quently, for F,G € L*(Q), we get

L n
- Z Z (F, Yn,j>L2(Q) Yo

n=0 j=—n

. is complete in (L*(Q), (-, )12(). Conse-

=0.

L2()

lim
L—oo

This means that every F' € L2(Q) can be written uniquely in the L*()-sense in terms of a

Fourier series -
F=3 > (FYa)ag Yo

n=0 j=—n

Moreover, the Parseval identity
(F,G)paq) = Z Z (F,Yai)a) (G Yasdia
n=0 j=—n
holds true.

Now, we can conclude the uniqueness of the spherical harmonics as the eigenfunctions of the
Beltrami operator.

Theorem 2.4.36. The spherical harmonics Y,, ; are the only eigenfunctions of the Beltrams
operator A* to the eigenvalues —n(n + 1).

Proof. This proof follows [58]. From Theorem 2.4.27, we know already that
ALY (6) = —nln + 1)¥;5(6),

(1) Determination of the eigenvalues
We assume that there exists a A\ # —n(n + 1) for all n € Ny and a K € C®(Q) such that
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A*K = MAK. We apply Green’s second surface identity on the unit sphere, Theorem 2.3.8,
so that for alln € Ny and j = —n,...,n

/ (K(f)A Vi@ —Yos(©) ALK (5)) dw(€) = 0
Q W—’
e A L

Z

& (—n n+1

V() dw(€) =0

< (K, Yn,j>L2(Q) = 0.

From Theorem 2.4.35, we know that {Y,;}, ; is an orthonormal basis. So, we obtain K = 0
in L?(Q) and therefore, A is not an elgenvalue

(2) Determination of the eigenfunctions

We assume that there exists a A = —k(k + 1) for k € Ny and a K € C?(Q), K # 0, such
that A*K = AK. In analogy to the previous considerations, we get for all n € Ny and
j=— ,n the equation

(—n(n+1) = A) (K, YnJ>L2(Q) 0,
where —n(n+ 1) — A # 0 for n # k. Then, for alln € Ng, n #k, and j = —n,...,n

<K, Yn7]>L2 — 0.

(@)
Again, we refer to Theorem 2.4.35 and use the fact that {Y,;}, ; is an orthonormal basis.
So, we obtain

K=Y 3 (K o) Yoo

n=0 j=—n
k
= > (K, Yij)pagq Yes € Harmy(Q).

j=—k
n

That {Y”J}neNo, i=—n...n 18 & complete L%(Q)-orthonormal set, does not lead to a unique
basis. Therefore, the fully normalized spherical harmonics are introduced. The derivation
can be done as shown in the proof of Theorem 3.4.9 for the spin-weighted case. That Theorem
3.4.9 holds true for the fully normalized spherical harmonics, as we will see in the proof of
the corresponding theorem.

Definition 2.4.37. We denote the (scalar) fully normalized spherical harmonics by

2n+1 (n— z
1)] Y, (€t 9)) w)), j<0

and the fully normalized associated Legendre functions by

2n+1 /[ (n— )' .
ot = { ORI 20, 720
’ —1) X, _( j <0

b
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where £ € Q andn € Ny, j = —n, ..., n.

So, the set of fully normalized spherical harmonics constructs a basis of (L2(2), (-, )12()),
in which all F' € L*(Q) can be represented.

There are algorithms for the fast and stable computation of Fourier series of functions
F € 1L2(Q2) and hence, for the spherical harmonics [68]. These algorithms are based on the
fast Fourier transform for equispaced and for nonequispaced data [69]. This method is split
into fast Fourier transforms for the exponentials and discrete Legendre function transforms
for the fully normalized associated Legendre functions. This is because of the structure we
gain from Definition 2.4.37 for the fully normalized spherical harmonics [16, 39, 50, 61, 86].

Theorem 2.4.38. From Theorem 2.4.12, we conclude that the fully normalized spherical
harmonics Y, ; fulfill the following recursion relations for & = &(t,¢) € Q, n € Ny, and
j=-n,...,n, [35]

(t2 - ]-) atyn,j(g) - ntYn,j(g) - (2’/’L + 1)Cn,an—1,j(§)7
= —(n+ DtV ;(§) + (2n + 1)enga;Yar1,5(6),
tYn (&) = cnjYno1,;(§) + cng1,Yn41,5(§),

= pnty)
"\ (2n = 1) (2n + 1)

where

and Y, ; =0 forn <|jl.

Note that c|;; = 0 for all j € Z such that the terms with the spherical harmonics Y,,_; ; for
n — 1 < j vanishes.

2.5 Vector Spherical Hamonics

In this section, we deal with the vector spherical harmonics of Hill [40]. Here, we summarize
from [24, 26, 28, 33] and use mainly [33].

We start with the definition of the vector spherical harmonics that are separated into a
normal and a tangential vector field for physically issues [33]. Furthermore, we handle the
vector spherical harmonics consistent to the scalar spherical harmonics.

Definition 2.5.1. The vector spherical harmonics of Hill [40] are defined by

y(€) = €Y,5(6),

@) /ey . 1 sy
yn,j(g) = n(n+ 1) V§Yn7](§)7
3) gy . 1 oy
yn,](é—) T n(n+ 1) L£Y",3<§>

forceQ, neNy,n>0;,j=-n,...,n, and i =1,2,3 with
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@) 53 are tangential for the unit sphere €.

Note that y,(ll) is normal and vy, 7, ¥, ;

J

The index ¢ is called the type of the vector spherical harmonics.

Remark 2.5.2. With the notation from [33], we can write the vector spherical harmonics
also by
vy = (1) 7 0V,

fori=1,2,3, n €Ny, n>0;, and j = —n,...,n, where

0 . =
Hn {n(n+1), i=2.3

and o : CO)(Q) — ¢(Q) with

for€ € Q and F: Q — CHO(Q).
Corollary 2.5.3. We get that L
Yy (&) - (©) = 0
fori 14" and & € Q, because of Lemma 2.5.6.
In analogy to the scalar case, we define the function space for the vector spherical harmonics.

Definition 2.5.4. The set harmgf)(Q), n € Ny, n > 0;, denotes the span of the wvector
spherical harmonics of degree n and type i. This means that fori =1,2,3 and 0; <p < g <
00, we get [24]
i — (@)
harm;?.q(Q) := span {ym} - 3 :
N=P,en s, =TTl

With

harm,, := harm" n =20,

n

3
harm,, := @harmg), n>1,
i=1

we define the space of the vector spherical harmonics of degree n.

Furthermore, we denote [74]

H‘||12(Q)

1%7;) (Q) = harm,’

0;...00

Lemma 2.5.5. {yr(:) is an orthonormal set in (harmo, (), (-, )2@)),

’]}i—1,2,3,n€No,n20i, j=—nyen
(@ @)

Yn,j> Yps 5 = 5i,i’6n,n’5‘, i’

< n,j7 In’,j 12(Q) Y

Remark 2.5.6. The previous lemma contains that the set {y(i) } . ,1=1,2,3,n € Ny,
J=—n,...n

n?j

this means that

-----

n > 0;, is a complete 12()-orthonormal set in (harmg)(Q), (-, -)12(9)), this means that
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(@ ) _
L <y”’j ’y”’j'>12(9) =i
2. If <f, yr(f)]> o 0 for all j = —n,...,n and f € harm?(Q), then f = 0.

is closed in c(Y), this means that

for all f € c(Q) and for all e > 0, there emsts ZZ SE 0; 2 i d g such that

n]yn]
3 L n
szzzmw

i=1 n=0; j:—n

Corollary 2.5.7. The set {yr(f)j

<e.
(e))

.....

h2()

Corollary 2.5.9. The set {y,(f?,

12(2)
This means that every f € 12(2) can be written uniquely in the 12(2)-sense in terms of a

Fourier series by
3

=YY (s ) oy P

i=1 n=0; j=—n

Moreover, the Parseval identity

(fsew = Zi ' <f,y£f)]> 2(0 )m

holds true.
Consequently, we conclude the following theorem.

Theorem 2.5.11. The vector spherical harmonics span the function space 12(Q). This means

that [74] ;
= 12i (Q)
,@ (0)

Next, we recapitulate further properties for the vector spherical harmonics [27, 33].

Theorem 2.5.12. The vector spherical harmonics are the eigenfunctions of the vectorial
Beltrami operator A*, this means that

Azyn(€) = —n(n + 1)ya(6)
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for y,, € harm,(Q) and € € Q. The vectorial Beltrami operator is defined for f € ¢ (Q),
§€), by
ALf(E) = Acf(€) —2(E N V) A F(E) — 2f(8).

Theorem 2.5.13 (Addition Theorem For Vector Spherical Harmonics). For i,i' = 1,2,3
and n € Ng, n > 0;, and &,n € ), we get

N

- i W, <~ 2n+1 oy —1 A\
Z ?J?(z)g(f) ® 97(1,]')(77) = T (u;)) 2 (uﬁl )>

j=—n

o0l P(€ ).
Corollary 2.5.14. Another kind of addition theorem is obviously with Corollary 2.5.3 given
by

j=—n

fori=1,2,3, n €Ny, n>0; and £ € ).

2_2n—i—1
 4r

y©)]

2.6 Tensor Spherical Harmonics

In this section, we deal with the tensor spherical harmonics by Freeden, Gervens, and
Schreiner [27]. Here, we summarize from [24, 27, 28, 33, 74] and use mainly [33].

There are many different definitions of tensor spherical harmonics (for details see [90]). For
example, the tensor spherical harmonics of the Newman-Penrose spin-weighted spherical
harmonics from 1966 (see [63, 64, 65] and also [9, 34]), the Regge-Wheeler tensor harmonics
from 1957 (see [71, 101, 73, 72]) and the pure-orbital tensor spherical harmonics of Mathews
from 1962 (see [57]). The last ones are advanced by Zerilli (see [100, 101]) to the pure-spin
tensor harmonics. These are the mostly used types of tensor spherical harmonics. For ex-
ample, the tensor spherical harmonics of both Martinec (see [56]) and of Freeden, Gervens,
and Schreiner (see [24, 27, 28, 33, 74]) are based on them.

The tensor fields play an important role in different satellite problems. For example, data
from satellite gravity gradiometry like from the satellite mission GOCE are tensor valued,
from which we can determine the gravitational field of the Earth. Furthermore, we handle
the tensor spherical harmonics consistent to the scalar and vector spherical harmonics for
the aim to combine different types of data derived from various sources like from terrestrial,
airborne or satellite observations (for further details, see [33]).

We start with the definition of the tensor spherical harmonics of Zerilli [101]. They are
defined in a canonical way to the vector spherical harmonics of Hill [40] from Chapter 2.5.
Then, we proceed with the tensor spherical harmonics of Freeden, Gervens, and Schreiner
[27] and their properties.

Definition 2.6.1. The tensor spherical harmonics of Zerilli [101] in the notation of Freeden,
Gervens, and Schreiner [33] are based on the operator qF) : C?(Q) — ¢(Q) given for
F:Q— CP(Q) by
(1,1) —
qe F(&) = (E® &) F(S),
gV F(€) =€ ® VEF(€),
gV F(€) = E® LEF(©),
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g VF(©) = ViF(§) ® ¢,
qi P F () = Vi @ VEF (),
qi P F(€) = Vi ® LF(©),
aPVF(€) = LYo, (6) ® ¢,
g P F () = L ® VIF(€),
gV F () =L@ LIF(S)

The pair (i, k) is called the type. Here, type (1,1) is normal, types (1,2) and (1, 3) are left
normal/right tangential, types (2,1) and (3,1) are left tangential/right normal, and types
(1,k), i,k = 2,3, are left tangential but in general not right tangential.

Therefore, these tensor spherical harmonics are advanced of Freeden, Gervens, and Schreiner
[27].
Definition 2.6.2. The tensor spherical harmonics by Freeden, Gervens, and Schreiner [27]

are defined for & € 2 by

YoV (€) = (E®€) Y6,

1

yg,f)(f) = NCCES)] (£ ® ViY,;(6),
1

y2{;3)<§) = NCICES)) (€ ® LeYa (9)),
1

’yg,}l)(f) = m (VeYo,(§ ®€),

(2,2)

I
Yn,j (&) = E itan(£)Yn,;(€)
1

=7 () (P ®ef + ' @),

V2

1

v (€)= e (Ve Vi L L) Y+ 2V @ ],

B ey . 1 —_—

Ynj (5) T n(n T 1) (Lgyn,J (5) ® 5) )
1

W) = = hanl V(O

= % Y, i(8) (8 ®e? —e? @)

formeNy, n>0u, j=-n,...,n, and i,k = 1,2,3 with
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Then, ygj) is normal, ygf), y7(11]3) are left normal/right tangential, yfi;-l), yf’]l) are left

tangential/ right normal, and ygf), yiff), yS:}Z), yfjf’) are tangential.

Remark 2.6.3. With the notation from [33], we can write the tensor spherical harmonics
also by

y) = (D) oy,

fori,k=1,2,3, n € Ny, n >0, and j = —n, ..., n, where

1 (i,k) = (1,1)
(3,k) . 27 (ia k) = (27 2)7 (37 3)
= Y+ 1), (i, k) = (1,2),(1,3), (2,1, (3, 1)
2n(n+ 1)(n(n+1) —2), (i,k) =(2,3),(3,2)
and 0% : CO(Q) — ¢(Q) for F : Q — CP(Q) with
o"VF(€) = @ EF(€),
ol F(€) == €@ VEF(€),
ol F(€) == € © LiF(¢),
o"VF(€) == ViF(§) ® &,
0P F(€) = ian(E)F(6),
oV F(€) = (Vi@ Vi— LE ® LE) F(€) + 2VEF(€) ® €,
o VF(€) == LiF(§) ® ¢,
oV F(€) = (Vi@ Lt + Lt ® Vi) F(€) + 2L F(€) ® €,
0V () = jian(©F(€)

for & € Q.

Remark 2.6.4. As intermediate step from the tensor spherical harmonics of Zerilli [101] to
those of Freeden, Gervens, and Schreiner [27] in [74] was used instead for & €

68V F(€) = (Vi ® Li + Lt @ Vi) F(£).

Corollary 2.6.5. We get that for £ € ()
yi (€)1 (€ =0
for (i, k) # (i, k).

In analogy to the scalar and the vector case, we can formulate the space of the tensor
spherical harmonics.

Definition 2.6.6. The set harm,(f’k)(ﬂ), n € Ny, n > 0, denotes the span of the tensor
spherical harmonics of degree n and type (i,k). This means that for i,k =1,2,3 and 0 <
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p < q < oo that [24]

harm, ,(Q2) := span {yfff)}
N=p,.., qvji_n

With
harm,, := harmg’l) @ harmgz) S harmf”g), n =0,
3
harm,, := @ harmff’k), n=1,
ik=1

(4:k)7#(2,3),(3,2)

harm,, := GB harmgf’k), n > 2,

we define the space of the tensor spherical harmonics of degree n.

Furthermore, we denote [74]

”‘H12(Q)

I () = harm{® _(Q)

0;%...00

Lemma 2.6.7. The set of the tensor spherical harmonics {y,(f’f)}
’ i,k=1,2,3,n€Ng,n>0;1, j=—n,...,n

is an orthonormal set in the function space (harmg_oo(Q), (-, -)2(q), this means that
(Gk) o (@K — 5 -
(U W00 gy = DOty

Remark 2.6.8. From the previous lemma, we can conclude that the set {yg’f)}' ,
j=-—n,...,n

i,k =1,2,3,n € Ny, n> 0y, is a complete 1?(Q)-orthonormal set in (harm(Z k)(Q), (-, -)12(Q)> ,

this means that
Z. < £L )a (lk)> :(Sl
y .7 yn] (Q) 757
2. If <f y,ff)> . =0 for all j = — ,n and f € harm"(Q), then f = 0.

Corollary 2.6.9. The set {ys’]k) is closed in C(Q) this means that

}i,k—1,273,n6Nom>01k79——n, ,n

for all f € ¢(2) and for all € > 0, there exists sz SE 0 ZJ__H o yff]k such that
oYY vy <
i,k=1n=0; j=—n c(Q)

Theorem 2.6.10. The set {yﬁff)

-T2

Corollary 2.6.11. The set {y,(;]k)

} is closed in c(§2) with respect to
ik=1,2,3,nENo,n>04p,j=—1,...1

is closed in (1*(Q), | - ||12(Q)).

}i,k1,2,3n6No,n20ik,j—n,...,n

Then, we get the following important theorem.
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Theorem 2.6.12. The set of the tensor spherical harmonics {yffjk 18

complete in (12(9), (-, -)12(9)). Consequently, for f,g € 1°(Q), we obtain

3 L n
F=> > > <f,yff,f)>12(m yhy

ik=1n=0; j=—n

lim
L—oo

1%(2)
This means that every f € 1(Q) can be written uniquely in the 1*(Q)-sense in terms of a

Fourier series by
f= Z 303 (590 ) ¥

i,k=1n=0;, j=—n

Moreover, the Parseval identity

3 [e's] n -
i,k i,k
P =3 3 3 (1), (o),
ik=1

Oik j=—n

holds true.
Then, we can conclude the following theorem.

Theorem 2.6.13. The tensor spherical harmonics span the function space 12(Q). This

means that
@ Lo (

i,k=1

Next, we recapitulate further properties like the tensorial Beltrami operator and the addition
theorem for the tensor spherical harmonics [27, 33].

Theorem 2.6.14. The tensor spherical harmonics are the eigenfunctions of the tensorial
Beltrami operator A*, this means that

Ay, (6) = —n(n+ 1y, (&)

for y, € harm,(Q) and & € Q. The tensorial Beltrami operator is defined for f € c®(Q)
by

AZf(g) = pnor,n0r<AZ + 4>pnor,norf(£) + pnor,tan(AZ + 2>pnor,tanf(€)
+ ptan,nor(Az + 2)ptan,norf<€) + ptan,tan(Ag + 2 - 2J§)ptan,tanf(€)

for & € Q, where

3
- Z f’i,kéi ® 8k7
ik=1
J 1 ¢c(2) — ¢(Q) is defined by
Jef(€) Zflk ENne) @ (ENeT)

i,k=1
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and
Prornarf (§) =@ (ETF(E)E®E),
Prorianf (§) =@ (E7F() — (€7F(6) - ) ¢,
Prannor S (§) = FOERE—E@ (T F(OE®E),
PrantanF(§) = F(&) — €@ FO — FIOE@E+ (€7F(9) - ) E®E

Theorem 2.6.15 (Addition Theorem For Tensor Spherical Harmonics). For i,i', k, k' =
1,2,3 and n € Ny, n > 0, and &,n € 2, we get

Z?k T 2n+1 i -1 ik 2 ik @ k)
Zy (© @y ) == (V) (uﬁl ,k)> * oMol P, (¢ ).
j=—n

Corollary 2.6.16. Another kind of addition theorem is obviously with Corollary 2.6.5 given
by

(i) () ; 4@ _2n+1
Z Yy (€) Uy () = =

j=-—n

fori,k=1,2,3, n€ Ny, n> 04, and £ € Q0.

Next, we do some calculations for the tensor spherical harmonics. Let £ = £(¢,¢) € 2. We
obviously gain with Lemma 2.2.7 and with Definition 2.3.5

(12) 0y _ 1 1 — t }
Yoy (&) N R B,V () (E@e%)+VI—120,Y,,(€) (€@e)],
1 I 1 .
Y€)= NoTCEm) _—\/1 — 12 0,Y,,;(8) (€®e%) + — 8,Y,,;(6) (@e )] :
1) ey _ 1 1 ‘ — , :
WO = s | i 2l (00 + VI A% (e ).
1 I 1 .
y7(13]1) (6) = m __ V1 —t2 atYn,j(é-) (890 & f) + m a&pYn,j<€) (8 ® 5):| ’
and
— cos(p) 1
0, e%¥ = | —sin(y) |, Dyet = —te?, 0,e¥ =0, O’ = Vi £.
. =

Consequently, analogous formulae can also be derived for the remaining tensor spherical
harmonics. We get for the tensor product of the surface gradient with the surface gradient
of the spherical harmonics

Ve ® VEYnj(f)

1
m (%Yn,j + €t\/ 1-— t28tYn7j)

(¥ ®e?) 02V — (¥ © %) DY,

:( \/Ta +5\/1Tt26t>®(

(6P ® 0,6%) 0, Y0 j +

Tl 1—¢2

+ (P ®¢€") 0,0V, + (e ®e¥) 0,0,Y,,; + %ﬂ (6" ®e%) O,Yn,;

1
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—V1-12 (' ®&) Y+ (1—1*) (' ®e") 7Yy, —t (€' ®e") OYay,

and for the tensor product of the surface curl gradient with the surface curl gradient of the
spherical harmonics, we obtain

Li ® LY, ;(8)
1
= (—5‘”\/ 1 —t20, + €' —— &p) ® (—5“’\/1 — t20,Y,,; + &'

v1—-t

1
=(1-1)(e*®e¥) 7Y, —t (e ®e%) DY, + Vi (2 ®€) 0,V
t
— (P ®e) 00,Yn; — 755 (7 @) O, — (& @ 0pe%) OYay
t 1
_ (gt ® 590) &F@Ym — m (5t ® g‘p) ame + m (gt ® gt> aiyn’j‘

Furthermore, for the mixed tensor products, we get

Ve ® LYo ;(€)
1 . .1
= (e‘/’ Nier: Op + V1 — t28t) ® (—5“”\/1 —t20,Y,; +¢€ Niger: Owa-)

= — (6P ® 0,6%) 0 Yy ; — (¥ ®¢€%)0,0,Y, ; — (P ®e?) 0,

1—1¢2
(P ®e") 20y — (1= 1°) (€' ® %) 0}V, +t (" ®e¥) QY

1 -t

_ ¢
B 1 — #2 (5t ® 5) aSDij + (Et X Et) c%QDYW- + ﬁ (€t (24 6t) acpYn,j

and
L @ ViY, 5(6)
1 1
= (—8(’0 V 1-— t28t + St —m QD) & (5(’0 —m acpYn,j + €t V 1-— t28tYn,j)

= — (6" ®¢e®)00,Yn; — (P ®e¥)0,Yn; +V1—12(eP ®E)0,Y,,

1—1¢2
—(1=1?) (* @) 0o+t (P @) DY, + 1_;152 (' ® 0,6%) B, Y,
+ 1— t2 (Et ® 690) @iY,w —t (St ® 5‘?) 8tYn,j + <€t ® 5t) &p@tYnJ.

Note that Vi ® LY, ;(§) is not the transpose of Ly ® VY, ;(§). Here, ‘®’ only formally
represents the rules of a dyadic product, transferred from the (complex) multiplication to
the application of differential operators, where the commutativity gets lost. In the same
manner, Vi ® VY, ;(§) and L ® L{Y, ;(§) are not symmetric tensors.
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Chapter 3

Spin-Weighted Spherical Harmonics

This chapter deals with the spin-weighted spherical harmonics defined by Newman and Pen-
rose [63]. An important fact of the definition is that the spin-weighted spherical harmonics
of spin weight zero are the well-known fully normalized scalar spherical harmonics. So, in
some literature, the spin-weighted spherical harmonics are also called the generalized spher-
ical harmonics (except for some notations) [12]. The generalized spherical harmonics are
previously mentioned in [88].

Another particular case are the so-called monopole harmonics [15]. The monopole harmonics
solve the Schrodinger equation for a charged particle (for example an electron) in the field
of a Dirac magnetic monopole [15, 83, 91].

This results in a vast field of applications of spin-weighted spherical harmonics in physics.
They are used for the theory of gravitation [63], for example, for the study of the asymptotic
behavior of the gravitational field in null directions [15, 91|, and in early universe and classical
cosmology, for example, for the analysis of the temperature and polarization anisotropies of
the cosmic microwave background [97]. Additionally, they are frequently used in geophysics
[12].

The spin-weighted spherical harmonics have a huge spectrum of versatility, because they can
be formulated in terms of the Wigner D-functions, the Jacobi polynomials, the generalized
associated Legendre functions, and the hypergeometric function [91]. So, they are expedient
to describe scalar, vector, and tensor fields.

Furthermore, they can be used to define a basis transformation of the vector spherical har-
monics of Hill [40] and the tensor spherical harmonics of Freeden, Gervens, and Schreiner
[27] with the advantage that their inner dot products are zero for different and one for equal
basis elements [90]. We want to use this to define tensor Slepian functions for concentration
problems on the sphere.

We do not only recapitulate the definition of the spin-weighted spherical harmonics, but also
show and summarize several important properties in a unified mathematical notation. In
this context, we prove novel recursion relations and determine a differential equation that
leads to an operator of which they are the eigenfunctions. Moreover, we show the formu-
lation by Wigner D-functions and the addition theorem. Furthermore, we characterize the
relation between the spin-weighted spherical harmonics and the scalar, vector, and tensor
spherical harmonics as described above.

3.1 Spin Weight and Function of Spin Weight

First, we explain the notation of the spin weight and of a function of spin weight N € Z.

Definition 3.1.1. The coefficients d;,;,. i,, € R for n € Ny are called totally symmetric, if
they are equal for every permutation of the index (iy,is, ..., ia,) € NZ".
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Definition 3.1.2. A function yF, € L*(Q) is called a function of spin weight N € Z and
degree n € Ny, if it can be written as [91]

i1 22 intN AlntN+1 Aon
E iyig.. iy, 0707 .. .0 N O )

2
-~

..... ion=1 n+N n—N

where |N| < n, the coefficients d;,i,. i,, € R are totally symmetric, and for &€ = £(t, ) € Q,
we define

1+1¢ o [1—1t
1 1. —iZ 2 2. iE
0 (§) =0 =e "2 —5 0°(§) =0 :=e"? —5
, 1—1t 1+¢
A1 N —iZ ~2 A2 ig
0 (§) = 0p == —e "2 —5 0°(§) =0 :=e"? —
It is obvious that o _
ot = (—=1)¢

fori,j = 1,2 with i # j.
Note that the expansion in the functions o' and 6° for i = 1,2 is not unique, if the spin
weight is unknown (see Remark 3.5.7).

Definition 3.1.3. We define a function xF € L*(Q2) of spin weight N € Z as a finite linear
combination of functions of spin weight N and arbitrary degrees.

Remark 3.1.4. In the previous definition, we use a finite linear combination. Later, we
will see that the closure leads to the whole L2(£2).

Definition 3.1.5. With sw(-), we denote the spin weight of a function. For the functions
from the definition above, we have

and

Remark 3.1.6. Another definition for a function yF € L%(Q) of spin weight N € 7 is , if
it transforms under a right-handed rotation of (¢%,&') by an angle ¢ as

NF/ = e_iNd’ NF-
For further details, see [63, 64, 65, 99].

Lemma 3.1.7. With Definition 3.1.2, the following properties of sw(-) can be easily proved.
Let NF,, be a function of spin weight N € Z and degree n € Ny and yG,, be a function of
spin weight M € Z and degree m € Ny. Then, the following holds true.

® SW (NFn) = —SW (NFn) = —N,
W(NFn MGm) = SW(NFn) + SW(MGm) =N + M,
.SW(NFn—i-MGn)IN, ZfNIM,

o sw(nFF) =k sw(yF,) =kN fork€Z.
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Remark 3.1.8. So, with the previous lemma, we see that Definition 3.1.2 with help of
Definition 3.1.5 defines for certain a function yF,, of spin weight N € 7, because

sw(nF,) = (n+ N) sw(0") + (n— N) sw (6*) = %(n+N)+ (—%) (n—N)=N.

3.2 Definition of the Spin-Weighted Spherical
Harmonics

In this chapter, the spin-weighted spherical harmonics of spin weight N, mainly for N =
0,£1,£2, are introduced. We start with basic notations.

Definition 3.2.1. We define the unit sphere without the poles by

Qo :=Q/{=¢(t,9) |t ==£1],
where & = £(t, ) is the polar coordinate representation of £ € €.

Remark 3.2.2. It is well known that the following identities hold true

nn+1)—N(N+1)=(n—-N)(n+N+1), (3.1)

> (2k+1) = (L+1)%

> @k+1)=(L+1)—(n+1)>=LL+2) —n(n+2).

Now, we define spin-weighted differential operators.
Definition 3.2.3. We define the spin-weighted differential operators Oy : CM(Qg) = C()
and Dy : CH () — C(Q) of spin weight N € Q by [63]

oy F(¢) = (m O + M) F(£),

ip
By F(€) = (ﬂ 2o, %) F(©),

where £ = £(t,p) € Qy and F € CH(Qy).

Remark 3.2.4. Note that Oy is not the complex conjugation of dy. It is the complex
congugation of 0_y. This means that

5]\7 == 6,]\[.

Definition 3.2.5. The notation 09X for M € QF and N € Q means the iterative use of the
operator O on a function F € CM)(Qy) such that

ON F :=0nia—10N4m—2-..On110y F.
In the same way, we define 3%[ for the iterative use of the operator © by

_M p— — — p—
8N F = 6N—M+16N—M+2~-6N—16N F.
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The case M = 0 means that L
5?\, =1Id =0dy,.

Next, we define the spin-weighted spherical harmonics of Newman and Penrose [63].

Definition 3.2.6. The spin-weighted spherical harmonics of Newman and Penrose [63] (see
also [15, 34, 53, 91, 96, 97]) are defined for n € Ng, N € Q, n > |N|, and j = —n,...,n by

n—N)!
En+N;! 33 Yo 0<N<n
WYy = ) ()Y Y Vg, <N <0
0, n < |N]|

Note that we define the spin-weighted spherical harmonics on (2o, because the operators 0
and 0 have singularities at the poles.

Remark 3.2.7. Here, we need mostly N € Z. Mainly, we use N = 0,+1,+2. Additionally,
in physics there is use of N = :I:%7 :I:% see also [18, 93].

Lemma 3.2.8. The spin-weighted spherical harmonics fulfill the following properties for
n €Ny and N € Z [15, 34, 53, 63, 91, 96, 97]

¢ OYn,j:Yn,j fornz()?j:_n?"'an;

e Oy nYo; =/nn+1)=NN+1) Yo, for N>0,n>N+1, j=-n,...,n,

o Oy NYo;=—/nn+1) = NN —1) y_1Yo; for N<O,n>-N+1,j=-n,...,n

Proof. The lemma was mentioned in [15, 34, 53, 63, 91, 96, 97| without proof. The proof
follows directly from Definition 3.2.6. So, the first property is obvious, if N = 0. Then, we
get forn>0and j=-n,...,n

i
n' 0
0V = \ 1 Oy Yo; =Yu;

For N>0,n> N+ 1, and j = —n,...,n, we obtain with (3.1)

— N)!
(n )| oY Y,

O o =

B =N+ oy
—\/(n—N)(n—i—N—i—l)\/ N1 90 Y,

=/nn+1) = NN +1) y1 Yo,

For N <0,n>—-N+1,and j = —n,...,n, we get again with (3.1)

— ' = ——N
On NYa, = (- AT onOy Y,

= —/(n+N)(n— N+ 1)(—1)N_1\/(7(1n_+(x : 3;' 55(1\]_
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= —\/TL(?‘L + 1) — N(N — 1) N—lYn,j-
[

We will see in Lemma 3.6.2 that the previous lemma holds true for all N € Z. From the
previous lemma, we can already conclude the following lemma.

Lemma 3.2.9. Definition 3.2.6 is equivalent to the following definition of the spin-weighted
spherical harmonics

(

Yn,j7 N — 0
1 .
NY, =< \/n(n—i-l)—N(N—l) 6N_1 N—lyn,ja 0<N<n
n,j - 1 _ | B
T o o NaYay, —n SN <0
. n < |N|

forall N € Z, n € Ny, and j = —n, ..., n.
Note that the three definitions for the case N = 0 are equal.

Proof. With the previous lemma, one direction is obvious. We show the other direction in
this proof.
Let N € Z,n € Ng, n > |N|, 7= —n,...,n. The case N = 0 is trivial.

We use Lemma 3.2.8 and (3.1). Then, we get for the first case, for 0 < N < n,

1
\/(n—N+1)(n~|—N)

1
Y = On_1 N-1Yn;

1

T /- N+Dm-N+2) ... n- 1+ Dt NntN-1...(nt1) % o¥ns
= % Oy Yo

For the second case, for —n < N < 0, we obtain

o = Jn— N)_(:L TN+ Tyar et
= D By oY,

Vin—=N)(n—N-1)...n+1)(n+ N+1)(n+N+2)...(n—1+1)

B N [nl(n+ N)! N~
= (-1 \/mﬁo Yo

(n+ N)! ——n

= (—1)¥ R

Yo

Finally, yY,,; = 0 for n < |N| is given by definition. O
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Corollary 3.2.10. Since we know from Definition 2.4.37 that Y, ;j(£(t,¢)) = X, ;(t)e"?,
the spin-weighted spherical harmonics obviously depend solely on ¢ by a factor €% for all
& =¢(t, @) € Qo. This means that we can write

Yo (E(t @) = N X (t)e?
for Ne€Z,ne Ny, n>|N|, and j = —n,...,n. We will later see what X, ; looks like.

Corollary 3.2.11. From Lemma 3.2.9, we can directly conclude that the spin-weighted spher-
ical harmonics are infinitely differentiable on . This means that NY, ; € C)(Qy) for
N €Z,n>|N|, and j = —n,...,n.

So, the spin-(+1) harmonics are given for £ = £(t,p) € Qq, for n € Ny, n > 1, and for
j=-n,...,n by

Yoy (€) = m B0 0¥y (©)
S (V=7 o - == 0.) vste)
Y€)= ﬁ o 0o (€)
_ _n(;1+ . (m o+ s ago) Y,i(6)
Consequently, we obtain
e (VImFo- L (20,)) Vusle) 3.2

Furthermore, the spin-(+2) harmonics are given for & = £(¢, ) € €, for n € Ng, n > 2, and
for j = —n,...,n by

1
2Yn,j(f) = n(n+ 1) 5 61 1Yn,j(£)
- (VitEa+ L) e
nn+1)—2 Vv1-—t2 "
B 1 — t—id,
_\/n(n—l—l)(n(n—i-l)—Z) < bt at+\/1—t2)
X <\/1 o, - 12_152 a¢) Yo i(6)
1 { .
— VI—82 (V1 —82) 0+ (1 —*) 02 —ivV1 -2
Vv +1)(n(n+1) - 2) f__,tJ
-
« <at 11_t2) 0, — 0,0, — 10,0, — ﬁ O+ 10, — i ﬁ Dy | Yius(6)
—_——
:(1—t2)%
_ 1 2\na2 1 2
~ Vnn+1(n(n+1) - 2) {U e %
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, 2t
—1 (&8@ -+ &pat + m a@)] Yn:j (5)

=—2i(0,0i+ 17 9,)

and
1 _
—2Yn,j(§) \/(n—i——l 5 1 —1Yn](£)
5 t + 10,
= n+1 (m0t+ 1—t2> 71Yn](€)
(—1 ( 1) < — t+10, )
B e B
<\/1_{z o+ Z—t2 a@> 2 ()
1 { .
— V1I—12(0V1—12) 0+ (1 —t2) 0} +ivV1 — 2
\/n(n—i-l)( (n+1)—2) L’t_), ( )
~Vie
1 ™ t ’
(&\/ﬁ)@ —l—z@t(? —1—28 0t 8 +tat+’bma¢:|yn’](£)
St
_ 1 N 2
VAt D +1) - 2) {(1 i e %

_ 2t
+1 (&8@ + 0,0, + 1_p 890)} Y23 (8)-

(.

~

:2i<8¢6t+ﬁ a¢)

This yields eventually

o +1 s t—i(£0,) |
:IZQY’VZ,J (5) - n(n + 1) — 2 ( 1 t at + m ) :I:IYTL,] (f)
1 2 2 1 2
TVt D(n(n+ 1) - 2) [(1 ST %
+2i (asoat + 1_## %)} Y 6. (33)

Note that we use L?(Q) instead of L? (), because the poles span a (Lebesgue) null set such
that the integrals over both regions are equal, if the integrals exist.

Remark 3.2.12. [t is well known that every function F' € L*(Q)) can be written in the basis
of the spherical harmonics by
oYY e

n=0 j=—n

So, this also holds true for the function

F:=V1-t2eL*9).
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But

L n
F = }E: EE: CHJY%J

n=0 j=—n

with a bandlimit L is not exactly possible.

With Definition 2.4.37 and Lemma 3.2.9, we get that

- . 0 140 1
Vialstto) = (00 2 e i -2 (5) =)
V 47

and therefore,

1Y10(€(t ) = 1_ O 1) Jo 0Y1,0(§)
5 0,
7(\/1—155% 1_t2>Y1,0(§)

<\/—1—t28t D, ) 3,
N 4

7

_t2

o
3 |

where & = &(t,p) € Qo. Under the basis transformation to the spin-weighted spherical
harmonics of spin weight 1, F can clearly be written in a bandlimited basis, this means that

L n
F = E E 1Cn,j 1Yn,j7

n=1 j=—n

47
F=4/— 1Y
3 1110

3.3 Properties of the Spin-Weighted Spherical
Harmonics

because

For the spin-weighted spherical harmonics, we formulate novel recursion relations and a
Christoffel-Darboux formula. Furthermore, a differential equation leads to an operator, a
spin-weighted version of the Beltrami operator, for which the spin-weighted spherical har-
monics are the eigenfunctions.

In analogy to Theorem 2.4.38, we can formulate recursion relations for the spin-weighted
spherical harmonics of spin weight N € Z.

Theorem 3.3.1. The spin-weighted spherical harmonics satisfy the following recursion re-
lations for & = £(t, @) € Qg

(= 1) 01 wYos(6) — (t+ﬂ) WYs(€) — (204 el xYa1s(©). (3.4
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= (et e 220 ) a0+ 20+ Dl ¥y (6
(3.5)
Ny N , oV .
(14 2 ) ¥as(©) = Y wYarag€) + i, Yo 36
where
v VNN ¢<n—N><n+N>\/ (n— j)(n+ )
e . " n— D@0+ 1)

NeZ neNy,n>|N+1|, and j = —n,...,n. Furthermore, we denote yY; ; == 0 for
n < |j|.

To the knowledge of the author the first two relations are new. The third relation was
previously mentioned in [93] for the Wigner D-function without proof. For proving Theo-
rem 3.3.1, we first have to introduce additional formulations for the spin-weighted spherical
harmonics and various other properties.

Remark 3.3.2. For the coefficients in Theorem 3.3.1, we obviously get

v _ VIV -N)N+N)

Nj = N cny =0,
v _VEN-NENTN)
a_pN,; = N C-nNj=VU
v _VG=NG+N) \/ G-+ _,
J (2 -12j+1)
N NVE=NEEN) =D+
j (=25 = 1)(=2j + 1)

for all N,j € 7.

Remark 3.3.3. We know from Corollary 3.2.10 that the spin-weighted spherical harmonics
only depend on ¢ in form of a factor €%, So, we obtain for N € Ny, n € Ng, n > N + 1,
and j = —n,...,n with £ = £(t,p) € Qo

FaYas(€) = s e )
NG CESY 1— NN+ 1) <mat i %) w¥as8)
NG CESY 1— N(N +1) <\/1Tt28t i %) W¥nsl8)
e Tgl€) = e S O
~ Vn(n+ 1)_—1 NN+ 1) <mat N %> -¥as8)
- 1)—_1 e (m@ _J 1_—Ntt2> Vs (6).
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Combined, this leads to

+1
Vnn+1) = N(N +1)y/1— 2

cv41) Y, (€) = (— (t2 - 1) Oy £j+ Nt) +N Y0 (8).

If the recursion relations (3.4) and (3.5) are fulfilled for N € Ny, then with a;y = aﬁj, we
get

() 3 1 i _ &) |
soven T (@) = Vnn+1) = N(N + )VT -2 ( (=) (t n ) Tl
+ (2n + 1)) Qi +NYn 13(5)) (3.7)
(33) +1 N &) |
corn¥as®) 2 e (e e (64 15) it
-+ Dafi, a¥arnsl©) (3.5)

Now, Theorem 3.3.1 can be proved.

Proof. We use induction for the proof. Here, we skip the argument of the spin-weighted
spherical harmonics for reasons of readability. This means that yY,,; := yY,,;(§) for £ =
E(t,p) €, NeNy,neNy,n>N+1,and j = —n,...,0.

Base case: For N = 0, we get obviously the recursion relations of the fully normalized
spherical harmonics (Theorem 2.4.38).

Induction hypothesis: Let us assume that (3.4), (3.5), and (3.6) are satisfied for a parameter
+N, N € Ny.

Induction step: Now, we do the induction step £N — (N + 1), N € Ny with n > N + 1.

e We start by proving (3.4) for (N +1). With Remark 3.3.3, we obtain from the validity
of (3.4) for £N that (3.7) implies, in combination with (3.4) and (3.5), the result

(t* = 1) 9y +vi1) Yy

_ — (1=t (1)t o (&) |
V) - NN 1) (1 - 2)? { (n=N) (t . )an,J

—|—(2n—|—1) n] :tNY 1j:|

+1 ) ‘
D) - NN VI P [—<”—N> (£ = 1) en¥n,

— (n=N) (t—@) (( t+(i‘;)N)iNYm (2n+ 1)« n]iNY 1j)

n

~~
:(t271)8t :ENYn,j

+5)N
+ (2n 4 1)ad); <— (nt + ( ‘;) ) nYoo1;+ (20— 1oy :I:NYn,j>

N .

=2~ 1)3t +NYn-1;

:\/(n—i—l) ;SJ\H )\/1—t2( N)[_t<t (j:zj))+t2 :




3.3. PROPERTIES OF THE SPIN-WEIGHTED SPHERICAL HARMONICS 95

+ (t . (iT])> <nt + (i#) —(2n+1)(2n — 1)\71(;;1]_?1()72;;_‘7'21))1} nY,,

-~

2
__1 N
“n-N (aw)

e 2
|

B e (ctn=m [ 5F) (w5

—t2+<n—‘7)t+t2—1+‘7 I _ N ])}iNYn,jJr(?"ﬂLl)aﬁj

+ (2n 4 1)a); {—t—i—(n—N) (t——> —

n?  n n?
+7)N +7)N
X {—t+nt—(ij)—Nt+&—nt—¢} :tNYn—l,j)
n n

NGRS —;SNHNl—ﬂ (_(R_N) Kt_%) (nH@)

+4 +j n+ N)(n?—34%2) n?— 42
+(t_(nj))(nj)_( )n(2 it nQJ]iNYn,ﬁ(?nH)aﬁj

EDW +1) )

) \/(”—N)(ni\wl)\ﬂ_tz (_(”_MKF%) (nt+<ij)(+l)>
(A N+ -7 )V +1)

n? n
g

IR L2

X [nt—l—

:|:|:NYn,j + (2n + 1)05711\;- |:Tlt +

2

_ (2n—-1)(2n+1)(n+N+1) ( N )2
- (n—N)(nFN) n,J

_ntl+N (n+ N) <t + %)} :tNYn—Lj>

n+ N
£1 ()N + 1)
V- Nt N VI P (”” n )

i
X |:—(n — N) (t — (n—])) :I:NYn,j + (271 + 1)0[,];{]‘ :I:NYn—l,j:|

B +1 o o (n—1—=N)(n+1+N)
Vin=N-=1)(n+ N)V1-1 (n+1) "’]\/ (n—=N)(n+N)

. /
N~

N+1

n,j

=«

4
X |:(77, -+ N) <t -+ <n—j)> iNYnfl,j — (2n - 1)0471\?]' iNYn,j‘| .

Finally, we use again the assumption of the induction and Remark 3.3.3, which yields
the validity of (3.7) and (3.8) such that we obtain with (3.1) the identity

(N +1))j

(tQ — 1) Oy :t(N+1)Yn7j = (nt + TL

) v Yoy — 2n+ Dap L ovin Yooy,

which completes the proof of (3.4) for +(N + 1).

e We now proceed with a proof of (3.6) for £(/N+1). With Remark 3.3.3, we also obtain
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with (3.7), (3.8), and (3.1)

N+1 N+1
Qi 2N+ Y15+ i 2 v Yot

B 11 \/(n—l—N)(n+N+1) N
V=1 =N)n+ N)Vi—1 (n—N)(n+ N) md

L
X |:(TL + N) (t + <n—j)) iNYn—l,j — (2’)7, - 1)057]:],]' iNYn,j:|
+1 (m=N)n+N+2) 4
(8% .
\/n—l—l— Yn+N+2)V1—-22\ (n+1-N)(n+N+1) n+LJ
+
x{ (n+1-N (t—%) iNYn+1,j+(2n+3)Oé1]j+l,j iNY”J}
+1 - N +j
_ (_ n (n+1—N)<t—( ]))
Vi —=N)(n+N+1)V1I-£#2\ n+tl-N n+1

n+N+1 +9
X OénNH,j ANYoq1j + N (n+N) <t + %) Oé,]Xj +NY, 1

+N
- e e
el e g ).
~ VN i\w DVI- 2 (‘(” -N) < oy 1) [CARFISY AW
ol iYoo) + [(n +N+1) (t + (j;j ) (t = 1)}

(n+N+1)(n—N)
n?(n+1)2(2n+1)

—n2(n + 1)2 + n2j2] :tNYn,j> .

|:n2(n _'_ 1)2 o n2j2 - 2”]2 _j2

N
Xy, iNYn—l,j -

Hence, the induction hypothesis yields that

N+1 N+1
Qg +(N+1) Y15 + Qpp1j L(N+1) Yyl

N \/(n—N)(ni\/H)\m—ﬁ <_<”_N) Kt_ r(i]i) <t+7f<j;j—ﬁ)>

(n+N+1)5° : ()N (£5)
— Y. t+ (£ Nt t t
2(n+ 1) anYnj+ |nt+ (L)) + + — n +t+ — - +n
N EDN O (ED) ] N
—Nt — (£ CaNYno1,
B +1 ( { (t+ t (ij))
\/(n—N)(n+N+1 1—752 n+1 n
(£5)(N +1) (n+ N +1)j2
t Y,
X(+ n(n+1) n+1 n2(n+1)2 | =N
+

N
ont +t + (£ - NoNY
+[n+ + ( j)( +n+n+1)} Qi £N 13)
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- ot (o9 [ (- )
XG+&ﬁW+D)+ t(m-&ﬂN>_(&%QG_EQ)

n(n+ 1) n+1 n(n+1)

(n+ N +1)5? (£5)(N +1) N
— Y, t+ ———F] (2 1 CaNYno1 |-
20+ 1)? sNYn+ |t + P (2n+1)ay, ; +nYn 1
With
(. EIN Y ) (DNt
n+1 n(n+1) (n+1)2 n n?(n+1)2
Lt [ EDN, E, S i
e t— / -
n+1 nin+1) n+1 nn+1) nn+1)
——
— (E)t(nt+1-1)
- n(n+1)
@t (e
n n(n+1)

B Nj2 B 32
n?(n+1) n?(n+1)
L (i LN )G, N 7 )

T+l nin+1)  nn+1) o n2n+1) n2(n+1)

-k (-130) (o i)

all in all, we get, by using (3.7),

Ctiz\/:jl :t(N+1)Yn71,j + 051]1\7_:117‘7 :I:(N+1)Yn+1,j
- +1 (t n (+7)(N + 1))

V(= N)(n+ N +1)y/1—¢2 n(n+1)

n+1 (+5)
X {—(n — N)—TL 1 (t - —n :I:NYn,j + (2n + 1)0&2{]- :I:NYnfl,j
(E(NV +1))j

=(t+——7F7— Y, .

( + n(n+1) £(N+1) Inj

So, (3.6) is proved.

e Finally, we prove (3.5). Above, we showed that the recursion relations (3.4) and (3.6)
are satisfied for all N € Z. Hence, we can use them to prove (3.5). Then, we get

) Nj
(t2 _ 1) at NYn,j (3:4) (nt + 7‘7) NYn,j — (2n —+ 1)&7]1% NYn—l,j

(3.6) Nj Nj
= t+ —= Y, — (2 nHlit+ ——— Y, ;
(n T )N J (if—l( +n(n+1))N J
=n+(n+1)
+(2n + 1)a7]¥+1,j NYnt1

N Nj Ny
:[nt+—]—2nt—t— J ——]]NYW-

n n+1 n
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Ni

]

Before we can formulate the Christoffel-Darboux formula for the spin-weighted spherical
harmonics, we have to make a remark on the coefficients affj e

Remark 3.3.4. For the coefficients in Theorem 3.3.1, we obviously get from Remark 3.3.2
forall N,j € Z

where n; = max{|N|,|j|}.

To the knowledge of the author, the Christoffel-Darboux formula for the spin-weighted spher-
ical harmonics is not mentioned so far.

Theorem 3.3.5 (Christoffel-Darboux Formula). For all N € Z, we obtain the Christoffel-
Darbouz formula for the spin-weighted spherical harmonics

(t1 — t2) z_: NYni(€) NYnj(n) = af <NYL7j(§) NYLo1(n) = nYo15(8) NYL,j(n)> 7

n:nj
where
n; = max{|N|, |7},

€ =E&(t, 1), n =n(ta, pa) is the polar coordinate representation of £,m € Qy, L > n; is the
bandlimit, and j = —L, ..., L.

Proof. With recursion relation (3.6), we get the equation system for & = £(t1,¢1), n =
n(ty, 1) € Qo and for N € Z, n € Ng, n > [N|, j = —n,...,n

Nj
(“ ! m) W5 (€) = oy w¥umrs(6) + ol 6V ()

Nj
(t2 + m) NYn,j(m = aﬁj NYno1j (n) + Odvarl,j NYnt1, (1)

First, we complex conjugate the first equation and then multiply it with xY;, (7). Further-
more, we multiply the second equation with Y, ;(§). Then, we subtract the second equation
from the first one and sum up over n from n; to (L — 1). So, we obtain

L-1

Nj Nj \—
r;~(l+n(n+1) ? n(n+1))N (&) NYa;(n)
L1 - . -

= Z 057]:[,]' NYn—l,j(€> NYn,j(n) + Z 057]1\7+17j NYnJrl,j(f) NYn,j(ﬁ)

L1 L1
- Z an i NYn;(6) NYno15(n) — Z any1; NYni(€) NYai1,(n)

and consequently,

L-1

Dt —t2) Y () nYaj(n)
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L

= ;N1 () WYai )+ Y by xYas(8) nYai1i(n)
n=n; n=n;+1
—_— L _—
= al WY () W) = Y ol MYas1(€) nYas(n)-
n=n; n=n;+1

From Remark 3.3.4, we use that afleJ = 0. Then, we get

L-1

D (= t2) WY€) NYai(n)

n=n;

—Zan]NYn 1] NYn] +ZaanNYn] NYn 1]()

n=n; n=n;

+ O/Lv,j NY1 (&) NYio1,(n) — Z Oéfzj NY5i (&) NYa1,(n)

- Z Oéé\ij NYno1;(8) NYni(n) — a]LV,j NYr—1;(8) nY15(n)
n=n;

=ay; (NYL,j(f) NYLo15(n) — NYzo15(6) NYL,j(U)> -

]

Now, we derive a differential equation for the spin-weighted spherical harmonics Y, ; and
automatically define an operator for which they are eigenfunctions (see [12, 49] without
proof).

Theorem 3.3.6. The spin-weighted spherical harmonics satisfy the following Sturm-Liouville
differential equation [49] for all N € Z, alln € Ng, n > |N|, and all j = —n,...,n

—92 — 2itNd, + N?
O (1 —1%) 0y NYnj(8)) = <—n(n—i— 1)+ —2 1Z_ t;" i ) N5 (6),

where £ = £(t, @) € Q.

Proof. With the recursion relations (3.4) and (3.5) and with Corollary 3.2.10, the proof is
straight forward. For & = £(t, ) € Qo, we get for all N € Z, all n € Ny, n > |N|, and all
j=-n,...,n

0, ((1—17) 8 nYa ()

= =0, (= 1) 9 NYn(6))

0 (4 22) o) - 20+ Dl w10

T (_n (1= £2) w¥as(6) + (m ; M) (= 1) 00 wYos(©)

n

— (2n+ 1)l (2 = 1) 0, NYa 1](5))

(3.4),35) 1
ez (—n (1= ) ¥
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Ny Ny
+ (nt + %) [(nt + %) N, (&) — (2n + 1)04% NYno1,5(6) }

_(2n+1)aﬁj |: ( t—l—ﬂ) NYn_Lj(ﬁ)—l—(Zn—l nj NYn] :|>

1 N2j2 (n* — N?)(n% — 52)
=——(|-n(1-1¢ 22 L 2Nt 2n +1)(2n — 1)
1—t2<[ n( )+n + 2Nt + 2 = (2n+1)(2n n2(2n+ )(271_1)}
:(O‘vjzv,j)Q
Nj Nj
X nYni(€) — (2n + 1)oan’j [(nt—l— %) — (nt+ %)} NYn—Lj(f))
1 . N2j2 . N2j2
=17 (—n (1—t2) +n%t? 4+ 2Njt + = —n? +]2—|—N2_7) NY, i (§)

2 : 2
J°+25tN + N
1_ 2 NYn,j(f)

—0% — 2itN9, + N?
= (—n(n+1)+ £ 1—t2§0 )NYn,j(g)-

(atre s

]

Corollary 3.3.7. From the previous theorem, Theorem 3.3.6, we conclude directly that the
spin-weighted spherical harmonics are eigenfunctions of a differential operator. This means
that for all £ = &(t, ) € Qo, all N € Z, alln € Ng, n > |N|, and all j = —n,...,n

AN MY (6) = —n(n+ 1) §Y,(6)
and we define this spin-weighted Beltrami operator by

¢ T S 1 — ¢2

where A = 0, (1 —1)0;) + 02 is the Beltrami operator.

1
1-t2 “p

Note that this operator contains a factor ﬁ like all differential operators in polar coordi-
nates. Therefore, we consider it only outside the zs-axis as usual for similar cases.

Note also that in literature this operator is denoted by AV [49, 93]. We decide to use the
notation A*" instead, because we want to name it similar to the spin weight zero case.

It is obvious that we get Theorem 2.4.27 for N =0 and £ = £(t, ¢) €

AYn;i(§) = —n(n +1)¥o ;(€).

3.4 The Addition Theorem for the Spin-Weighted
Spherical Harmonics

By formulating the spin-weighted spherical harmonics with the help of the Wigner D-
function, we can show the orthonormality and the addition theorem. This relation is useful,
because the Wigner D-function is well-examined and a great quantity of properties is known
(see [18, 93] for further details).
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Definition 3.4.1. D} is called the Wigner D-function (see [95]) with

Diy(a, B,7) = e77dj y(B)e™™

and dj  can be written as

Bn(B): = (1) \/ ey (- ) (L eos )
(s m)nﬂ (1= cos 8)"*(1 + cos 3]
:(_D%NgtV&n—ﬁ%?jﬁﬁmﬁJW!u_cwﬁ) T (L cos )
(s m)n_j (1= cos 8" (1 + cos g™+
-0 \/<n G i (oo T 4 cos
-y \/<n+N>(7<1_N§!<n+y> (1= cos )% (1 cos )%

d " — cos B)"H cos B)7
() [0 cosay ™ cosy]

(3.10)

N

(3.11)

(3.12)

forn € Ny, j,N € Z withn > |N| and n > |j|. Here, a, B, and v are the Euler angles with

a,y € [0,27] and g € [0, 7).

We take the formula for d} , where we have to calculate the lowest number of deriwatives
and, where the part without the derivatives has no singularities for cos 3 = +1. Therefore,

dj N has no singularities for cos f = £1, too.

Next, we formulate two new lemmas for the Wigner D-function that are needed in the

following.

Lemma 3.4.2. Letn € Ny, j,N € Z withn > |N| andn > |j|. From the previous definition,

we get that for B € [0, 7] and for spin weight zero

o _ ey L —cos B)3 cos §) 3
dj,O(ﬂ) - \/(n—i—]) (n—j) (1 6) (1 + 6)

x( d >n[(1—COSB)"_j(1+COSB)nH]

d(cos )
- (_1)n+j L — COS % COS %
T \/<n+j>!<n—j>! sy

x(7§17)nm-m%5wﬂu+@%5wjy

d(cos
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Then, we can write d} 5 with help of d}y for N > 0 as

n— N)!

T V) (1—0086) (1—1—(:086)

0 (8) = E

) (d@iﬁ))N [<1 — cos )% (1 + cos ) ~Hd2,(B)

and for N <0 as

(n+ N)!
(n= ).

« (%)w (1~ cos ) 41+ cos ) bato(8)]

d(cos

di n(B) = (=N (1 — cos B) (1 + cos 5)

Lemma 3.4.3. Let n € Ny, j,N € Z with n > |j| and let § € (0,7). Then, we get for
N>0andn>N+1

. B -1 — d n Ncosf3+7 "
djV_(N—l-l)(ﬁ) = \/n(n n 1) — N(N n 1) <\/ 1 COSQBdcosﬁdj,—N(ﬁ) + m%,—N(ﬁ)) .

Furthermore, we obtain for N <0 andn > —N + 1

d N '
V1-— cos2ﬁdcosﬁdZ,N(ﬁ) — \/%dZN(B)> :

1
Vnn+1)— NN -1) (

Proof. Let n € Ny, j, N € Z with n > |j| and let 8 € (0, ).

d?,f(Nq)(ﬁ) =

e For N >0 and n > N + 1, we get with (3.11) and with (3.1)

47 _(nv41)(B)

1 (n—N—1)!
2n \l (n+ N+ Dl(n+ j)l(n—j)!

X (dcisﬁ) [(1 = cos )"/ (1 + cos B)"*]
—1 N—l
- \/(n—N)(n—i-N—I—l)(l_COSB) (1+cosﬁ)

— (_1)n+N+1

(1 —cosﬁ) (1 —i—cosﬁ)

d y (=1)"tN (n—N)!
* deos 3 <(1_C°Sﬁ) Flreos) T \/(n+N)!(n+j)!(n—j)!
oy —— d e n—j n+j
X (1 —cosf) 2 (1+cosf) 2 (dcosﬁ) [(1 = cos )"/ (1 + cos ) })
= ! (1 —cos B)HZQVH (1 + cos B)‘jdgil

\/(n—N)(n+N+1)

X dcjsﬂ ((1 —cos B (1 +cos5)¥dg_N(ﬁ)>

BV ey (e I R

N

N)\»—t
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{(1 — COS ﬁ) (1 + cos ﬁ) ﬁd}f]v(ﬂ)

+Cl%ﬂ)%na—mwr@“wuw%mywzM@

—1—‘7 _ N(l — cos B) (1 + cos 5) 1d? N(ﬁ)]

2
—— d

j—l—N 14 cospf ]— 1 —cosp
1—COSB 1+cosﬁ

os B+j

\/lfcos

—1

_ (+N)(+eos §)+G—N)(1—cos f) _ N

2\/17cos2 B

Ncosﬁ%—jdn

Vnn+1)— N(N+1)

e For N <0andn > —N + 1, we get with (3.12) and with (3.1) analogously

&1 (8)
A — cos 3)"1 cos 3)"77
Qmw) [(1 — cos )" (1 + cos )]
1 +1
NI (1—0036) (1+cosﬁ)
— COS 7N cos B)~ 7 (=)™ (nt N)!
dcosﬂ( py= (4 B) 2n \/(n—N)(n—l—j)(n—j)

X (1 - cos )" (1 + cos §)'F" (ddﬁ) [(1—cos6>"+j<1+cosﬁ>"ﬂ)

1 +1
:\/(n+N)(n—N~I—1)(1_COSﬁ) T eos )

d JEN JoN
X Jcos ((1 —cosf)"z (14 cos 6)_Td?_N(5)>

- N—ww>j%u+mw> +
4N d
{(1 — COS 6)7(1 +cosfB)" 2 md?ﬁzv(ﬁ)
_J ZN(l —cos )T (1~|—cosﬂ)_¥d?_]v(5)
J —2N(1 —cos @) T (1 +cosB)" 2 1d§L ~(B)
1 d
==y |V T g

63

d
/1 —cos? 3 mdﬁ,N(ﬁ)%— JT—cof (B -
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j—{—N 14 cospf j— 1 —cosp
1—cosﬁ 1—|—COSB

Ncosﬂ+]

V1-cosZ g
- : —eov 5 (g NeosBHi
-V +1) = NN —1) [m dcosﬁdfﬁN(ﬂ) mdg,fN(ﬁ)

O

Remark 3.4.4. We collect the required properties of the Wigner D-function from [93].
For further details, see [18, 93]. Let B,p1,P2 € [0,7], o,y € [0,27], n,n’ € Ny, and
jajlaNalevaNQ € Z with n Z |j|7 n Z |N|7 n Z |N1|: n Z |N2|; 7’Ll Z |j/|7 and n/ Z |N/|

1. —cos B = cos(m — ),

d?,N(” - B)=(=1)"" Nd?ig ~N(B) = (_1)n+jd?,—zv(ﬁ);

di n(B £ 2km) = dj N (B) for k € Z and n € Ny, n > |NJ,
7 n(B) = di ;(=8) = (=1)7"Vdy ;(8),

Z?:_n d’](,l’j(ﬁl)d?’Ng(ﬂg)e_iW = e‘il\ho‘cl?\,l,]\,z(ﬁ)e"Nz“Y for sinp # 0 with the Euler
angles o, B, and v given by

sin
cot a = cos 81 cot ¢ + cot By — 61
sing’
cos 3 = cos (1 cos P — sin [y sin [ cos @,
coty = cos B cot p + cot ﬁl 52
ne’

6. Z?:_n dr]ih,j(ﬁl)d?,Ng(52) = d?\ﬁ,NQ (Br + B2), if B1 + P2 € [0, 7],
7. D?5(0,0,0) = 6§ and consequently df 5 (0) = d; v,

8 [ dyN(ﬁ)dy;V(ﬁ) sing dv = Spnt»

2n+1
9. fo D;‘N a,8,7)D% y(a, 8,7) dysin 8 df da = £ G0 ON N,
10. D ( 57) ( )N]Dng N( 7577)7

11. D;{N( ,B,7) = (=D)NTIDR (7, B, ).

Lemma 3.4.5. The function dj_y can be written for § € [0,7], n € Ny, j,N € Z with
n > |j| and n > |N| by

dy _n(B) = (—1)71“2%\/(71 — N(n+ ) (n— N)(n+ N)
min{n+jn—N} N N
(1~ cos B+ (1 1 cos )5
<) (_1)kk!(n+j—k)!(n—N—k)!(N—j+k)!' (3.13)

k=max{0,j—N}

This is equivalent to the formulation given in [34, 42, 63, 93, 97] without proof

dj_n(B) = (=1)"7/(n = j){(n + j)i(n — N)l(n+ N)!
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min{n+j,n—N} . 2n—2k+j—N 2k—j+N
R )
K +j— R —N—k(N—j+ k)

k=max{0,j—N}

Proof. From Definition 3.4.1, we get with ¢ = cos 8, 8 € [0, 7],

& y(8) = <—1>”+j2in\/ e i e IEEUR MRy
X (%) (1= t)" N (148)" ]

for n € Ny, j,N € Z with n > |j| and n > |N|. With the Leibniz rule, we obtain for the
derivative

<%) " (1=t N1+ )]

SO0 (@ o) (&)

Raaci G A Y (1)t (n-—N)!  (n+N)

k=max{0,j— N} kli(n+j —k)! (n—=N—=k)!(N—j+k)!

(1 _ t)n—N—k(l + t)N—j-Fk'

Then, we get the first proposition. The second one follows directly, because of sing =

/1—cos B B8 _  [1l4cosp
5 and cos 5 = - O

Corollary 3.4.6. With 5. from Remark 3.4.4, we can conclude that forn € Ny, 7, N1, Ny € Z
with n > |7], n > |Ny|, and n > | No|

Z dN1] Bl ]Ng(ﬁ2> eiY — elNlOéd’;lVl Nz(ﬁ)eiNzﬂ/

]_771

for sin # 0 with the Fuler angles o, 3, and 7y given by

sin
cot a = cos 1 cot ¢ + cot B — 61
sing’
cos 8 = cos (1 cos P — sin By sin [ cos @,
sin
cot v = cos B3 cot ¢ + cot B — ﬁQ
sin

Furthermore, by using 6. from Remark 3.4.4, we can formulate the general relation
Z le g ] N2 (BQ)B:I:ijso eiZNlad?Vl N (ﬁ)eiiNﬂ
j=-n

with the Fuler angles o, B, and v given by

e ifsinp #0

m,@l
sing’

cot o = cos 81 cot ¢ + cot By —
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cos 3 = cos (1 cos P — sin [y sin B cos @,

coty = cos 33 cot ¢ + cot 51 62
sing
o ifsinp =0, sop=km, k€Z, then for alll € Z

(0 =0,8= =21+ (B1+B2),y=0 , if k even, By + B € [217, (20 + 1)7) )
a=m,B=2r— b1+ L), y=7 , if k even, B+ fa € [(21— )7, 2lr)
a = Oa/B = _2Z7T+ (/81 _52)77 =T ka Odd7 /31 Z /827/81 [2l (2l+ 1) )
a=mp=2mr— (b —P),y=0 ., ifkodd B> BB — B €[(20 — 1)7,2Im)
Q= O?B =2m — (52 _ﬁ1)>’7 =7 ) ka Odd> 62 > B17ﬁ2 [(QZ - 1>7T 2l77)
\Oé:ﬂ',ﬁ:—zlﬂ'—F(BQ—ﬁl),”)/:O y Zf]f Odd’ﬁZZﬁl,BQ [l (2[+1) )1

[93] use such a formula but do not deal with all of the special cases in the way we do.

Proof. We get the first result with 5. from Remark 3.4.4 by complex conjugation. Together
with 5. from Remark 3.4.4 itself, this leads us to

+ +iN +iN:
Z lej 61 ]Ng 62) e = =€ ’ lad?\fl N2(6)€ e

]_—’n

for sin p # 0 with the Euler angles «, 3, and v given by

sin
cot a = cos (31 cot  + cot P — ﬁl
sing’
cos 8 = cos (1 cos P — sin [y sin [ cos @,
coty = cos 3, cot ¢ + cot ﬁl 62
ne:

So, for the second result, we only have to look at the cases, where sinp = 0, so ¢ = kn for
k € Z. Here, (8 also fulfills

cos 3 = cos 1 cos B, — sin 31 sin [y cos ¢

for reasons of continuity.

1. If k is even, then cosp =1, so

cos 3 = cos 1 cos B — sin [ sin By

= cos(f1 + P2)
with 8 € [0, 7]. Therefore, for all [ € Z,

8= _217T+(ﬁl+52) B+ Ba € [2[7T,(2[—|—1)7r)
2 — (B +B2) P+ B e [(2— m,2mw)

Now, we look at these two cases for 3.

e If kiseven and 51452 € [2lm, (21+1)7) with [ € Z, then (—2l7+(1+F2)) € [0, 7).
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We get with 3. and 6. of Remark 3.4.4

Z leg JNQ izw = Z lej 51 ]NQ(ﬁQ)

j=—n j=—n
Z dy, ;(61 = 2lm)dj v, (5a)
j=—n

= d?VLNQ(—ZlTr + 61 + ﬁg)

We know from above that for this case f = —2l7 4 (51 + ). Then, on the whole,
we can write

+ij +iN: +iN-
3 N () = O (5
j=—n

where « = v =0 and = =27 + (81 + 52).

e If kiseven and 51+ s € [(2l— 1), 2l7) with [ € Z, then (27— (S1+52)) € [0, 7).
We get with 4., 3., and 6. of Remark 3.4.4

Z lej ]N2 :t”(p = Z lej /81 ]NQ(/BQ)

Jj=-n j=—n
= 3 (1), (=B (— )N, (o)

j=-n
= Nl““ZdNu — By + 2m) ! 5, (— )

j=-n

= ()M Y, n, (2 — B1 — B).

We know from above that for this case § = 2lm — (/51 + 52). Then, on the whole,
we can write

Z A, (B N, (B2)e™7? = e Medy, o (B)e™ N7,

]—fn

where a = v = 7 and 8 = 2l7 — (31 + (2), because —1 = e*i™.

e For () + [y = 2w, we get for both cases the identical results. Here, we have § = 0.
Then, we obtain for the first case a =y = 0 and with 7. from Remark 3.4.4

inNiadxlA@(ﬁ)eiUWN/::dKLAb(O):: 6NhAb’
For the second case, we get a = v = 7 again with 7. from Remark 3.4.4
:tZNlad’r]ih N2 (/B)G:tiNQ'Y ( 1)N1+N2d7]i/1 No (0) = (_]‘>2N16N17N2 - 6N17N2'
2. If k is odd, then cosyp = —1, so

cos 8 = cos (1 cos s + sin [y sin [y
= cos(f51 — f2)
= cos(f2 — B1)
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with 8 € [0, 7. Therefore, for all [ € Z

B: —2[7T+|51—52‘ ,|B1—B2| € [2Z7T, (2[+1)7T)
2m — B — Bo| |81 — Bao| € (20 — D), 207w)

o If kisodd, By > Bs, and 5 — By € [2lm, (21 + 1)m) with [ € Z, then (—2i7 + (81 —
Bs)) € [0,7). We get with 3., 4., and 6. of Remark 3.4.4

ZdNu )2, (B iW—ZdN”ﬁl 4y, (B2) (1))

j=-n J==n
o Z lej 2l7T)(— )N2 ]d?Nz( B2)<_1)j
_ ﬁb j{: dNi] QZW) jh@( BQ)

]_—TL

=(— )N2d7]§,1 N, (20T + By — Bo).

We know from above that for this case § = —2Im + (51 — B2). Then, on the whole,
we can write

+4 iV +iN
Z A, 5 (B (B2) ™77 = e, (B)e™ 7,
j=—n

where a =0, = =2lr + (81 — P2), and v = 7.

o Ifkis Odd, 51 > ﬁg, and 51—52 € [(2l—1)7'(', 2[71') with [ € Z, then (QZW—(ﬂl—ﬁg)) €
[0, 7). We get with 3., 4., and 6. of Remark 3.4.4

Z leJ ]N2 iz]ap = Z dN1J 61 ]Nz 52)( )

j=-n j=—n
= Z( D=y, 5(=Bu)dy, (B2 + 20m) (= 1)

= ()M Z dy, (—B1)d? n, (B2 + 21m)

]_—TL

— (—1)N1d}(,1’N2(2l7r — b1+ Bo).

We know from above that for this case 8 = 2im — (51 — f2). Then, on the whole,
we can write

+1i +iN +iN-
Z le] 61 JN2 62) 2]90*6 ' 1Ctanlf\&(ﬁ>6 ' 27’

j=—n

where a = 7, =2l — (1 — fB2), and v = 0.

e For ) — By = 2lm, we get for both cases the identical results. Then, we have
B = 0. Therefore, we obtain for the first case @« = 0 and v = 7. With 7. from
Remark 3.4.4, we get

ilNladR{l N2 (/B)G:tiNQ’Y ( >N2d§LV1 N2 (0) = (_1>N25N1uN2 = (_1)N16N1,N2'
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For the second case, we get @« = m and v = 0. Again with 7. from Remark 3.4.4,
we obtain

eilead;le NQ(ﬁ)eiiNz’Y ( )Nld%l N2<0) = (—1)N15N1,N2.

o If kisodd, 5y > f1, and Bo—pf; € [(2l—1)7, 2iw) with [ € Z, then (2lr—(S2—/1)) €
[0,7). We get with 4., 3., and 6. of Remark 3.4.4

Z leJ JN2 imp = Z dN1J 51 jNQ 62)( )

Z d, (B + 20m) (= 1) d7 (= Ba) (—1)
= (—1)M Z dy, ;(B1 +20m)d} n, (—52)

j_fn

= (=1)™N2d}, y, (27 + 1 — o).

We know from above that for this case § = 2lm — (2 — 51). Then, on the whole,
we can write

Z le 4 /81 i N2 52) +ijo _ e:l:leozd%1 N, (ﬁ)eiiNy,?
j=—n
where a =0, 8 =2Im — (B2 — f1), and y = .

o If kis odd, By > By, and By — 31 € [2lm, (21 + 1)7) with [ € Z, then (=27 + (S5 —
p1)) € [0,7). We get with 3., 4., and 6. of Remark 3.4.4

Zdwu d (B ﬂ”—ZdNuﬂl 42y, (B2) (1))

]_7TL j_f’n,
= ()N, (=B, (B2 — 2Um) (1)
j=—n
= ()M Z R, (—B1)d} y, (B2 — 21m)

j=-n

= (=M dy, y,(—2l7 — B + Ba).

We know from above that for this case § = —2Im + (82 — $1). Then, we can write
on the whole

+ij +iN +iN.
S @ (B, (B0 = ebiNiegs, (@)
j=—n

where a = 7, 3 = —2I7 + (82 — 1), and v = 0, because —1 = ="

e For By — [y = 2lm, we also get for both cases the identical results. Then, we have
B = 0. Therefore, we obtain for the first case @« = 0 and v = 7. With 7. from
Remark 3.4.4, we get

:I:lead}mVl NQ(ﬁ)e:I:isz — (—1>N25N1,N2 — (—1)N15N1,N2.
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For the second case, we get @« = m and v = 0. With 7. from Remark 3.4.4, we

obtain ‘ .
eileadrjih’NQ(ﬂ)eilNz’y — (—1>Nld?\71,N2(0) = (—1)N15N1,N2.

]

Lemma 3.4.7. Let n,b € Ny and j,N € Z with n > b, n > |j|, and n > |N|. Then, the
recursion for k >0

(n—b—k+1)(n+b+k)

" Rk -N) T T
with
(n + b)!
g = .
SERCEDIFERYE

can be written in the explicit form given by

(—1)* (n+k+0)
2%kl (n—b—k)(k+[j — N|)I’

ay = (3.14)

where
ar =10 Vk>n—>b+1.

Proof. We use induction for the proof.
Base case: Let £k = 0. Then, we obviously obtain

a_(—no (n+b)! B (n+0b)!
"0 0 (n=D)(j = NI (=)l — N

Induction hypothesis: Let us assume that (3.14) is satisfied for one k € Np.
Induction step: The induction step k& — k + 1 is given by

(n—b—k)(n+k+b+1)

G = ok )+ —N+1) ™
-1 (n—=b—k)n+k+b+1) (-1)F (n+k+0)
T2k 4 1) k+|j—N|+1 2k (n—b—k)(k+[j — N|)!
(—1)k+1 (n+k+1+0)!

T (k+ 1) (n—b— (k+ D))(k+1+]j — N

Furthermore, we see that one coefficient of the recursion relation vanishes for £ = n —b. So,
we see directly that
a, =0 Vk>n-—-0b+1.

Lemma 3.4.8. We can show that the identity

D (bt k! o UM (AN e
Xk n—b—k)l(k+bta)l 2-%(nta) \dz © ©

k=0

holds true for z € C, where n,b € Ny and a € Z with n > b, n > |a|, and a + b > 0.
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Proof. With the well-known binomial formula, this proof is straight forward. Let

V) = g (&) e

T 2 h(n+a)l \dz
1 n+b n+b n+a !
— L i Z M Zk(_2)n+a—kzn—a
2n=b(n +a)! \dz — El(n+a—k)!
(_1)n+b N N d n+b nta (_1)k B
— —1)nta onta I — n—a+k
2n=0(n + a)! (=1) (n+a) dz §2kk!(n+a—k)! ©
_ (_1)a+b n+a (_1)k (n —a+ k’)' b (atb)
2 (a+b) 26kl (n+a — k)!I(k — (a+b))! '
k=a+b
Now, we substitute [ = k — (a + b) such that
a n—b a
Vi) = (—1)a+b (—1)+atb (n—a+1l+a+b) +a+b—(a+))

2—(a+b) — 2itatd(l+a+b)! (n+a—1l—a—b)!(l+a+b— (a+Db))

=R (- (n+b+1)! l
=20 (n—b—Dl+a+b)

=0

Theorem 3.4.9. The spin-weighted spherical harmonics also satisfy [53, 96, 97]

2n+1
4
2n+1

NYai(€) = (=1)% eV d;_y(9)

S

= <_1)N DZ—N((pvﬁv 0)7
where § = £(t,¢) € Qo, t = cosV, n € No, N € Z, n > [N|, j = —n,...,n, and D}y is the
Wigner D-function.

It is well known that the spin-weighted spherical harmonics can be written by the Wigner D-
function (see [53, 96, 97]) but to the knowledge of the author without proof. Here, we borrow
several methods of proof which were used for a related proposition in [88]. Furthermore, the
formulation of the spin-weighted spherical harmonics by the Wigner D-function is not unique
in literature (see Remark 3.4.10). We show a uniqueness such that this formulation is equal
to the definition of the spin-weighted spherical harmonics from Lemma 3.2.9.

Proof. We divide this proof into six parts.

(1) Separation of variables:

We use that the spin-weighted spherical harmonics satisfy the differential equation in The-
orem 3.3.6. So, we get forn € Ng, N € Z, n > |N|,and j = —n,...,n

—0; — 2iNtd, + N*
1— 12

9, ((1—1%)8;) — MY (€) = —n(n +1) §Y;(6),

where & = £(t, ) € Qo. With separation of variables by

NYn’J<§(t7 SO)) — ]\fén"7 an’](t)ewsO’
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we obtain the differential equation

dt 1—¢2
d? d  j2+2jNt+N?] - ;
o {(1 — t2) errie Qt& — Ty } NP j(t) = —n(n+1) NP, ;(1).

By substituting z =1+¢ (then 1 —¢t =2 — z and 1 — t* = 2(2 — 2)), we get

- - 2+ 2jN(z— 1)+ N? -
22— 2) NP (2) =2z —1) NP (2) + {n(n B O e (éz )) T BuG) =o.
’ ’ 2(2—2
(3.15)

So, there are two singularities. One for z = 0 and one for z = 2.
(2) Solving a differential equation with singularities:
From [5], we know that differential equations with singularities for z = 2z, k = 1,2..., of
the form

P"(2) + p1(2)P'(2) + p2(2)P(2) = 0
with

have the fundamental equations
)\(/\— 1)+Ak)\+Bk =0,

where each k refers to one singularity. So, the solution of the differential equation is given
by

P(z) = H(z — )™ Z an 2" (3.16)

k n=0

for coefficients a,, € R.

Therefore, we look at (3.15) and get

a(n+1) FP+2N(E—1)+NT -
- _ P, i(2) =0.
2(z —2) 22(2 — 2)? NP (2)

DI 2('2
NP"’j(z) + 2(z —2)

Then, by comparison of the coefficients, we obtain

N (2) + {

Al A2 (Al + AQ)Z — 2A1 ! 2(2 — 1)
—Iv— g —
z—2 z2(z —2) 2(z — 2)

and
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(Ol + 02)23 + (Bl + Bg — 401 — 202)22 + 4(01 — Bl>Z + 4B1

22(z —2)?
on(n+l) P H2N(z - 1)+ N?
(22 22(2 —z)?
_ —n(n+1)22+2(n(n+1) — jN)z — (5 — 2jN + N?)
B 2%(z — 2)?

._N2 . N2
n (5, ne ()

n(n+1 2 4+ N2 n(n+1 2 4+ N2
(1) 0, _nnt1) Nt

C =
! 9 4 9 4

So, the fundamental equations are for z; = 0 given by

OzAM—l}HLA—(l%E)Q

) — N
:>)\1::|:jT

and for z, = 2

. N 2
O:AQ—1yH.A—<i%—)
N

For reasons of continuity, we only use the non-negative exponents. Then, we set by (3.16)
like in [88]

li—=N| li+N|

S22V ),

pr-(z, V)y=z

where V' denotes a power series ansatz.

(3) Using this ansatz:
For the derivatives, we get

~ J—N| 1 5 lj+N| 1 = >
NPr/L,j<Zv V) = 9 ; NPn’j(Z, V) + 9 > 9 Pn,j(z, V) + NPnJ'(Z, V/)
and
NPT/L/,]'(Z7 V)
lj— NI (|ji—N| I - lj— N| |j+ N| 1 =
= —1) = NP2, V) +2 P, (2, V
j—N| 1 = no N [|i+N]| 1 =
2 = NP, (2, V 1 B, i(z,V
+ 9 > N ,](Z )+ 9 9 (Z—2)2 N 7](2 )
l7+N| 1 N -
+2 SR— P (2, V') + nPoj(z, V"),
where
NB (2, V) = 25T 2 = )TV (),
NP (2 V) = 22— )TV (2)
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So, we obtain from (3.15)

0=2(2-2)V"(2) + [2(2 —2) J _zN| —2(2—2) |‘]2t]:| —2(z — 1)} V'(2)
+ [n(n+ 1) — J —1—27?(7;2_—2;) N +2(2—2) J —2N] (lj _QN‘ — 1) %
7 = Nllj + N 7+ N (li+ N 1
+ 2(2—-2) '2z(2—2) +z(2»—z) 5 ( 5 —1) EEDIE
—2(z—1) % —2(z—1) %} V().

The coefficient of V'(z) can be summarized as follows

2—-2)j—N|—z]j+N|-2(z—1)=—(j—N|+|j+N|)z—2z+2]j— N|+2
|~ N|+]j+N .
:—2(2«('] ¥ |+1)—(|J—N|+1)>.

2

Moreover, for the coefficient of V(2), we obtain

24 2iN(z—1)+N?* |j—N|[(|j—N 2 — i — N|[j+ N
n(n+1)_3+9(2 JHNE =N (=N z i =NIlj+ N
2(2—z) 2 2 z 2
j+ N| (|7 + N]| 2 : z—1 z—1
—1) = —|j-N| Z— N
L 2 3 W N AN
j— N|lj+N| §>4+2jN(z—1)+ N?
= 1) — _
n(n+1) 2 2(2 —2)
J = N| (i —NI J+ N[ (17 +N]|
2—2)—2+42—22+42 2 4+2,-2
+ 5 (2 —2) +2—22+4 +2(2_Z) 5 2 At2e
i — N|[j +N| %24 2jN(z— 1)+ N2 i~ N\* 2— | — N
a1y - M N H N H2NGE=D) + J i N
2 2(2 —2) 2 z 2
C(iENY 2 i+ N
2 2— 2 2
i —N|j+N|+j—N|+j+N
:n(n+1)—|J 7 + |+2|J |+ 15+ NI
1
- [4(j>+2iN(z = 1) + N?) — (j = N)*(2 — 2)* = (j + N)?2?
T PP TN DN = (- NP2 =2 = (G + V)]
i —N|j+N|+j—N|+j+N
:n(n+1)—|‘7 lj + |+2|J |+ 15+ NI
1
Lo [4j% + 8jNz — 8N + AN? — 45% 4+ 45°2 — j?2* + 8jN — 8jNz + 2jNz*
z —Z
—4N? 4+ 4N?z — N?2* — j%2° — 2jN2* — N?2?|
lj = Nlj+ N[+ = N|+[j+ N| 1 2 2.2 2 2.2
= 1) - - 2j%2 — 2N?z — N
n(n+1) 5 22<2_2)[jz j2* +2N°2 2]
i~ N|j+N|+j—N|+[j+N| (2—2)(>+ N?
1) PN ENF = NA i+ N 2= 2) 67+ N
2 2(2 - 2)
i~ N|+|j+N| 2+N+|j—N|j+N
(1) U NN AN = N+ N

2 2
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=N+ + N 22+ 2N 425 — N||j + N|

=n(n+1) 5 |
j—N|+|j+N| 52=2jN+N?2+2j — N||j+ N|+52+2jN + N?
=nn+1)— 5 — .
 —N|+|j+N| (j—N)?2+2[j—N|j+N|+(+N)
:n(n+1)—|j |+l + NI G=NI*+2i - N[lj+ N[+ (G +N)
2 4
N LN N LN 2
R O Al ¥ L Y Y [+ 15+ NI
2 2
i —N|+|j+N| (|j—=N|+j+N
(1) 2 |‘2F|J+ |<|] |42’|J+ |+1).

Now, we define

=N+ N

b:
2

Obviously, we see that b > 0 and n > b.
All in all, we obtain the differential equation
0=202—2)V"(z2) =2z(b+1)— (] = N+ 1))V'(2) + (n(n+1) = b(b+ 1))V (2).

(4) Using a power series ansatz:
With a power series ansatz V(z) = > 7 axz", we get

= lania 2k(k +1) +2(]j — N[+ 1)(k + 1))
+ar (n(n+1) =bb+1) — k(k —1) = 2(b + 1)k)] 2~.
Comparison of the coefficients delivers

2k +1)(k+1]j — N+ Dagpr = — (n(n+1) —=b(b+ 1) — k* + k — 2kb — 2k) a
=—(nn+1)—-0b0b+1)—k(k+1)—2kb)ay
such that
n(n+1)—bb+1)—k(k+1)—2kb
20k +1)(k+|j — N|+1)

where the denominator is obviously positive and we can reformulate

A1 = — Qf,

n(n+1)—bb+1)—k(k+1)—2kb=n(n+1)—0bb+1) —k(k+1) —2kb+nb—nb
=nn+b+1)—bn+b+1)—k(k+2b+1)
=n—-0n+b+1)—k(k+b+1)—bk+kn—Fkn
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=n—-0bn+b+k+1)—kin+b+k+1)
—(n—b—k)(n+b+k+1).
So, we get
(n—b—k)(n+b+k+1)
Ap+1 = — ;
20k +1)(k+1]j — N|+1)

n—=b—k+1)(n+b+k)
2k(k + |5 — NJ)

ag

= ar = — Ap_1.

We have two degrees of freedom. Therefore, we choose the start coefficient of this recursion
arbitrary as one degree of freedom by

S (n+10)!
ECEDITERY
Then, we get with Lemma 3.4.7
(—1)k (n+b+k)

Qap =

2k k| (n—b—]{;)!(l{;_,_U_ND!’ (3.17)

where
ap =10 Vk>n—>b+1.

Now, we define

_I=NI=[i+N]
a:=
2
such that |j — N| = a + b, where n > |a|. So, we obtain with Lemma 3.4.8

n—b

= (—D)F (n+b+k) k
V(Z)—Z 26k (n—b—k)l(k+a+D) “

k=0

B

- 27=b(n +a)l \dz

(5) Reconstruction of the solution:
Then, we see that

an,j(z) = N]-T’n,j(z, V)

li=N| lJ+N|

=z 2 (2—2) 2 V(2)
(=1)"*  ion pent A\ o
S Sy A 5 9 _ 5 el _ 9\nta n—a
2n=b(n + a)!z (2-2) dz (2= 2)"

We resubstitute z = 1+t to get

NP (t) = % (L+6)"= (1—1)" (%) (t— 1o+ 1)

_ 271(_;(17)‘:“&)! (1-1) ] (1+1) 5= (%) (1 — )" (1 + £)"e,

Now, we have to consider each case separately. We use t = cos 1.
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1. For j — N >0,j+ N >0, we get b=j and a = —N. Then, we obtain with (3.9)

Nﬁn,j(t):%(l—t) (1+t) (%) (1—t)" N1+t~

_ (—1)"+N2f\/§2 :‘;;:EZ - ]]\V,; &y ().

2. Forj—N>0,j+ N <0, we get b= —N and a = j. Then, we obtain with (3.12)

WPo) = oo -0 a0 () Q-0

:<_1)n+N2—N\/(n_]:)!(n_N)! dZ—N(ﬂ)-

3. For j— N <0,j+ N >0, weget b=N and a = —j. Then, we obtain with (3.11)

WPl = G -0y P (£) a- e
:ewwﬂ¢$fﬁ$f%;¢Nw>

4. For j — N <0, j+ N <0, we get b = —j and a = N. Then, we obtain with (3.10)

NP (t) = % 1=t 1+t (%) : (1=t 4"

Altogether, we get

~ . aHb=G+N) (n — a)!(n + b)! "
NP (t) = (=)™ 2 Qb\/ ! dj ().
Then, with ¢t = cos ), we obtain
NYn,j<§> - Nén,j an,j(weij(p

atb=(j - ! b)! ..
s (_l)mw 2b\/(n a)l(n+b) I (9).

(n+a)l(n —b)!

Now, we choose as second degree of freedom the coefficient yc,; by

_ Ny atb=GEN) 1 /2n+1 a)l(n —0b)!
NCn,j :( 1)n+ * ‘ "
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All in all, we get

2n+1
47
2n+1

NYo () = (=N

eIed} () (3.18)

— (-1)"

L

DZ—N(@? 79) O)

(6) Verification of the chosen coefficients:

We started this proof with the differential equation from Theorem 3.3.6. We know that the
spin-weighted spherical harmonics satisfy this differential equation. So, we show that the
representation of (3.18) is equal to the definition of the spin-weighted spherical harmonics
in Lemma 3.2.9. For that, we use induction.

Base case: For N = 0, we get the definition of the fully normalized spherical harmonics,
Definition 2.4.37. For spin weight zero, we see directly from Definition 3.4.1 that

(=)™ (n—j)! 291 d " 2.9)\"
d],o(ﬂ) 2nn| (n+j)! ( o8 ) dcos? ( cos )

With ¢ = cos ¥, with Theorem 2.4.2, and with Definition 2.4.10, we get for j > 0

(n—J)!

o (9) = (—1) )

P, j(cos?).

Then, we see directly with Definition 2.4.37 that for j > 0

2n+1

e (9) = Vs (©)

Furthermore, we obtain with Definition 2.4.37 and with 2. from Remark 3.4.4 for 7 < 0

Yoi(6) = (=1) Ya—5(6)

o 2n+1 0
= (—1) \/ “Ar e’y d—j,o(ﬁ)

= (—1)n+j+n_0d?,0(19) = (—1)jd?,0(19)

2n+1 ..
=14/ i e]‘pdj70(19).

Consequently, the assumption holds true for spin weight zero.
Induction hypothesis: Let us assume that the representation of (3.18) is equal to the defini-
tion of the spin-weighted spherical harmonics in Lemma 3.2.9 up to spin weight N, N € Z
with n > |N|.
Induction step: Now, we do the induction step. Here, we have to look at two cases.
e The first case is N > 0. Then, we do the induction step N — N + 1 with n > N + 1.
With Lemma 3.4.3, with the assumption of the induction, and with Lemma 3.2.9, we
get for t = cos

2n+1
4

1 d N cost + j 2n+1
- VI—ood 0y ) N
\/n(n—l—l)—N(N—i—l)( dcos? /1 —cos?d - 4m

(_1)N+1 eijsad?,—(NH)(ﬁ)
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X eIedn_ (9)

1 5o Nt—id, .
TVt DNV (VP07 )
1
N Vnn+1)— N(N+1) O w¥ni()

= N41Yn;(§).

e The second caseis N < 0. Then, we do the induction step N — N—1 withn > —N+1.
With Lemma 3.4.3, with the assumption of the induction, and with Lemma 3.2.9, we
get again for t = cos

1 [2n+1 0
(=)~ 1\/ . eVPd; _n_1y(V)

-1 d N cosv +j [2n+ 1
= v1— 219 _ ) _1N
Vnn+1)— N(N —1) ( Y deosv V1 —cos? ¥ =1 4m

X eIdr_ (1)

— g, - M%)y
 /nn+1)=N(N-1) (m@ i ) NY;(€)
_1 _
— NTCES Ve On nYa,;(€)

= N—lij (6)

]

Remark 3.4.10. The description of the spin-weighted spherical harmonics by the Wigner
D-function from Theorem 3.4.9 is unique except for a constant. We get the uniqueness by
using Lemma 3.2.9. However, in literature different formulations in this regard can be found.
Let £ = &(cos, @) € Qo, n € Ng, N € Z, n > |N|, and j = —n,...,n. For example, in
[9, 34, 42] the formulation is given by

2n+1 ——— c2n4+1 ————
NYn;(§) = A DEN,j(Oaﬁv p) = (=) “Ar D;‘l,fN(QpaﬂaO)

and in [15] by

Wyl = (1Y 2 D) = 1y o),

where we used in both cases 11. from Remark 3.4.4.

The generalized spherical harmonics of Dahlen and Tromp [12] are given by

2n +1
47

Y6 = D7 (. 0,0) = (1) _nY(6)-

They are also used in [8, 14, 66]. Furthermore, a different kind of generalized spherical
harmonics are previously mentioned in [88].

The monopole harmonics are defined with help of 2. from Remark 3.4.4 and with Defini-
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tion 3.4.1 by [98]

2n+1

Y, — ) N g (9) = (=1 V[ 22 Dn 9,0
N »J(f) A7 € —],N( ) ( ) A7 7, N<907 )

= ()Nt} _\(0)
We will keep the formulae in Theorem 3.4.9.

Remark 3.4.11. From Theorem 3.4.9 and from the definition of the Wigner D-function,
Definition 3.4.1, we see that we can define the spin-weighted spherical harmonics also at the
poles. For reasons of continuity, we will keep Qo as domain of definition, where we need
continuity or continuous differentiability.

Now, there is another representation of the spin-weighted spherical harmonics.

Lemma 3.4.12. Let £ = £(t,p) € Q, N € Z, n € Ng, n > |[N|, and j = —n,...,n. We
know from Theorem 3.4.9 with (3.13) that

WYag(©) = (<1 G =t )= W)t V)]

mm{nin N} (—1)k (1—¢)" Rt 2 (1+t)F = ol

. o Kt j—kn—N—kI(N—j+k)

k=max{0,j—N}

Corollary 3.4.13. The function dj _y and consequently, the spin-weighted spherical har-
monics are bounded on ().

Proof. From the previous lemma and with Theorem 3.4.9, we see that dj _ y and consequently,
the spin-weighted spherical harmonics are bounded on 2, because they depend only on
bounded functions. We can see this, because the exponents of the finite series from the
previous lemma are all non-negative. This means that

| — N | — N
n—k+‘72 2n—min{n+j,n—N}+‘7T
j+N j+ N
= max{ —*—,—
2 2
j+N
2
>0
and
Jj—N J—N

zmax{O,j—N}—T

J—N j—-N
=max{ ————, ——
2 2

j—N

2
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Corollary 3.4.14. All derivatives for ¢ of the spin-weighted spherical harmonics are bounded
i Qqo. For the derivative for t, we obtain

M Y, (€)= 0 ((1 - t2)%_M> ast — +1,

where M € N.

Proof. Let & = £(t, ) € Qg, n € Ng, N € Z, n > |N|, and j = —n,...,n. Obviously, we
can conclude from Lemma 3.4.12 that all derivatives for ¢ of the spin-weighted spherical
harmonics are bounded in €2y. Furthermore, for the derivative for ¢, we obtain

1
V19—t

This is obvious, because we know already from the proof of the previous corollary that in

Lemma 3.4.12 all exponents are non-negative but they can be 1. This can be continued

2
inductively such that

8,5 NYnJ‘(f) =0 ( ) ast — +1.

O Y& =0 ((1- t2)%‘M) as t — +1,

where M € N. O]

Corollary 3.4.15. Let £ = &(t, ) € Q, n € Ng, N € Z, n > |N|, and j = —n,...,n. For
the spin-weighted Beltrami operator, we get

AP VY, () =06(1) ast— L

Proof. Let £ = £(t,p) € Qo,n € Ng, N € Z, n > |N|, and j = —n,...,n. We know from
Corollary 3.3.7 that
A?N NYn,j(g) = —n(n + 1) NYn,j(’S)'

Additionally, we know from Corollary 3.4.13 that the spin-weighted spherical harmonics are
bounded. So, we get directly the proposition. O

Lemma 3.4.16. Let n € Nyg, N € Z with n > |N|, and j = —n,...,n. Then, we get for
N>0
0y Ya;=0(1)

and for N <0
By Ya; =0(1)

ast — +1.

Proof. We conclude the lemma directly from the definition of the spin-weighted spherical
harmonics, Definition 3.2.6, and from Corollary 3.4.13. O]

Definition 3.4.17. We denote by X*(I'), k € Ny, the set of functions F € C*®(T')nL* (T)
that satisfies the following conditions. Let & = £(t, ) € T C Q.

e F has the form H(t)e"% for j € Z,
e I is bounded on T,
o FF(E)=0 ((1 - tQ)%"“> ast — +1,

. AZNF(f) =0(1) for N € Z ast — £1.
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Corollary 3.4.18. With Corollary 3.2.10, Corollary 3.2.11, Corollary 3.4.13, Corollary
3.4.14, and Corollary 3.4.15, we see directly that

NYn; € X5(Q)
with Qo = Q, for alln € Ng, N € Z, n > |N|, j = —n,...,n, and all k € Ny. Particularly,
this holds true for the span of the spin-weighted spherical harmonics.
Lemma 3.4.19. The spin-weighted spherical harmonics can be written in the functions o°
and o', i = 1,2, from Definition 3.1.2 for £ = £(t,p) € Q by

2n+1

NYani(€) = (=1 V(= )ln+5)n — N)l(n + N)!
S M G Y
Kln+j—k)l(n—N—kI(N —j+k)!

k=max{0,j—N}

for Ne€Z,n €Ny, n>|N|, and j = —n,...,n.

Proof. Let £ = &(t,p) € Q, N € Z, n € Ny, n > |N|, and j = —n,...,n. We know from
Lemma 3.4.12 that

2 1
Yo (€) = (1) [T

41
mln{nijjn N} (_1)k (1 o t)nkar%(l + t) N N eij@
20 Kln+j =Rl n = N=kUN—j+R)I

= V(-7 n+5)(n—-N)(n+N)

X
k=max{0,j—N}

Now, we take a look at

1 _
5#1—0"”“ (14 )2 elie

2n—2k+j—N 2k—j+N
(=t 1+t i
2 2
n—k i —-N
11t ;¢ 1=t _ L=t 1=t ..
= e'2 va etz
2 2 2
k
1+t .0 /1+t s it
X e 2
2 2

So, there are two possible representations. The first one is

[\

—_

+

~~
ey
SIS

[\

ginﬂ—t)" L
= (08)"" (=" (0)"" (0g)’ (@’N (98)" (o2)" (o) ™ ()"
= (1" (o) ()" (o) (@)

We see that there are k—j+n—k+j—N = n—N times a function o’ and n—k+k+N = n+N
times a function 6°, i = 1,2. Then, we know from Definition 3.1.2 that this term has spin
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weight —N. The second representation is

1 _
5;(1—t)"k+ T(1 )k el

= (08)" " (-1 (o))" () (- N()N()( D" (08) 7 (e1)”
= (=" (o) ()" k+”(05)" Gl

We see that there are k+N —j+n—k+j = n+N times a function o' and n—k—N-+k =n—N
times a function 0¢, i = 1,2. Then, we know from Definition 3.1.2 that this term has spin
weight N. We wanted to represent the spin-weighted spherical harmonics yY, ;, from which
we know that they have spin weight N. Therefore, the second representation is the desired
one and we get the proposition. O

Lemma 3.4.20. The Jacobi polynomials for t € [—1,1], n € Ny, and o, f > —1 are given
by [58]
(o, 8) (_1)71 —a -8B d\" a+n B+n
PP (t) = (1—1t)"(1+¢) 5 [(1—0)** (1 +¢)7].

2!

The spin-weighted spherical harmonics can be written with help of the Jacobi polynomials
for 7+ N,j— N >0 with & = &(t,9) € Q, N €Z, n € Ng,n > |N|, j =—-n,...,n by
[18, 77, 93]

2n+1 n+ )l (n—j" .
VYo M ¢7%+N )!ewu 8% (1+ )7 PNV (¢,

Proof. For 9 € [0, 7], we know from 2. from Remark 3.4.4 that

& _y(9) = (=1)" VA o (9) = (1) v (0).
Then, we get with Definition 3.4.1 for ¢ = cos v

dj _n(0)

R (043! e
BT ¢@fjﬂn—NWn+Nwl 7 (1+1)

X (%) " (1= )" N+ )" ]

D [t 9)n =)
= - 1—1 141
7\ = MmN FaanE
(=1)n _GaN o d\" _
(1 — )" (L ) N [ = 1—t)" N (14"
o= i Y (L) [,
RN
if 7+ N,j — N > —1. Then, the proposition follows directly with Theorem 3.4.9. n

The orthonormality of the spin-weighted spherical harmonics is easy to show by using the
representation with the Wigner D-function from Theorem 3.4.9.

Theorem 3.4.21. The spin-weighted spherical harmonics are orthonormal for the 12(Q)-
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norm [12, 15, 34, 42, 53, 63, 97], this means that
[ 5Y0i(6) 5T E) Qwl©) = Bt
Proof. With £ = £(t,p) € Q and t = cos ¥, we get, using 8. from Remark 3.4.4,
R ACRGERG
N+N\/2TL +1 \/2n +1 27T ee=i'? do /07T dZ—N(ﬁ)d?//,—N@% sin® dod

2
\/Qn—l—l \/Qn +1 o0 g 2 6

2n+1
=27TV5]-’]-/
2n +1 2
= 571, n' " 2 6 2/
P T e &
= O, 0j 5

Now, we obtain the addition theorem for the spin-weighted spherical harmonics.

Theorem 3.4.22 (Addition Theorem for Spin-Weighted Spherical Harmonics). The spin-
weighted spherical harmonics satisfy the addition theorem for Ny, Ny € Z and for n € Ny,
n > max{| N[, [ Na[},

2n +1

i NoYo—n1 () e,

Y nYas(6) mYa, (&) = (-1)M

j=—n

where & = &1t 1), & = Salta, 2), € = E(t,a) € Q, t = cosf, and «, B, and v are the
Fuler angles given by

e forsin(p; — o) #0

in ¢
cot av = cos 1 cot(p — ¢a) — cot 192,81#,
sin(p1 — 2)
cos 3 = cos )y cos ¥ + sin ¥y sin ¥y cos(p1 — ¢2),
in ¢
coty = cos ¥y cot(p1 — o) — cot ﬁlL.
sin (1 — ¢2)
o forsin(p; — o) =0, so p1 — @y =km, k € Z, then
a=m =0 —t,y=7 , if k even, =1 + U9 € [—m,0)
a=0,8=—-09+10,7v=0 , if k even, —1, + U9 € [0, 7)
a=m0=109+193,7v=0 , if k odd, ¥ 4+ 04 € [0, )

a=0,f=2r— (0 +2),y=m , ifk odd, ¥, + Vs € |7, 27)

Proof. With & = &i(t1, 1), & = &lta,p2) € Q, t1 = costy, ta = costy, we get for
N1, Ny € Z and for n € Ny, n > max{|N1|,|Na|}, using Theorem 3.4.9, 4. from Remark
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3.4.4, and Corollary 3.4.6,

n

- — e 2n+1 ijor m —ijos m
D Yai(6) mYn (&) = ()M N " everdr_ (91)e I d) (1)

. 47 :
j=-n J=—n
Mm+1 = ., fior—
= ( 1>N1+N2 - Z dilj( 791>dj77N2(192)€J(<P1 ®2)
j=-—n
2n =+ 1 i am i(—
= (N Oy (B)N
where
o for sin(p; — 9) # 0, we get
in(—J
cot v = cos(—1) cot(p1 — p2) + cot 192.Sln<—1)
sin(p; — ¢2)
in v
= cos )y cot(p; — o) — cot ?92L;
sin(p1 — ©9)

cos 5 = cos(—1) cos ¥y — sin(—v1) sin ¥y cos(¢1 — p2)

= cos 1 cos ¥y + sin ¥y sin ¥y cos(p; — ¢3),

in 1
coty = cos s cot(p1 — o) + cot(—ﬁl)L
sin(p1 — 2)
in
= cos ¥y cot(p1 — p2) — cot ﬁlL.
sin(p; — @9)

e for sin(p; — ¢y) = 0, we have p; — @y = km, k € Z. Because &;,& € Qis U1, € [0, 7]
and therefore, —; € [—7,0]. So, it holds (=91 + ) € [—m, 7], ¥ > —v); and
Y1 + VY € [0, 27]. Then,

a=0,=—-101+10,7y=0 , if k even, =1y + 5 € [0, )
a=m =0 —ty,y=m7 , if k even, =)y + 5 € [—m,0)
a=0,=2r— (N +),y=m , if k odd, ¥ + I € [, 2m)
a=m,BF=0+10,7v=0 , if kodd, ¥, + v € 0, 7)

We omit the cases —v + ¥ = 7 and ¥, + 5 = 27, because of reasons of continuity.
Besides, in this work we do not need those cases.

Continuing, we obtain

" - on + 1 y
> Yns(6) mYai(&) = (—1)N1+NZT Dy, _n,(a, B, 0)e”.

j=—n
With Theorem 3.4.9, we get the proposition

Z N1Yn,j(§1) m = (_1)N1\/T NQYn,—N1 (5) e—iNz’Y’

j=—n

where £ = {(t, ) € Q and t = cos 3. O

Remark 3.4.23. The addition theorem was previously remarked by [6, 7, 42, 77, 98] without
proof and without the special cases. For example, by [42] the addition theorem for &1, &, & € Q
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with £ = £(t, o), t = cos B, where , 3, are the Euler angles, is given by

2n+1

A N2Yn,—N1 (g)e_ile‘

Z N Yni(61) M Yai(2) =

j=—n

This is equal to the addition theorem from the previous theorem for an alternative system of
the spin-weighted spherical harmonics (see Remark 3.4.10).

Corollary 3.4.24. With Ny = Ny = 0, we obtain the well-known addition theorem for the
fully normalized spherical harmonics, Theorem 2.4.28, because

S oY) Vs (@) = 1 2L oiole) 1

. 47
j=-n
. — 2m+1
= Z Y, (61)Y,,(&) = ym P,(cos 3)
j=—n
g — 241
& Y Yo (6)V@) = = — Pul6-&)
j=—-n
and
sin ¥ cos 1 sin ¥y cos o
& - & = | sindygsin w1 | - | sin ¥4 sin P2
cos Cos Uy

= sin ¢4 sin ¥ (cos 1 cos g + sin 1 sin @) + cos ¥ cos Vo

\ J

-~

cos(p1—p2)
= cos 3

for & = &i(costh, 1), & = Ea(cos s, pa), & = E(cos B, p) € L.

Corollary 3.4.25. With & = & = £, & = &i(t, 1), = Salte, v2),§ = E(t,0) € Q, we
get on the one hand vy = . So, sin(p; — ¢2) =0 and 1 — g = 0 = km, where k =0 is
even. On the other hand, V1 = vy, so —t1 + 199 = 0. Then, we obtain for the Euler angles
a = =~ =0. So, the addition theorem, Theorem 3.4.22, reduces with 7. from Remark

3.4.4 to

N1+N22n+ 1

Z N1Yn,j<€) NQYn,j(S) = (_1) DﬁNl,—NQ (O?O’ 0)

= 47
2n+1
= (_1>N1+N2 = 57N1,7N2
2n+1
T in O
Additionally, we obtain for Ny = Ny = N
- 2n+1

Z Nij(g) NYn,j(g) T 4r

j=-n

Lemma 3.4.26. The complex conjugation of the spin-weighted spherical harmonics yields

NY, ;= (—1)N+7 ~NYn—j
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formeNy, NeZ,n>|N|, and j = —n,...,n.

Proof. The proof is straight forward. For & = {(t,¢) € Q, t = cos?, n € Ny, N € Z,
n > |N|, and j = —n,...,n, we get with Theorem 3.4.9 and with 2. from Remark 3.4.4

2n + 1
47

NYn (€)= (=1)"

3

e_ijde_N(ﬁ)

e P (=) (V)

= (=) NV, 5(9).

Now, we formulate the following new theorems, which are Green’s second surface identity
for the spin-weighted Beltrami operator on the unit sphere and on an arbitrary region.

Theorem 3.4.27. With Theorem 2.3.8, we can formulate Green’s second surface identity
on the unit sphere for the operator A*N by

| (FOATGE - GAL F(©) dul) =0
for F,G € X?(£).
Proof. With the definition of the operator A, Corollary 3.3.7, we get for F,G € X2(Q)
| (FOAGE - G@A F(©)) due)
- [ (resecie - e T2 G - Ggaire
——— N? —2itN9

+G(§) T‘Z@ F(f)) dw(§)

— /ﬂ (FOAGE) ~ GOAF(E) dw() + /Q R GG

Here, we can use Green’s second surface identity on the unit sphere, Theorem 2.3.8, such
that we obtain

| (FOBTGE - A F©)) due)

- | 155 (P06 + G@0,F(©)) dule)
__ /_ 11 fl_t]:; ( /O " F(6)0,G(E) dy /O T SO0, dgp) dt.

+
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With integration by parts, we get

| F©06@ ao = re@| - [ G@0.r©) d

(.

= 0, because F' and G are 2m-periodic in ¢

So, the whole integral over ¢ exists and vanishes. Therefore, the integral over {2 exists and
vanishes also and the singularities at the poles do not matter. Then, we get on the whole

| (FOBTGE -G P©) dut)

_ /Q 12@_”1[2 (~CMO2,F(€) + CO2,F(€)) dw(e)

= 0.

Theorem 3.4.28. If we formulate Green’s second surface identity for the operator A*N on
a subset I' C Q with sufficiently smooth boundary OU, we get an additional term such that

[ (FO2T6©0 -G08 F©) due)

-/ (F(&)ayi@@—@ af’(g)ms)) ao(e) — [ 220 0, (FOT) dute

for F,G € X? (F), if the according integrals exist.

Proof. With the definition of the operator A*", Corollary 3.3.7, we get for F,G € X? (f)
in analogy to the previous proof

[ (FO85GE) - T8 F©) dute)

- [ (Fe20@ - GOa:F©) avie)+ [ (-1 FlET@
2itN —— N? 2N

Now, with Green’s second surface identity, Theorem 2.3.8, we obtain

[ (FORT60 - G@a F©) due)

- [ (Flo5050@ - @505 7(©)) 4ot

_ / 2 (P©0,GE + GO0, () dwl)

1—1t2

-~

=9, (F(f)@)
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3.5 Properties of the Operator 0
In this chapter, we look at further details of the operator 0. Most of the properties are
previously mentioned in literature without proof.
Lemma 3.5.1. The operators O and O are linear [91], this means that for all functions
F,G € CO(Qp) and N € Z, we get

On(AF) = \Oy F,

and

On(A\F) = \dy F,
on(F+G) =0y F+0y G,

because of the linearity and additivity of the partial derivatives.
Lemma 3.5.2. The operators O and O satisfy the Leibniz rule, this means that for every
function F,G € C(Qq) and for every N, M € Z the following equations are fulfilled [17]
Onim(FG)= 0y F)G+ F(0y G),
Onym(FG)= 0y F)G+F (0 G).

Proof. The proof is straight forward by using Definition 3.2.3. For £ = £(¢, p) € Qo, we get
for N, M € Z

S (FE)G(E)) = (wl —po+ “%‘ a) (F(E)G(©))

= V1 -2 (QF () GE) + F(E)V1 — 2 (0,G()) +
Mt i
Vi—e Y Vo

_ <\/—1 — 10,1 (€) + % F(&)) G(e)

i Mt —id),
+ F(§) (V 1 —t20,G(§) + i G(§)>
= (On F(£)) G(§) + F (&) (Om G(E)) -

The second equation follows analogously.

+F(E) G () (0,F(5)) G(§) = F(&)

Byaas (FOIG(E) - (V=0 - T (pigyce)

=V1—£2(0,F(€)G(&) + FOVI -2 (,G(8)) —

- F(¢)

Mt i
o= G(€) + N (0,F(£)) G() + F (&)
_ (\/—1 —Ro,F(¢) — % F(€)> G(€)

T+ F(©) («1 —F0,G(c) - % G(é))
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= (On F(&)) G(€) + F(&) (Ou G(9)) .-
0

Lemma 3.5.3. If we apply the operators @ and 9 to the functions o® and o* for k = 1,2,
we get [91]

9. 0" =0, d_1 " =oF, d = —oF, ]

SIS

Proof. The proof is straight forward. Let £ = £(t, ) € Q.

e The first equation.

0, o 1+t
(\/1—t28t+ _t2>e_12 i

i2 -1 % Z(_Z)%
¢ 27(\/1—\/1+ —(\/ 1) +\/1—t_\/1—t)
R BT

2201 — 1)

m\»—-

and

|
CbN
(S
| -
VRS
—_
|
~
—_
+
~
VR
|
|
~
~—~
—_
|
~
SN—"
|
N[+

+ — 2 )
Vitt i+t

e The second equation.

S 10, _ig 1—¢
05—(V1_t28t+ m)(—e T)

I L Y e el — 15 (=)
N f( vt <2)( AT \/1+t>
2\/2(1 +¢)

N[

and
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L 1 ]_ -1
:€2E<\/1—t\/1+ 5(\/1—|—t> —
S S S (1—t—t+1)

24/2(1 —1t)

» 1
2 2(1—t)<1_t)

e The third equation.

t_ 40 o 1+t
1 _ 2 p —i £
o, = | V1 —1t20, — e 2y ——
¢ ( ' \/1—t2>

;e 1 1 -1

=€ QE(\/l—t\/1+ 5(\/1+t> —
gL g

=e 5 2(1_15)(1 t—t+1)

< 1
—e i (1-1)

and

Qi

D=

3L 1 1 —1
262—2(\/1—t\/1+t (—5)( 1—t)
. S Y R PR

2,/2(1 + 1)

t
2 j—
v1—t

)

2
2

i
L5

— +
VIt

V1+t

)

t N1
12 +z(—@)§
v+t 1+t

91
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: 1
— e (—1—t+t+1)
2,/2(1 +1)

and

— -t 49 o 1+t
67% 62 = (\/1—t2at— -2 ’ go) 61% —;_

%7 (FW‘(V—)_1+¢1§—t \ﬂi_f)
R N (I
2¢/2(1—t)

The operator O is called spin raising and the operator 0 is called spin lowering [97]. We see
this in the following theorem.

Theorem 3.5.4. Let yF, € CV(Qq) be a function of spin weight N € Z and degree n € Ny,
n > |N|. Then, from [15] the operator O raises the spin weight by one

w(ﬁN NFn) == N—l—l
and the operator ® lowers it by one

W(gN NFn) =N-—-1.

Proof. With Definition 3.1.2, with Lemma 3.5.2, and with the previous lemma, we get for
N € Z and for n € Ny, n > |N|, on the one hand

n+N

6N NF, = E dzuz “i2n E o' .. 17 1017Jrl .. omHN <510 ) HintN+L o'

77777 t2n=1 N——
=0

n
+ Y ot ofNgieNn L giigi g (8 o>
j=n+N+1 -—

—0"

_ 7 i1 It N4+1 Alnt+N+2 N
= g iyig..ig, O™ ... 0 0 ...0

AN 2
~\~

~
i15e%2n=1 n+(N+1) n—(N+1)

where we use the symmetry of the coefficients, such that

w (D NFn):%(n+(N+1))+ (—%) (n—(N+1))=N+1.
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On the other hand, we obtain

2 n+N
oy nE, = g diyig. i E o't ... olim1glitL | gintN <81 0i1> Hint N+ pien
dom 1
2
015y 12n=1 j:1 W
——6%
2n
+ 3 ot ogieNngimighn i (6 laij)
-3
j:n+N+1 H,—/
=0

S S )
~~ ~~

i1,-02n=1 n+(N-1) n—(N-1)

2
— L i1 intN—1 AlntN ~ion
= 5 iyig. g, 0" ... 0 0 ...0

such that

O

Corollary 3.5.5. From the previous theorem, for every function yF, € C*)(Qq) of spin
weight N € Z and degree n € Ng, n > |N|, and for M € Ny, we conclude that

sw (0N NFn) =N+ M

and

sw (8% NFn> — N - M.

Remark 3.5.6. Now, we can show that the spin-weighted spherical harmonics NY, ; of spin
weight N € Z, degree n € Ng, n > |N|, and order j = —n, ... ,n do have spin weight N [15].

If we take a look at the spherical harmonics from Definition 2.4.37

Visllt, ) = {(_”j VA BP0, 520

(=1)7Yn -5 (E(E, ), j<0

for & € Q and use the expression from Lemma 2.4.15

|
o 4 n — 2k)! 2
Pty =(1=2) 3 (-1 znk!(n£2k>!(f—)j—2k)!t ™

k=0

we can prove that the spherical harmonics have spin weight zero. Because

J J
i . 1—t g 1+¢ g
(1 _ t2)% el — 9i ( T) 6%]% ( %) ew%
J J
_ o 1 _tei% 1+t€i%
2 2

= (o) (%)
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we get

((1—t2)% "'>=%j+(—%)j=0.

It is obvious that

—~

(I+t)—(1-1))

5

1

5(\/ +t\/1+t—\/1—t\/1—t>

1 5 1—|—t o—i% 1—|—t€i% ) 1—t€i% B 1_te’i§

2 2 2 2
Because . .

SW (ogég) = SwW (ogoé) = 3 + (—§> =0,

we get

sw(t) =0
and therefore, with Lemma 3.1.7 for all k =0, ..., L%J ,
w (") = (n— j — 2k)sw(t) = 0.
Then, we obtain for j > 0

sw(Yn) = sw ((1- £2)% ¢I%) =0

and for j <0

SW(YnJ‘) = SW (Yn,*j) = —SW(Ym,]’) =0.

Altogether, we get
SW(Yn’j) = 0.

With Definition 3.2.6 and with the previous corollary, we see that for N > 0
W (nY,,) =sw(d) YV,;) =0+ N=N
and for N <0
sw (nYn,j) = sw (581\[ Yw’) =0—(—N)=N.

Remark 3.5.7. We cannot conclude uniquely from a function F, of degree n € Ny to its
spin weight N € Z with n > |N|. This means that arbitrary functions can have different
spin weights. For example, from Remark 3.2.12, we know already that for & = &(t, @) € Qo

V91—t = 1Y10(§)

With Lemma 3.2.9, we also get
-1
V1(1+1)—0(0—1)

- (mat - %) Vio6)

1Y10(8) = 3o 0Y10(E)
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x/f:v”lt?éa \/_fé___> E%;t
V-1
8

Now, we use Definition 3.1.2 and see that on the one hand

1+t . 1—1¢ .
\/1—t2:2< _2|— e’g> ( 5 el§>

612
= 20§0§

and on the other hand

0g O -
So,
8
V112 = 3 1Y1,0
o122
= 20505
and

3

o A1 A2
= 20505

have spin weight 1 and spin weight —1 at the same time. As another example, we get from
Definition 2.4.37

. [2-2 4— 1 /(2-0) d\ 2™ 5
Y. 1—2 2 1
2,0(6( 2_'_0 ! 222[ t (dt) (t )
— 2t +

+1)

Il
m§|m§‘

| — ool

d (
(

12t* — 4)

(3t —1).

—_

167
Then, with Lemma 3.2.9, we obtain

1
V2(2+1)—00+1)

0-t—id, 5 )
(Vl—f%h+ ¢T175> 1&r(& —1)

1Ya0(E(t, ) = Jo 0Y2,0(&)

1
V6
5
—/1—1t2-6t
967
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eV
8
and
_1Y20(8(t,0)) = ! 3y 0Ya,0()

\/2(2 +1)—0(0 — 1)
-t — 0 )
(\/1 — 2, - 1L “’) 1; (3t — 1)

\/1—752
\/1—t2t
\/87r

t = 0k6? + 2o}

Furthermore, again with (3.19)

and therefore,

2 21
= 2 (0¢04020% + 0g0¢0Z0¢ )

and

also have spin weight 1 and spin weight —1 at the same time.

More generally, the spin-weighted spherical harmonics of spin weight N € Z, degree n € Ny,
and order zero have two possible spin weights. This means that

NYoo = (=) _xYo,

because we know from Lemma 3.4.26

NYn,O - (_1)N —NYn,O
and from Theorem 3.4.9

2n +1
47

NVYno(€) = (—1)V do _n(0) = nYno(§)

for & = &(cos ¥, p) € Q. So, they also have the same possibilities of representation in the
functions of and o*, k =1, 2.

Next, we show the needed properties borrowed from [63], where they are given without proof.

Lemma 3.5.8. For all functions A, B € CM(Qy) and for all N € Z, we get [63]

LwwaB@dwaz—AA@(&me@)mm
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and

/Q (B A(€)) BE) dulé) = — / A(E) (B B(E)) duf®)

as far as the left- or the right-hand integral exists.

Proof. We prove only the first identity. The second one follows analogously. Let A, B €
CM(Qg). Then, for all N € Z, we get with the definition of the operator & from Definition
3.2.3

| @y 4©) B(6) dute)
' Nt —id,
-/ (ﬂ—t @A) BO) + B(E) A(&)) ()

/% / (QA€) VI— B(€) dt dp — A©)B(€) dw(©)

m
_ Nt
- [ aen wo - [ [ o) Be asar

Now, we integrate by parts such that

| @y 4©) B(e) dste)
:/O”<¢1_t2,4<5>3(5) [ e (i) | ) g
=0 —L_B(6) + /T 20,B(E)

¢ (N+ 1)t
_/Q —— A©B() dw(g)—/Q — A©OB(E) dw(©)

= <\A<€>B<€>!i—3” - [ a0 @50 d@) a

=0

:/Q 1t_t2 A(&)B(€) dw(f)—/ﬂ\/l—tQ A(€) (0:B(€)) dw(§)
t —(N+1)t
_/Q = A(€)B(€) dw(f)—/ﬂ N A(§)B(E) dw(§)
i / T 4O (0:B(6) dw(©)
- _/Q (\/1 — 12 A(€) (0,B(€)) + _\(/]f;;)t A(€)B(¢)

Now, we show more properties of these operators.

Lemma 3.5.9. The Beltrami operator can be described by the operators @ and 0. For every
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function F € C?(Qy), we get [91]

010y F=A"F =00 F.
Proof. The first equation is proved for £ = £(t, ¢) € Qq by
8,90 F(¢)

- (vimea - L) (vimare - 2 o)

=V1-— t%(—%) \/11Tt26tF(5) + (1= FF(&) —iv1—¢2 (—%) (—2t)
0D, F(E) — 1DLF () +i0,0F(€) + — 0,1 (E) — 1R F(E)
= —tOF (&) + (1—t*) O}F(§) — 11—228@F(§) —tO,F(€) + 1"_—22

1

=0, (1— ) aF(©) + ﬁﬁiF@)
= ALF(€).

1
(1)

0, F(€)

I F(€) + 0LF ()

1—t2 ¥

= (1 — %) O2F (&) — 2t0,F () +

For the second equation, we get for & = £(t, ) € Qg
0100 F(€)
- ( R ) ( T=o,r(e) + 2 F<£>>

V1-—t V1-—12
= —tOF (&) + (1 —t*) OFF(§) + O F (&) +i0,0,F (&) — tOF (&) — i0,0,F ()
it TR
10 (&) — TR0 F (&)
= (1= *) O} F (&) — 20, F () +
= A{F ().

1t
1 —¢2

95F(€)

1—t2 ®

]

Lemma 3.5.10. Furthermore, we see that for every function F € C?(Qy) and N € Z
[58, 63] B B
(On410y — On-10n) F =2NF.

Proof. Let &€ = £(t,p) € Q. Here, we first look at

81\74-16]\/ F(S)
= (vimea - ML) (o + M)

VI—#2 V-2
= V1120, (\/1 — tQ(’)tF(f)) + NF(£) + Nt (—%) (—2t) _1 S F(©) - 12—:20501?(5)
00, F(€) + NtOF(€) — NOF(€) — tF(€) + i0,0,F(€) — L F(e)
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N ” -
- Mm@+ Yoo+ N0 pe) + aure - (e
Nt? N2t2
= V1-20, (VI—PoF ) + NF(©) + 7= F(€) — P (€) = —— 1 F(€)
22Nt
1T tgF(O () + 1= tgai €)
242 -
—VT=P0, (VI- t?atF@)) ¥ NF(©) ~ 10P(6) — 2= P(e) + 220, P )
1 _ t2 839 (5) (320)
Next, we see that
On-10n F(§)
B — Nt —t —id, — _ Nt—id,
— (\/ﬁat+ —— ) (ﬂaﬂf) T F(f))
¥ , .
-¢1-p@<¢1—ﬂ@p@0-fNF@y—ggﬁF@)—NﬁMN@+ ZZ;%F@)
, , N2t2 Nt?
+10,0,F (§) + NtoF(§) — to,F(€) — i0,0,F(§) — 1 tQF(ﬁ) + 1l ()
iNt iNt it
+t1o tga F(&) + 7300 F(8) = 1339 F() — 1= 32 F(¢)

V=7, (\/1 “POF) - NF(E) ~10.F() — i Fie) + 2o, p(e

1—1¢2 1—t277

If we compare these two results, we see directly that
Oni 10y F—0y_10y F=NF +NF =2NF.

]

Corollary 3.5.11. From the previous lemma, we can conclude that for every function F €
C®(Qg) and N € Z

On10y F=A"YF 4+ N(N+1)F,
On_10y F=ANF 4+ NN -1F.

To the knowledge of the author, the first identity is new. The second identity was previously
remarked in [53] without proof.

Proof. For & = (t, @) € Qo, we get the first equation with (3.20) by
On110n F(£)

—VI=20, (VI=POF(E)) + NF(€) ~ t9,F(€) - N piey+ 2N o Fie)

+ 1_t282 (€)

N2t? 2iNt

= ~tOF(€) + (1= ) GFF () + NF(€) —10,F(§) — =5 F ) + T

0 F'(€)
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L _a2r()

+1—t2 ¥

1 N2¢2 — 2iNtd
= (1= ) B F(€) - UOF(§) + =0 F(§) + NF(€) - tl_éQt@F@)
N2 — 2iNt0, N? — N?¢?
= A¢F(§) - #F(E) + PO+ NF(E)

= APVF(E) + N(N + 1)F(9).
Then, we obtain directly the second equation with Lemma 3.5.10 by

On_10y F =0y 10y F —2NF
=A"NF+ (N*+N—-2N)F
=A""F 4+ N(N - 1)F.

m
Now, we look at properties borrowed from [53], where they are given without proof.
Lemma 3.5.12. Let F' € C™(Qy) be a function of spin weight zero. Then, we get [53]
51526160 F = 8,16,257150 F = (A* + 2) A*F
Proof. We get the first proposition with Lemma 3.5.10 and with Lemma 3.5.9
51826160 F - 51 (608160 F -+ 2 . 1 60 F)
=1
== 5160 3160 F -+ 25160 F
—~— ~—
:A* :A* :A*
= (A" +2)A*F.
The second proposition follows analogously. O

Lemma 3.5.13. For N € Z and F € CNTV(Qy), we obtain [53]
(On0y —0Y,00) F = N(N —1)9) " F.
Lemma 3.5.14. Let P,Q € C®(Qq) and N,M € Z. Then, we get [53]

P By-10y Q@ — Q On10y P =0nin—1 (P 3y Q) —Oviarsr (Q Oy P),
P Op4100 Q —Q On10n P =0ngn1 (P Oy Q@ —Q On P).

Proof. Let P,Q € C? () and N, M € Z.

e We get the first property with Lemma 3.5.2 by

Ontar—1 (P Oy Q) — Dnsars1 (QOy P)
= (0ny P) (5M Q) +P (6M—1§M Q) — (§M Q) (On P)—Q (8N+16N P)
=P 0y-10m Q@ — Q On110n P.

e We get the second property with Lemma 3.5.1 and Lemma 3.5.2 by

Ontmt1 (P Oy Q —Q On P)
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= Ontm+1 (P Oy Q) — Onymg (Q Oy P)
= (On P) (0m Q) + P (Oy+10m Q) — (Om Q) (On P) — Q (On+10n P)
= P 0p4100 Q — Q Ony1On P

Lemma 3.5.15. Let P,Q € C®(Qq) and N,M € Z. Then, for sw(PQ) =0, we get
P 0y-10y Q — Q On410y P=P ANQ —Q ANP.

Proof. Let P,Q € C®(Qg) and N, M € Z. Then, for sw(PQ) = 0, we get with Lemma 3.1.7
that sw(PQ) = N + M and so, M = —N. Therefore, we get with Corollary 3.5.11

POy 10y Q— Q0N 1Oy P=P0 N 10 yQ—Q30y0n P
=PA"NYQ+N(N+1)PQ—-Q AP - N(N+1)QP
=P A NQ-Q AP,

From Corollary 3.3.7, it is obvious that A=~ = A*N_ So, we get the proposition. n
Lemma 3.5.16. We borrow from [17, 63] that for every function F € CP*9(Qq) and for
NeZ B B

oh_On F =0y,,0% F, ifqg—p=2N
for p,q € Ny.

3.6 The Uniqueness of the Eigenfunctions of A"

In this chapter, we point out further properties of the spin-weighted spherical harmonics and
formulate the space, which is spanned by the spin-weighted spherical harmonics. So, we can

show that the spin-weighted spherical harmonics are the only eigenvalues of the operator
ASN,

Now, we start with a property that follows from the definition of the spin-weighted spherical

harmonics [63].

Lemma 3.6.1. We see that
5]\[.:,_16]\[ NYnJ = —(n(n —|— 1) — N(N + 1)) NYn,j

and B
61\[,161\[ NYn,j = —(n(n + 1) — N(N — 1)) NYn,j

for all N € Z, alln € Ny, n > |N|, and all j = —n, ..., n.
The first equation was previously mentioned in [34, 53, 63, 96, 97| without proof.

Proof. The proof is straight forward. With Corollary 3.5.11 and with Corollary 3.3.7, we get
directly

0N 10N NV = AN NY, i+ N(N +1) Y,

= —n(n + 1) NYn,j + N(N + 1) NYan
=—(n(n+1) = N(N +1)) nY,,.
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Analogously, we get the second equation with Corollary 3.5.11 and with Corollary 3.3.7 by

OnN_10N NYnj =AY Y, i+ N(N = 1) NV,
= —n(n -+ 1) NYn,j -+ N(N — 1) NYn,j
=—(n(n+1) = N(N —1)) Y,

]

Now, we can show that Lemma 3.2.8 is satisfied for all N € Z. This was previously mentioned
in [15, 34, 53, 63, 91, 96, 97] without proof.

Lemma 3.6.2. The spin-weighted spherical harmonics fulfill for all N € Z, all n € Ny, and
all j = —n, ..., n the following properties [15, 34, 53, 63, 91, 96, 97]

On NV = Vnn+1) = N(N+1) yy1 Yo, (3.21)

and

On nYj=—v/nn+1) = NN —1) y 1Y, (3.22)

Proof. Let N € Z, n € Ny, and j = —n,...,n. We start with the first property. To show it,
we have to look at four different cases.

e For n < |N| and n < |N + 1|, we get from Definition 3.2.6 that yY,,; = y+1Yn; =0
and equation (3.21) is trivially satisfied by 0 = 0.

e For n > |N| and n > |N + 1|, we have to distinguish between N > 0 and N < 0.
We have already proven the case N > 0 in Lemma 3.2.8. For N < 0, we get with
Definition 3.2.6, with (3.1), and with Lemma 3.6.1

n+N) . —nN
6]\[ NYn,j = (—1)N ﬁ 6]\[60 Yn,j
-1 m+N+1)! . = v+
_ v AR S BB Yo,
\/(n+N+1)(n—N)( ) (n— N — 1)1 “NON+1% J
-1

= ING) Y, i
St 1) = N(N +1) A

— - (—(n(n+1) = N(N +1))) nt1Ya;

e For n < |[N| and n > |N + 1], we get that N < 0 and n = —(N + 1). Then, we know
from Definition 3.2.6 that yY,,; = 0. So, the left-hand side of equation (3.21) is zero.
For the right-hand side, we also get zero, because

V=N +1)(=N=1+1) = N(N + 1) y11Y_(n41);
= NN +1) = NN +1) n1Yo(nvi1)
=0.

e Forn > |N|and n < |N+1J, we get that N > 0 and n = N. Then, we know again from
Definition 3.2.6 that y41Y,; = 0. So, the right-hand side of equation (3.21) is zero
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and we have to show that Oy yYn,; = 0. With (3.12), we obtain for £ = £(t,¢) € Q
and t = cos

W) = ()Y e )
. N 2N +1 ijo (—1)N+j (N + N)' B _j+2N
=(=1) i © o \/(N+j)!(N—j)!(N—N)! (1-1)

x (1+1) 7 (E)N_N[(l )N (1 )M

/2N+1 (2N)! Jiie N
\/N+j N (1—1t)= (1+t)

Then, we get with Definition 3.2.3

B Vi€
(m@ M=) vt

2N + 1 (2N)! .N( j+ N PN 1 _i=N_ 1
e L (1—t)"2 (1 4t)" 7 T2
\/ \/Nﬂ v U Rt )

(1487 2 4 (Nt +5)(1— )2

/2N+1 2N o L P
(1 — )T (1 44)""2 E =

( G+N)(1+1t)— N)(l—t)+2(Nt+j))

=—j—jt—N—Nt— j—l—]t—i-N Nt+2Nt+25j=0

l\)\»—‘
%

AN

=0.

The second property can be shown analogously.

e For n < |N| and n < |N — 1|, we get from Definition 3.2.6 that yY,,; = y_1Y,; = 0.
Then, equation (3.22) is trivially satisfied by 0 = 0.

e For n > |N| and n > |N — 1|, we have to distinguish between N < 0 and N > 0.
The case N < 0 has previously been proven in Lemma 3.2.8. For N > 0, we get with
Definition 3.2.6, with (3.1), and with Lemma 3.6.1

_ ~ N
6]\[ Nij = % 6N6év Yn,j
1 (n—(N-1)! < N-1
= OnOn_10 Y,
¢(n+N)(n—N+1)\/<”+N—1>‘ T
1 _
= ONON_1 N—-1Yn i
St ) - NN —1) AT
1

- T (—(n(n+1) = N(N =1))) y-1Yn,

=—vn(n+1) = N(N = 1) y_1Y,;.
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e Forn < |[N|and n > |N — 1|, we get that N > 0 and n = N — 1. Then, we know from
Definition 3.2.6 that Y, ; = 0. So, the left-hand side of equation (3.22) is zero. For
the right-hand side, we get also zero because

~V(N=1)(N=1+1)=N(N —1) y_1Yn_1,
= /NN —1)=N(N 1) y 1 Yn_1;
= 0.

e For n > |N| and n < |N — 1|, we get that N < 0 and n = —N. Then, we know again
from Definition 3.2.6 that y_1Y,, ; = 0. So, the right-hand side of equation (3.22) is zero
and we have to show that Oy yY_n; = 0. With (3.11), we obtain for £ = £(t, ) €
and ¢ = cosv

—2N +1

NY_n; (&) = (=D)¥ T e7d N (0)
g [N, (ST (=N — N)!
SO T T e NN SN )

x(1—t)= (1+¢)"2 (%)_ [(1 =)™ NI (14 ¢)~N+]

~1)¥ AN +1 (—2N)! Gegn  p_HN L in
— g \/(—N—I—j)!(—N—j)!e (1—1) (14+¢t)=.

Then, we get with Definition 3.2.3

Oy NY_n;(€)
(\/ 1-— t26t —,—Z) NY N](g)
_ /—2N+1 2N i
2 N N+j —J)!
x (‘7 ZN(l —t)_ﬂ_1+2(1+t) t2 4 J—QN (1—t) " T2 (1 +¢)"2 112
—(Nt+j)(1— 1) **%(Ht) )
—2N—|—1 2N o 1 7N 11
,/ %P1 — ¢ S(1 4t z
\/ N+J N ) (1—1)"%F 3(1+1) 5
((9+N W1+t) + N)(1 —t) —2(Nt +j))

-~

=j+jt+ N+ Nt+j—jt—N+Nt—2Nt—2j=0

Corollary 3.6.3. For the spin raising and lowering operator, we get

On NYn,j(§> = @(1)7
3]\[ NYn,j(g) = @(D
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forall § =&(t, ) € Qo, alln € Ng, N € Z, n > |N|, and j = —n, ..., n.

Proof. We conclude the corollary directly from the previous lemma and from Corollary
3.4.13. O

Next, we can conclude that the operator 010y is self-adjoint.

Lemma 3.6.4. The operator On, 10y is self-adjoint. This means that for every function
F,G € X*(Q) and for N € Z, we obtain [91]

(Fri0y FGya = (Rt Gy

provided that Oy F,0_n G € L2(Q).

Proof. Let F,G € X2(£p). Then, from the previous lemma, we conclude with Corollary
3.4.15 that Oy 10x F respectively Oy, 10y G is bounded and with F, G € X?(€)y), we inte-
grate bounded functions. Therefore, the left- and the right-hand integral exist.

With Lemma 3.5.8, we get for N € Z

(B9 F. Gy, = | (Brady PIO) GE) dulé)

_ _/Q(zsN F(&) <3fN W) dw(€).

The last integral exists, because Oy F,0_y G € L?*(Q). Further, we obtain again with
Lemma 3.5.8

(Bn10n F. Gy = /Q F(&) (3-nandn GO) dw().

Then, with Remark 3.2.4, this leads us to

B0y F.G) gy = [ FIE) (T O GO) ()

:/QF(g) (Brdy G(O)) dwl(©)
= <NF, §N+16N G>L2(Q) :

fe}

Due to Corollary 3.6.3, the previous lemma holds true for all 5V, ;.

Now, we can show a more general version of Lemma 3.6.1.

Lemma 3.6.5. Let N € Z, n € Ng, n > |N|, j = —n,...,n, and p € Nyg. We get

(n—N)!'  (n+ N +p)!

OO MYy = (1) Y,
NpO NV = (1) (n—N-=p)! (n+N)! NEmg
forp<n— N and
n+ N)! n— N+ p)!
O, On NYny = (1) ( 2! 2 NYo

(n+N—-p)! (n—N)!

forp<n+ N.
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Proof. From Lemma 3.6.2, we know that for all N € Z, alln € Ny, and all j = —n,...,n

ﬁN NYn,j = \/n(n + 1) - N(N + 1) N+1Yn,j

and

Oy nYnj=—vnn+1) = NN —1) y_1 Y,
Let p € Ng. With (3.1), we get for p <n— N

Oy 8Yny; =V (n=N)(n+N+1) 8 yY,,

=vV(n—=N)...n=N—-p+1)(n+N+1)...(n+ N +p) xn1pYn,
_\/(n—N)!(n+N+p)!
=

Y,
N — p)l(n+ N)I Vtpomd

and for p <n+ N

3?[ NYn,j = —\/(n -+ N)(TL — N—'— 1) gp_lN,1Yn7j
= (—1’/(n+N)...n+N—p+1)(n—=N+1)...(n — N +p) n_pYn;

B » [(n+ N)l(n— N+ p)! 4
—CY \/<n+N = W)l

Then, we obtain for p <n — N

—p L (n+ N +p)ln—(N+p)+p)! ‘
Onp vp¥ng = (=1) \/(n+N+p—p)!(n—(N+p))! N Yo

and for p <n+ N

p oy (n—N +p)l(n+ N)! Y
N—p F7P7m (n—MN)(n+N-—p) "™

Altogether, we get for p <n— N

(n+N+p—pl(n—N —p)!

= (n

3N—i—p NN n,j \/( N p n+N|6N+p N+pYn,j
(n — N)! n+N+p! v [+ N+pln—N—p+p)!
( ( ) |NY”J

(n — n+N~|—p)! v .
(n—N—p)!(n+N)! NEmg

and for p <n+ N

N+p n+N—p)ln—Nl | (n=Nn+N—p V'™
(n+ N)!(n — N +p)!

Yo
(n—N)(n+N—py "™

G 6;?\, NYn,j = (_1);0 \/(n—i-N)'(n—N—l—p)‘ \/(n_ N+p)‘(n—|—N)l

— (-1
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Lemma 3.6.6. Let N € Z, n € Ny, and j = —n,...,n. For n < N, we obtain the property

[65]

3, Y, =0.

Proof. From the definition of the spin-weighted spherical harmonics, Lemma 3.2.9, we know
that

5]\[ NYn,j = —\/TL(TL + ]_) - N(N — 1) N—lYn,j
for all N € Z, all n € Ny, and all j = —n,...,n. Then, we get

6(];[ Yn,j - 6_(]\[_1) . .50 Y

[NIES

0

=DV I e+ —k(k=1) | Yy

k=—(N-1)

= (-1)V (H (n(n+1) — k(k + 1))) NYo

k=0

The product is zero, if k = n. Because k =0,...,N —1and n < N,son €{0,...,N — 1},
the value k = n occurs. Therefore, for n < N,

3y Y, =0.

Now, we take a look at the kernel of the operators d and 9.

Theorem 3.6.7. The kernel of the operator Oy is given for N € Z by [17]

Ker (6]\[) _ {F c C(l)(QO) N LQ(Q) ‘ F = Z;V:—N Cj NYN,j7 ¢ € C} , N>0
{0}, else
where for £ = &(t, ) € Qy, j=—N,...,N, and
ey [2NAT ] (2N)! o1 N
MYy (€) =\ —— (=1) 2N\/(N_j)!(N+j)! (1 —t)" 2 (1+1) 2.

Proof. To get the kernel of the operator 0y, we have to solve the equation

o=y #) = (VI + M%) g

where F € CM(Qy) NL3(Q) and N € Z. Therefore, we use separation of variables and set
F(&(t, @) == f(t)g(p), £ € Q. Then, we obtain

0=V1-—t2f"(t)g(p) + \/% f)g(e) — \/ﬁ

s 0= (1-1°) f'(t)ale) + Ntf(t)g(p) —if(t)g'(p)

f)g'(¢)
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and consequently,

f(t) 9(p)

Now, we see that the left-hand side depends only on ¢ and the right-hand side only on .
So, both sides must be equal to a constant ¢. Then, we get on the one hand

1oy 10y 99

c=iZ & g = —icg

and consequently, we have the solution for g given by

glg) =a- e,

where g(0) = g(27). So, A
6—227rc =1

and therefore,
—2ime = 2imy) & c=—7, jEeZ.

Then, we obtain on the other hand for all j € Z

(1—t2)f7l+Nt:—j e A N

So, we get by integration

(O =i [ d N [
|\ SHS2 N S —

=5 (In(1+t)-In(1-t)) =—1lmn(1-#2)

j. (1+t\ N
=—3h (—) +51n(1—t2)—|—b

1—1t
= (4620 -08) +m (A + 31 -0F) +1n (B)
:1n(5(1+t)Nz‘jv(1 —t)N2+j1>

and so, we obtain the solution for f (without loss of generality) by
FO =b1—t) " (1+8) .

Altogether, we get

v~

=:1

For N > 0 and N > |j|, the exponents of I are non-negative. Therefore, I € L*(2). For
N < 0, at least one of the exponents is negative. Therefore, I ¢ L?(Q) and the only solution
1s zero.

So, we only have to regard the case N > 0 further. From Definition 3.4.1 and Theorem
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3.4.9, we know that

w¥nald) = (_1)j2iN\/(N(fj;!g2);V)!\/T L) (1+0)" 7

d N+j
X (E) (1+t)2N

[\ J/

= Ny (142N N
:(5\2!]:13)‘!)!(1+t)N7j
-1 (2N)! 2N +1 . N N—j
=(-1)— Y1 —t) 2 (1+1t) 2.
( )2N\/(N+j)!(N—j)! A
—ew.;
So, we obtain that 3
c
F(f) = NYN,j(f)
CNJ

satisfies 0 = Oy F(&) for all j = —N,..., N and therefore, all linear combinations of the
spin-weighted spherical harmonics Yy ; of spin weight and degree N. So, F'is a function
of spin weight and degree N. O

Theorem 3.6.8. In the same way, the kernel of the operator Oy is given for N € Z by [17]

_ FeCH@Q)NL2Q) | F=%Y  NY N, ceCH, N<O
ker (Oy) = {io} ({%) () ‘ 2ij=n G NV } else_
- {F e C(Qy) N L2(Q) ‘ F=YN o nYong ¢ € c}, N <0

{0}, else

Proof. With the previous theorem, we see directly that for N € Z

{F e cm@y)niz©) ) F=YN¢ nYong 6 €CY, ~N20& N <0

ker (8-x) = {{0}, else

With Remark 3.2.4, this is equal to

{F S C(l)(Qo) ﬂLQ(Q) ‘ F= Z;:NN Cj —NY—N,jy Cj S C}, N S 0
{0}, clse

ker (Qy) = {

From Definition 3.4.1 and Theorem 3.4.9, we know for £ = £(t, ¢) € € that

Yoo ©) =\ (—1)‘j2N\/(_ N N e (R e

e N = j)(—2N)
d\ 7N
X (E) (1 — t)_zN
:<—2(4§i]zvv)!+j)!(1‘t;2N+N+j(‘1)_j_N

=2 (1IN (—1) =N
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N 1-2N _n (—2N)! e SN ije
=(=1) T 2 ¢04v+ﬂmﬁy-Nﬂ(1 2 (1+9)

and therefore, from the previous proof, we see that

= (=1 NY_n,—5().

Then, we obtain

{Fecmm@mman(F:zﬁngywd,qec} N <0
{0}, else

ker (By) = {

and consequently, we get

{Fe@%%ﬂﬂﬂm‘FzZﬁngKNﬁqu} N<0
{0}, else

ker (3y) = {

O

Corollary 3.6.9. So, the operator Oy is injective for N < 0 and the operator dy is injective
for N > 0.

Lemma 3.6.10. Let N € Z. So, we can recapitulate that for all functions F € CM () N
L%(Q) and for N < 0 the identity [63]

oy FF=0

implies that
F=0.

Furthermore, we obtain that for all functions F € CM(Q) NL2(Q) and for N > 0
O F=0

implies that
F=0.

Lemma 3.6.11. For every function F € LQ(Q) and for every N € Z, we get that
(F, NYn,j>L2(Q) =0
for alln € No, n > |N|, and all j = —n, ..., n implies that
F=0.

Proof. Let N € Z, n € Ng, n > |N|, and j = —n,...,n. Furthermore, let F € C(>)((Q).
This is enough, because C*)(€2) is dense in L2(€2) [94].

e For N =0, we get

0= (F\Yas)iaiy = | FIOTol®) dw(6)

Q



3.6. THE UNIQUENESS OF THE EIGENFUNCTIONS OF A*N 111

and know directly, for example from [58], that F' = 0.

e For N > 0, we obtain with Definition 3.2.6 that

0= (E nYns)120

These integrals exist, because we know from Corollary 3.4.13 that the integrands are
bounded. Now, we apply N times Lemma 3.5.8. So,

0=, /% (—1)Y / (6:8:... By F(£)) Yay(©) duw(¢)
=\ Y [ (3 F©) Vo dete)
)

Therefore, we see that

=N
oN FY, > — 0
< N 7/ 12(0)
for n > N. Now, we look at <5]NV F, Yn,j> @ for n < N. Here, we get the other way
L2
around to above

(30 FY2s) gy = [ @828 () Tos(®) o)

— () / P& - 8180 Vs (€) dw(e).

We obtain that for £ € )
6]\[_1 R 6160 Yn,](f) =0

foralln =0,..., N —1. This is obvious, because for n = 0, we receive from Definition
2.4.37 and from Definition 3.2.3

1
VAT

For n = 1, we can use Definition 3.2.6 such that

do Yo,0(&) = 0o =0.

0o Y1,;(€) = V2 1Y1,(6),
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where we know from Theorem 3.6.7 that 1Y ; € ker (0;). This means that
0100 Y1;(§) = V281 1Y1,(¢) =0.

Inductively, we get the proposition for all n € Ny up to n = N — 1, where we get from
Definition 3.2.6 and from Theorem 3.6.7

On-1...0:100 Yn_15(§) = VN = 1) On-1 n1Yn-1,5(6) =0.
————

c€ker(On—1)

All in all, we obtain

=N

Oy FYng) , =0

< N 7 /1200)
for all n € Ny and j = —n, ..., n. Then, we have the same case like for N = 0 and we
get from [58] that
oy F=0.

Now, we apply N times Lemma 3.6.10. So, we get with N > 0 the proposition that
F=0.

e For N < 0, we get with Definition 3.2.6 that

—%;i /Q F(f)fﬁ,(]\/ﬂ) ...0100 Yy, ;(&) dw(§).

Like before, these integrals exist, because we know from Corollary 3.4.13 that the
integrands are bounded. Then, we apply N times Lemma 3.5.8.

n+ N)!

0= (_1)" S / (640 s...0x F()) Vry(©) de()

%\ —
|
2

So, we see that

(0" F.Y, 0

,J'>L2(Q) =

for n > —N. Now, we look at (3 F.Y,.) , .. for n < —N. Here, we get the other
N 7 /L2 (Q)
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way around to above

(O Yooy = [ (010020 FIO) Vi@ dule)

= (-1)N/ F(£)8N+1 .. .3_180 ij(f) dW(f)
Q
We obtain that for £ € ) B o
6]\[.;,.1 R 6_160 Yn7](§) =0

for all n =10,...,—N — 1 (see also Lemma 3.6.6). This is obvious, because for n = 0,
we receive from Definition 2.4.37 and from Definition 3.2.3

1
VAamr

For n = 1, we can use Definition 3.2.6 such that

=0.

50 3/0,0(5) = 80

Bo V15(8) = —v2 L1%1,(9),
where we know from Theorem 3.6.8 that _;Y; ; € ker (8_1). This means that
9100 Y1,;(§) = —v204 11,6 =0.

Inductively, we get the proposition for all n € Ny up to n = —N — 1, where we get
from Definition 3.2.6 and from Theorem 3.6.8

D1+ 02100 Yorvrng(€) = (1) V(=N = 1) Bxvir wn Yo (6) = 0.

6ker(5,(]\;+1>>

All in all, we obtain

(0" F.Y, 0

J>L2(Q) -
for all n € Ny and j = —n, ..., n. So, we get from [58] that

oy F=0.
Now, we apply N times Lemma 3.6.10. Then, we get with N < 0 the proposition that
F=0.
O

From the previous lemma, we can directly conclude the following theorem.

Theorem 3.6.12. The system {nY, ;} is complete in (L2(2), (., J12()). Con-
sequently, for F' € 12(Q), we obtain

’VLZ‘NI,]:—TZ 7777 n

L n
lim ||F — Z Z <F7NYn,j>L2(Q) NYnj = 0.

L—o0 -
n=|N|j=-n L2(Q)

This means that, for every function F € L*(Q) and for every N € Z, there emist coefficients

~Ey ; such that
F=3 > w5V

n=|N| j=—n
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So, in combination with the orthonormality of the spin-weighted spherical harmonics from
Theorem 3.4.21, we obtain that {nYy;}, >y j=_n. n i an orthonormal basis of L2(Q).
Therefore, the coefficients yF,,; are unique.

-----

Remark 3.6.13. There is an alternative proof of the previous theorem given by [63]. How-
ever, the proposition is shown for a “suitably reqular” [63] function NF' of spin weight N. If

we want to perform the proof for functions in 1L2(2), we have to show that (5% NF) € 12(0)
at least for all NF in a dense subset of L2(2). Then, we can go on like in [63] and write

<5x NF) in the basis of the fully normalized spherical harmonics in the L*(2)-sense as

Oy vF=>" 3 F Y,

n=0 j=—n
From Lemma 3.6.5, we conclude
=N n! (n+ N)! (n+ N)!
N0y Yo = (=1)N Yo, = (=N Yo
N™0 »J ( ) (n_ N)' n! J ( ) (n_ N)' »J
Then,
N N—-1 n o0 n
Oy NF=DY > FuVaj+ > > FuVa,
n=0 j=—n n=N j=—n
N—-1 n 00 n
(n—N)
=20 > FaiVai 30 30 (D (i Faa Oad0 Vo
n=0 j=—n n=N j=—n ~
such that

[ee) n N—-1 n
N (NF =3 0y Yn,j) =) Z Fo Y. (3.23)

n=N j=—n

The right-hand side is zero, because if we multiply (3.23) by Yy ;(§) with n' < N and then
integrate over Q) with Theorem 3.4.21, we get

/Q Y () N(NF ZchﬁN i )dw(@

=ZZ / @Y,0,(6) dw(e)
NG ”

n,n

- Fn’,j'

Now, we apply N times Lemma 3.5.8, so

[ (@ 75) <NF<§> S Y e yw.@) dl€) = Fv,

n=N j=—n

These integrals exists, because we know from Lemma 3.4.16 that the integrand is bounded.
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With Lemma 3.6.6 and n’ < N, the left-hand side is zero, so
F,;=0 foralln < N
and therefore, the right-hand side of (3.23) also vanishes. Then, (3.23) reduces to
_N o n
3, (NF— Y oy Yn,j) = 0.
n=N j=—n
Now, we apply N times Lemma 3.6.10 such that
NF — Z Z Cn,jﬁév Yn’j =0
n=N j=—n

and therefore,

NE = Z Z Cn g0y Yo

n=N j=—n
With Definition 3.2.6, this leads to the proposition

(n—=N)! (n+ N)!
=3 Z_ G G

—N)!
- Z Z Z+N§! Fng w¥ng.

n=N j=—n_

Vv
=iNFn,;

Corollary 3.6.14 (Parseval Identity for the Spin-Weighted Spherical Harmonics). For every
function F,G € L*(Q2) and every N € Z, the Parseval identity for the spin-weighted spherical
18 fulfilled such that

F G L2 Z Z ,NYn] 1.2 Q) <G7NYn,j>L2(Q)

n=|N|j=-n

and consequently,
2
1Pl = 3 3 [P Yo
n=|N|j=—n
In the following, we define the space, which is spanned by the spin-weighted spherical har-

monics.

Lemma 3.6.15. The definition of a homogeneous polynomial from Definition 2.4.17 is equiv-
alent to

for x € R3. So, all homogeneous polynomials have spin weight zero [91].

Proof. From Definition 2.4.17, we know that for z € R?

= Z C,z®

|laj=n.
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J— a1 ., (3
= E Cox{' x5z
laj=n

3
= Z Oimil BRI 7
where i = (i1, ... ,i,) and without loss of generality C; is totally symmetric. With z = |z|¢

and £ € ), we get

P(z) = [z[" ) Cot®

laj=n

Because
& V1—1t2cosp
E=|& | = V1I—12sinp |,
&3 t
cos p = % (" + e %), and sinp = % (e — e7), we can formulate the components of the

vector & with Definition 3.1.2 and with (3.19) by
& =V1—1t2cosp

1 (A —1
=2 T Ti(eip‘i‘@ gD)
1—t1% 1+ti% 1+t e 11—t 0
= e e — e — e
2 2 2 2
= o2a? — olo!
= —0¢0; + 030,
& =V1—1t2singp
1—¢t /1+4+¢t1 )
—= 2 _— L_ (67‘90 — 6_7'90)
2 2 2

Il
|
~
/N
—
DO |
~
mﬁ
SIS
~_—
N
—
v | 4
~
Cbs.
SIS
N~
+
R
—
|+
~
o
4
16
~_—
|
—_
N |
~
o
4
16
~_

I

|
~.

Q

A

>

Q
>

+ + +
QS
M =
>
MR
~—

~
N TN
QS
S
>
A SIS N )
S
S
>
=

o
w
I
~
I
QS
e
>

So, we obtain that

with
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Furthermore, we see that the spin weight satisfies sw(§;) = 0 for ¢ = 1,2, 3 and therefore,

Altogether, we obtain

3 2
P(x) = |z|" Z C( Z 0A1310?16§1>...< Z O'A BOEA 0?”)

i1 yeenyin=1 A1,B1=1 An,Bp=1
2 3
_ n SIPi in Ay Ao An ~B1 2B2 ~By
= || E E CiOd -+ Oa. B, | 0¢ 0" - 0 0 0" ... 0
A, An,BiyeBn=1 \i1,...sin=1
-~~~ g
=:dAy,By,...,An, By, totally symmetric
2
. n A1 Ao B1 ~B>o ~B.
- |5E’ E dA1 ..... An,Bi,..., Bnog 0£ Og 05 05 . Ogn

]

With the previous lemma, we can show that the spin-weighted spherical harmonics are
continuous differentiable.

Remark 3.6.16. For N =0, we get from the previous lemma that the spin-weighted spheri-
cal harmonics are homogeneous polynomials. So, they are infinitely differentiable on the unit
sphere Q. This means that they are in C©)(Q). For N # 0, this is not the case. Here, we
know already from Corollary 3.2.11 that the spin-weighted spherical harmonics are infinitely

differentiable on Q. So, there are problems for t = 1. We see this in the following exam-
ples.

Let £ = £(t,p) € Q. Then, we get from Definition 2.4.37

_ ) (_1)4 1 2ip 2 d ! 2\ 2
Vo) =\ 5 Vg €7 0=) (5) (=7)
:(%)4(1j;t2+t4):24
1 .
— _5 (1 . t2) 62199
321
and
Yara() = (~1)? Vaal€) =\ st (1-12) 2
2,2 2,2 5o :

So, we can calculate the according spin-weighted spherical harmonics of spin weight 2 with

help of (3.3)
22 12(§)

:V§§;€ﬂw(@—ﬂﬂ—% 1E&J1—ﬂﬂimf—m(&mx_%)

t

1_ﬁ(1—ﬂﬂi%0)

+
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5 o200 2
= i (— 4 —
om (—2+20 +4+4(—2t+1))
5 o200 2
= Y242t F 4t
A R
5 2 42
= 1Ft .
6 UFHe
Then, we see that fort — —1
5 )
2Y22(&) — - e*?

and fort — 1

5 .
Yaal6) =\ 1 €2

depend on o and therefore, the spin-weighted spherical harmonics are not in C()(Q).
Now, we can formulate a set for the spin-weighted spherical harmonics.

Remark 3.6.17. We know from Definition 2.4.16 that a function F € C®(R3) is called
harmonic, if for all x € R?

A F(x)=0.

This is equivalent to the proposition that the polynomial of degree n € Ny given by F(r§) =
Y, (&), r € R, £ € Q, is harmonic, if

ALY, (€) = —n(n + 1)Y,(€).

Therefore, we formulate the following definition.

Definition 3.6.18. A function Y, € C® () of degree n € Ny is called (x, N)-harmonic for
N € Z, if for all € € Qy the equation

AN Yo(€) = —n(n+ 1)Y, ()

for the spin-weighted Beltrami operator from Corollary 3.3.7 is fulfilled.
Definition 3.6.19. With Harm? (), we denote the set of the (, N)-harmonic polynomials
of degree n € Ny and spin wezght N € Z. This means that

Harm? (Qp) : { NP, € CA(Qy) is a (%, N)-harmonic function of spin weight N

and degree n} .

Definition 3.6.20. Analogously to Definition 2.4.18, we define the spaces

Harm) () : @Harm (Q0)

and

Harm)' () : UHarmo (Q0).

=0

Note that a (*, N)-harmonic function gets, in general, not harmonic for N # 0 by multipli-
cation with ™ r € R, n € Ny. Similarly a function of spin weight N # 0 is, in general, not
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homogeneous. Only for the case of spin weight zero, we get by Harm?2 () = Harm,, (Q) the
set of the on the unit sphere restricted harmonic and homogeneous polynomials of degree
n € Ny.

Corollary 3.6.21. The spin-weighted spherical harmonics NY,, of spin weight N € Z and
degree n € Ny, n > |N|, form the set Harm® (Qg). The system {xY,;} forms an
orthonormal system on

(Harm (Q0), <">L2(Q)).

Proof. From Theorem 3.6.12, we know that the system {NYnJ}n>|N| P
all N € Z, so {nYy;},_, , is also complete in Harm?® (€) for all N € Z and all n € Ny,

.....

n > |N|. Furthermore, from Theorem 3.4.21, we can oonclude that

Jj=—n,...,n

,, 18 complete for

(NYos NYn ) Loy = 05
for all j, 7' € {—n,...,n}. Finally, from Lemma 3.6.11, we obtain that
(F,nYn )12 =0

for all j = ,n and F € Harm) (Q) induces that F' = 0. [
Remark 3.6.22. [t is obvious that for 0 < p < ¢g < o0

Harm (Qo) = span{yY, ;}

N=p,...q,j=—"N,..,n "

So, we can conclude the following lemma for the C(€2)-norm of the spin-weighted spherical
harmonics.

Lemma 3.6.23. For every yY, € Harm® (), we get for n € Ny and N € Z with n > |N|

”NY Hc (Q0) ”NY HL?(Q)
In particular, we obtain
2n+1
HNYH,J'HC(QO) < ?

Proof. For every yY, € Harm®(Q), n € Ny, N € Z, n > |N|, we know from Corollary
3.6.21 that for £ € €

n

NYn(g) = Z <NYnaNYn,j>L2(Q) NYn,j(g)'

j=—n

Then, we get with the Cauchy-Schwarz inequality

INY ()] = Z (VYo Y03 120y NYn,j(f)'
j=—n
- (Z ’(NynaNYn,j>L2(Q)‘2> (Z |NYn,j(§)|2> .

With Corollary 3.4.25, this leads directly to the proposition

2n +1

[ Yalloia) < InYoll2(q)
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and particularly to

n+1

”NYH,J'Hc(QO) = Ar

]

Now, we can show that the spin-weighted spherical harmonics are the only eigenfunctions of
the operator A*V.

Theorem 3.6.24. The spin-weighted spherical harmonics yY, ; and their linear combina-
tions are the only eigenfunctions of the differential operator A*Y to the eigenvalues —n(n+1)
for all N € Z, allm € Ng, n > |N|, and all j = —n,...,n in X*(Qp).

Proof. Let & € €)y. From Corollary 3.3.7, we know already that for all N € Z, all n € Ny,
n>|N|,and all j = —n,...,n
AN MY 5(8) = —n(n + 1) ¥Yn,;(9).

(1) Determination of the eigenvalues

We assume that there exists a A # —n(n + 1) for all n € Ny, n > |N|, and a K € X*(Q)
such that A*V K = AK. We apply Green’s second surface identity on the unit sphere for the
operator A*Y Theorem 3.4.27, so that for all N € Z, n € Ng, n > |[N|, and j = —n,...,n

/ (K(&) A Vs (©) NV © AZ’NK@) d(€) = 0
Q N— ———

:—n(n+l) NTM =K (&)
& (cn(n+1) - /K Y (€) dw(€) = 0
750

54 <K, NYn,j>L2(Q) = 0.

From Theorem 3.6.12, we know that {yY,;}, ; is an orthonormal basis. So, we obtain K = 0
in L2(Q), and therefore, \ is not an elgenvalue

(2) Determination of the eigenfunctions

We assume that there exists a A = —k(k+1) for k € Ng, k > [N|, and a K € X?(y), K # 0,
such that AN K = MK. In analogy to the previous considerations, we get for all N € N,
n € Ng, n > |N|, and j = —n, ..., n the equation

(—n(n + 1) — )\)<K, NYn,j>L2(Q) = 0,

where —n(n + 1) — X # 0 for n # k. Then, for all N € Z, n € Ng, n > |N|, n # k, and
j=-n,...,n
<K7NYn,j>L2(Q) :0

From Theorem 3.6.12, we know again that {5V, ;}, ; is an orthonormal basis. So, we obtain

K = Z Z K, nYo )2 vYn

n=|N|j=-n
k
= Z <K, NYk,j>L2 NYkg € span {NYkJ}]——k ..... k-
=k



3.7. SPIN-WEIGHTED LEGENDRE POLYNOMIALS 121

3.7 Spin-Weighted Legendre Polynomials

In this section, we look at the spin-weighted Legendre polynomials and their properties.

Definition 3.7.1. We define the spin-weighted Legendre polynomials of spin weight N € Z
and degree n € Ng, n > |N|, by

- (_1)n i ! _ \n—N n+N
whu(t) = 2ny/(n + N)!(n — N)! (dt) (=]

fort e [-1,1].

The spin-weighted Legendre polynomials are polynomials of degree n. So, they are infinitely
differentiable on [—1,1]. Furthermore, it is obvious that for spin weight zero we get the
Legendre polynomials (P, = P,.

Definition 3.7.2. Furthermore, we define the associated spin-weighted Legendre functions
of spin weight N € Z, degree n € Ny, n > |N|, and order j = —n,...,n by

(L= (1407 (§) xFalt), j20
<_1)N+] 7NPn,fj<t>7 j <0

N-Pn,j(t> = {
fort e [—1,1]. So, fort = cos¥, we conclude from (3.9) and (3.10) that

(=1

B () = (1P [ W Pus(t)

Furthermore, for spin weight zero, we get the associated Legendre functions oP, ; = P, ;.
Note that in [12] the associated generalized Legendre functions are defined by

N _ n
which do not yield the associated Legendre functions for spin weight zero.

Corollary 3.7.3. With Theorem 3.4.9 and with Definition 3.4.1, we see directly that the
spin-weighted spherical harmonics can be written by the associated spin-weighted Legendre
functions and by the spin-weighted Legendre polynomials for & = &(t, @) € Q by

NYni(€) = v X ;(1)e?
o
= (o2 I - g )T () xR

where for t = cos v
2n+1
NXnj(t) = (—1)N\/ e di _n(0)

denote the fully normalized associated spin-weighted Legendre functions (compare Corollary
3.2.10). Note that

NYo i (§) = (=1)N _nY,5(9).
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Particularly, we get for 7 =0

NYao(§) = (=1)"

and
1—t¢

3
i P,(t).
1+t> N Ea(t)

NPo(t) = (

Remark 3.7.4. We get directly from Definition 3.7.1 and Definition 3.7.2 with 7. from
Remark 3.4.4 that the associated spin-weighted Legendre functions satisfy

1Bl
(n + |5])! 5

NP;(1) = (=1) = %

and consequently,
NPno(1) = dnp.

Furthermore, we get directly from Definition 3.7.1 and Definition 3.7.2 fort € [—1,1]

NP (=) = (=1)" _nFa(t),

Py ()= 4D B 520
e (—1)™Y (P i(t) g<0

The last equation was mentioned in [12].

Definition 3.7.5. For yF, G € L2 ([—1,1]), functions of spin weight N € Z, we define

with
1

<NF>NG>wN Z:/ NF(t)NG(t)QUN(t) dt

-1

a weighted scalar product. Here, we use as a weight function

wn(t) = (1 _t>N >0

1+1

fort € [—=1,1]. Note that this weight function is not integrable for N # 0. In the following,
we use only functions such that the weighted integrals exist.

Lemma 3.7.6. The associated spin-weighted Legendre functions are orthogonal on [—1,1]
such that

1 2 (n+|j\)!
Pn‘t Pn/ s (t) dt = ; 5nn’5"’
/1N ’]()N ]() 2n—{—1(n—|j])! R

for all N € Z, alln,n' € No, n,n’ > |N|, all j = —n,...,n, and all j' = —n',... n'.

Proof. For the spin-weighted spherical harmonics, we know from Theorem 3.4.21 that

/Q NV () WY (©) dw(€) = By

for all N € Z, all n,n’ € Ny, n,n’ > |N|, all j = —n,...,n, and all j' = —n',... n’. Then,
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we get for the associated spin-weighted Legendre functions with Definition 3.7.2

(= )NV /0277 U= 4 V(2n+ 120 +1) \/(” — 17D (e = 15'])!

A (n+ 7D (n + 15])!

(& J/

TV
:27T5j,j’

1
X / NPn,j(t) N-Pn’,j’(t) dt

1
= Onnr0j.j,

and therefore,

' 2 (n+l5])!
Pn (T Pn/ g(t) dt = - 5nn’6 i

Lemma 3.7.7. We get for the spin-weighted Legendre polynomials

1
2
P P, = /
/_1N n(t) x Pty (t) dt = 5= dnn

for all N € Z and all n,n’ € Ny, n,n’ > |N|. In particular, we define

1
2
= P2(t t) dt = .
N /_1Nn()wzv() ]

So, the spin-weighted Legendre polynomials are orthogonal polynomials with respect to the
u)N
1+t

Proof. For the associated spin-weighted Legendre functions, we know from the previous
lemma that

weight function wy(x) = (

! 2 (n—i—|j])!
]Dn i(t Pn/ o (t) dt = ; (Snn/(S' i’
/—IN ,]( ) N »J ( ) m 1 (n ‘]D' MY,

for all N € Z, all n,n’ € Ny, n,n’ > |N|, all j = —n,...,n, and all j/ = —n',... n’ This
also holds true for j = 0, where we get with

NPpo(t) = w]%\,(t) NPu(t)

from Definition 3.7.2 that

1
2
P,(t P, (t t) dt = 5n -
/_1N () xPulun(t) db = 52— 6,

Then, we obtain directly the proposition. O

Lemma 3.7.8. The associated spin-weighted Legendre functions fulfill the following recur-
sion relations for t € [—1,1]

N
(t2 — 1) NPT/%j(t) = (nt + 7‘7) NP (t) — 5711\,7|j| NPo15(8),

Nj
Nj

(2n+1) (t—Fm

) NP i(t) = 57]~X|j| NPa1(t) + /Bé\;-l,—m NPy,
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where

N = SNy 2

for all N € Z, all m € Ng, n > |N|, and all j = —n,...,n. Furthermore, we denote
NP, ;(t) =0 forn <|j|.

Proof. For the spin-weighted spherical harmonics, we know the following recursion relations
from Theorem 3.3.1 for £ = £(t,9) € Q, all N € Z, all n € Ny, n > |[N + 1], and all

J=-n,...,n
(t2 — 1) 8t Nij(f) = (’I’Lt—f- %) NYn,j(é) (2n+ 1) nj NY 1](5)

— ((n + 1)t + nN——i—jl) NYn;(€) + (2n 4 1)as) Ay NYng1,5(8),

Nj
(t + m) NYn,j(g) = Ogﬁj NYn—l,j(f) + O‘g—i—l,j NYn+1,j(§)7

where

n?-] n

N Vm—Nﬂn+N)¢(n—ﬁm+ﬁ
(

Onj = om—1)(2n+ 1)

From Corollary 3.7.3, we know that

2n+1 (n—|7)!
Y, i (6) = (=1)NH P, (1.
NYo( \/ ) 7 NP (t)

e The first recursion leads to

(t2 )N+ 2n+1 n—|j
_ NP
n+|j )! 7
_ nt—i——. N+] /2n+1 TL—|]|
(n+j))!
(n—1-D!
2n + 1) P,_q1.(t
( n—1+|j| N 17J(>
and therefore,
Nj 2n—1 [n+j]
t?—1) yP ()= [nt+—L) NP, (2 P,_q.(t
(= 1) xi 0 = (n+52) & o=+ el S T B0

/(n N) n+N n+\J| BN\JI

e From the second recursion relation of the spin-weighted spherical harmonics, we get
analogous

(t*—1) nP,,(t)

Ny [2n+3 [n+1—|j]
= — Dt + —— P,;(t)+ (2 — NPoi1.4(1).
<(TL+ ) + +1) N J( )+ n+1 n+1] om + 1 7’L+1+|j| N -‘rLJ()

n+1 =4l
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e Furthermore, the third recursion relation of the spin-weighted spherical harmonics

leads to

(t—l— Nj ) )N+ 2n+1 (n—[j)!
n(n+1) n+|]|
n—1-—1[D! ..
( |.7D ijp NPn—l,j(t)

- [2n
N N+
(—1)NH
ni(=1) A (n—1+|7])!

2n+3 (n+1—7])!
INREERY. P i(t
+an+1] n—|—1—|-|]| e YN ’VH-LJ()

and therefore,

Nj
t+——F ) Pt
(+n<n+1>>N it

2n—1 [n+|j| 2n+3 [n+1—|j|

N N
= Pt "/ — NPui1(t).
O[n,] 2n+1 n—|j| N 1,]()+an+173 2n+1 n+1+|j| N -‘,—1,]()

(.
~~

—_1 BN
2n+1"n+1,—|j|

2n+16n |71
Then, we get for the associated spin-weighted Legendre functions

N
2+ 1) (t " (n—jl)> NP () = By NP1 (8) + oy i) NPy (1)
]

Lemma 3.7.9. The spin-weighted Legendre polynomials fulfill the following recursion rela-

tions fort 6 [ .1 1], for all N € Z, and all n € Ny, n > |N|
(= 1) ¥P,(t) = (nt — N) yPu(t) — /(n — N)(n+ N) xPy_1(t), (3.24)
(n+ 1)t +N) yPu(t) +V/(n+1—=N)(n+1+N) yPoyi(t)
(3.25)

+\/(n+1—N)(n+1+N) NP (1)
(3.26)

(2n + 1)t yPo(t) = /(n — N)(n+ N) yP,_i(t)

Proof. Let t € [-1,1], N € Z and n € Ny, n > |N|. With the previous lemma, the recursion

. Db
relations for the associated spin-weighted Legendre functions, and with

N Pao(t) = wi(t) N Pu(t)

from Definition 3.7.2, we get the properties for j =0

e The first recursion relation leads to
B0 NPa-10(t)

(tQ — 1) NP?Q,O(t) =nt NPn,0<t) —

such that
(8) NPult) = /(0 — N)(n + N) wi (t) xPar(2)

( z (1) an(t)) — ntw?

&ICL

(>~ 1)
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With

(22 =1) (w

2 ol=
Sl

) ===+ (500

th—t

| =

(wi A +1) + (1=

1

= Nwg (1),

1))

we get for the spin-weighted Legendre polynomials

14+t

N
2

N
2

(-1

N
2

(1 +t)12vl)

(3.27)

N xP,(t)+ (£ = 1) nPL(t) =nt nPu(t) — v/ (n— N)(n+ N) yPoi(2).

This yields (3.24).

e From the second recursion relation of the associated spin-weighted Legendre functions,

we get

(* —1) NPLo(t)=—(n+ 1)t NPuo(t) + Briro NPar1o(t)

and therefore,

With (3.27), this leads to

N NP+ (2 = 1) yPo(t) = —(n+ 1)t NPu(t)+/(n+ 1= N)(n+ 1+ N) yPoya(t).

Then, we obtain (3.25).

e Furthermore, the third recursion relation of the associated spin-weighted Legendre

functions leads to

(2n + 1)t N Pao(t) = Bro nPa-10(t) + 8110 N Patio(t)

such that

20 + Dtw (1) yPo(t)

— =N+ N) wi(t) NPor () + /i 1= N)(n+ L+ N) w3 (t) nPosa (D).

Then, we get for the spin-weighted Legendre polynomials

2n+1)t NPu(t) = /(n = N)(n+ N) yPooi()+y/(n+1—N)(n+1+N) yPoii(t).

Corollary 3.7.10. If we know nFn|(t), nFy(t) and yPini11(1), v

calculate with

/
BN

20— 1)t yPos(t) = /(n— 1= N)(n— 1+ N) xPy_s(t)

)= Vi—N)n+N)

VI =N+ N) xPur(t) — (nt — N) yPu(t)

NP (t) = T

Y

[]

(), then we can
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the roots of the spin-weighted Legendre polynomials x P, by Newton’s method fort € (—1,1),
for all N € Z and alln € Ng, n > |N + 1].

In this thesis we only need spin weight N = 0,+1,+2. Therefore, we calculate the accord-
ingly spin-weighted spherical harmonics.

Lemma 3.7.11. We get for the needed spin weights for t € [—1,1] and for n € Ny and
greater or equal the absolut value of the spin weight

OPn(t) = Pn(t)a

_ 1+t ,
15,(t) = Voo 1)Pn(t),
1—t
1 P(t) = mpn(t%
_ (1+1) ’
Falt) = Vnn+ ) (nn+1) —2) Flt)
LP() = 1- PI(t).

Vnn+1nh+1)-2) "

Proof. With Corollary 3.7.3, we know for £ = £(t,¢) €  that

2n +1 2n+1

such that Y}, o is independent form ¢. With Definition 3.2.6, we obtain

From Defition 2.4.37, we get

0

Y L e A
NLn — \— PEE——
1t (—1)N ”+N6 P() <N

IN 3

Because of the independence from ¢, the partial differentiation after ¢ is zero and we can
for this case reduce the differentiation operators to

Nt
=1 —120, +
et Vi
Nt
—1-20, — .
/1o

Then, we get for the needed spin weights
14t
Palt) = =1 Al

1—t (n+ 1)




128 CHAPTER 3. SPIN-WEIGHTED SPHERICAL HARMONICS

~ /it 1)P’/‘(t)’
Falt) = 1 & NOE 1)n(; +1)(n+2) (m% ' b) Vi8R
= i J_ri Vo 1)(711(71 ) (mjﬁ‘_i;pm +(1—1)PI(t) + tP;L(t))
~ S(Z(Z o "
—2Pa(t) = ;z\/m = 1)2@312 D(n 1 2) (m% - ¢1_—_;t2) VI=2E(1)
= ;i\/n(n - 1)(:@ oy (M%Pg(ﬂ + (L= )Pt + tpg(t))
(1)

— P// )
\/n(n + 1) (n(n+1)—2) (1)

Corollary 3.7.12. For the needed spin weights, we get the following initial conditions for
te[-1,1]

oFo(t) =1,
opé(t) =0,
oPi(t) =1,
opf(t) =1
1
1Pi(t) = _Eu +1),
iy L
1Pi(t) = 7
1Po(t) = — g(tﬂ?),
P = — 2(1 +2t)
1
,1P1(t) = %(1 - t)a
AP =~
_1P2(t) = g (t—tQ) 5
LR = 20— 2n),
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2P(t) = \/g(l +1)%,

2P =[50+ 1),

o P3(t) = \/gt(l +1)?,

o Py(t) = % (1+4t+3¢t%),
LPy(t) = 2(1 —1)?,
LB = -5 01-1),

o Ps(t) = %t(l —t)?,

o Pi(t) = % (1—4t+3¢%).

Proof. From Definition 2.4.1, we get the corresponding Legendre polynomials for ¢ € [—1, 1]
by

3
:%%(t6_3t4+3t2_1)
= — (5t> — 3t),

(51— 31)

and its derivatives by

(15t* - 3) ,

Then, we can calculate the needed spin-weighted Legendre polynomials with help of the
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previous lemma. For spin weight zero, we get

For spin weight 1, we gain

Py(t) = —1—jgpg<t> - —@m 1),

\P)(t) = —\/§(1+2t).

For spin weight —1, we obtain

1—-t _i B
1 Pi(t) = Wpl(t) - \/5(1 t)
oy — L
L Pi(t) = 75
t

L Py(t) = 1%Pfg(t) = \/gt(l —1),

L By(t) = 2(1 —2t).

For spin weight 2, we get

JPy(1) \[2

it = ey < Py,
2(1+1),
a+e,

15

2 P3(t) = \/— Py(t) =/ gt + t)?,
2 P3(t) [ 1+ 4t +3t%) .

For spin weight —2, we calculate
LPy(t) = (1\/%)2%”@) = %(1 — )%,
LRy =201 -0)
n) = R = [P -0,
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1
9 Pi(t) = ; (1—4t+3¢%).
O

Lemma 3.7.13. The leading coefficient of the spin-weighted Legendre polynomials of spin
weight N € Z and degree n € No, n > |N|, is given by

VA = (=1)™(2n)!
" 2wt/ (n+ N)l(n— N)I

Proof. With the binomial theorem and the Cauchy product of two sums, we get for ¢ € [—1, 1]

(~1)" g(

gn\/(n + N)!(n — N)

4
dt

)n (1=t N1 +t)"*N]

(n ;N) (_Dn_N_ktn_N_k) <7§V

=0

(

n+ N
l

)

n | 2n min{n—N,:}
d n— N\ /n+N N 4 L
= NCp | 73 —1 v N=J | v N—jtntN—itj
o () 2|z ()G e
1=0 \ j=max{0,i—(n+N)}
L Z;V,a%
n 2n
d .
= NCn (—> E Na, "
dt —
Z” (2n—i)!
= NCn, Na;ju n—1
- n—1).
1=0 ( )'

for all N € Z and all n € Ny, n > |N|. So, the leading coefficient of the spin-weighted
Legendre polynomials of degree n is given by

NA, = yeanad (273)!
_ (=1)" ’/n—N\/n+N vy (2n)!
~ 2/t N)(n— N)! (;0( j )( ~J )( ! > nl
(=1 (2n)!

Lemma 3.7.14. The Christoffel-Darboux formula for the associated spin-weighted Legendre
functions is given for ty,ty € [—1,1] by

(=1 Y @n+ I B h) Pt
n=|N| ’
(L)

N
= BL,j

LT (NPrj(t1) NPr-1,(t2) = nPr—1,(t1) nPp;(t2))




CHAPTER 3. SPIN-WEIGHTED SPHERICAL HARMONICS
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forall N € Z and all j = —L, ..., L.
Proof. For t1,ty € [-1,1], N € Z, j = —L, ..., L, and n; = max{|N|, |j|} with

-1
(t1 — t2) Z NYn (&) NYa, (1) = aﬁj (NYL,j(f) NYr-1,;(n) — nY12-1,(§) NYL,j(77>>

from Theorem 3.3.5, we get
L—1 4
2n + 1 (n — [j])!
J ( |]|), NP ;(t1) NP j(ts)

B _1\N+j+N+
(h—t2) Y (—1) ar (n+ )
(L — iDL — 1= |j])!

n=|N|
_ e VEZNTEN) \/ (L =)L +3) \/
L QL+1D)RL-1)\ (L+ iDL =1+ |7

V(2L +1)(2L - 1) (NPrj(t) NPr-1;(t2) — NnPr-1,(t1) nPr;(t2)) .

4
Then, we obtain the following Christoffel-Darboux formula for the associated spin-weighted

Legendre functions

(1=t 3 (2nt D PL(t) xPatts)
n=|N|
= 5]LVJE§_T_—BB: (vPrj(th) NPr—1,j(t2) — nPr—1,(t1) nPp;(t2)).
]

Lemma 3.7.15. Then, the Christoffel-Darbouz formula for the spin-weighted Legendre poly-

nomials is given for ti,ty € [—1,1] by

L-1

(th—t2) > (2n+1) NPu(tr) nPulta)

n=|N|
= V(L= N)(L+N)(nPr(t1) NProi(ts) — nProi(ty) nPr(ts))

for all N € Z.
Proof. With the previous lemma and with j = 0, we get for t;,t, € [-1,1], N € Z

~

(1~ 1) 3 20+ 1) wP(t1) wPalta)wl(t)wh (1)

=

n—]
1
= wy (f)w

(752)52[,0 (NPr(t1) nPr_i1(t2) — NPr-1(t1) nPr(t2)).
Then, we obtain the following Christoffel-Darboux formula for the spin-weighted Legendre

=l

polynomials
L—1

(th—t2) > (2n+1) NPults) yPa(t2)

n=|N|

= \/(L — N)(L+N) (nPr(t1) NPr-1(t2) = nPr—1(t1) nPr(t2)) .
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Lemma 3.7.16. With t;, a root of NPr, we get for N € Z

L

A _ —1 P2 t
NP (t) WP (ty) = XN Ny (tk)

A
NAL-1 ne|N| Nn

Proof. With the previous lemma, we get for N € Z and t1,ty € [—1, 1] with ¢; # o
g MEL b Pal) = VL =N)(L+N) yP(t1) nPri(ts) — vPra(t) vPru(ts)

2 2 t,—t ’
n=|N| 1 2

Further, with

NAL NYL-1 (—1)N(2L)! 2EY L -1/ (L—1+N)(L—1—-N)! 2
NAL1 2LLL/(L+ N)I(L - N)! (=ML - 2)! 2L -1
B 2L(2L — 1) 2
" 2L/(L+N)(L-N)2L—1
2
T VLI NIL-N) (3.28)

we obtain

L-1

Z vE(t) nEa(te) AL ~PL(t) nProa(te) — nProa(ty) nPr(te)
n=|N| Nn NAL NYL-1 t1 —ty ’

For t :=t, = t5, we get

L-1

Z NP (t)

S N

_ NAL 1 lim NPL(t) NPr-1(t2) — nPr—1(t1) nPr(t2)
NAL NYL-1 2ot t1 — 1o

_ NAL lim (NPr(t1) — nPr(t2)) nPr1(t2) — (NPr-1(t1) — nPr—1(t2)) nPr(t2)
NAL NYL-1 2t

t1 — 1o

AL (NPL(t) NPLo1(t) — nPL_1(t) NPL(D)) -

- NAL NV

For t = t;, with ¢, a root of yP;, we receive

AL NYL-1 = NP2(t
Npi(tk) NPL—l(tk>_N L N7VL-1 NP7 (t)

n Ar_
NAL-1 S NYn

Now, we calculate the weighted integral of a spin-weighted Legendre polynomial.

Lemma 3.7.17. The weighted integral over the spin-weighted Legendre polynomials is given
by

1 n—Nn—k k 27 [=m=0
/ W Pu(Dwn (1) di = S wphim 2

) ) l—l—m even ,
k=0 1=0 m=0 0, l+m odd
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where

i - O NG

s ()0 ()

forn € Ny and N € Z with n > |N|.

Proof. Lett € [—1,1], n € Ny, and N € Z with n > |N|. We can calculate the spin-weighted
Legendre polynomials from Definition 3.7.1 with the Leibniz rule by

_ <_1)n i " _ \n—N n+N
NP (t) _?”\/(n—l—N)!(n—N)!J <dt) (1 =)™ N(1 4 t)™ ]

-~

=NCn
n

S G () ) (@) o)

_1k1_tn—N—k’1 tN+k
2N\ g vy Ty A TR SR A S
:;V,a!fl
1+ V' &R
k=0
Then, we get with the binomial formula
n—N
NP (wn(t) =Y nak (1 —1)"F (14 t)F
k=0
n—N n—k k
_ k n—k 14l kN
FE s ()
k=0 =0 m=0
n—Nn—k k

So, we can calculate the integral by

1 n—Nn—k k 1
/ N Pa(Brwn () dt 3 bl /
1 _

Il=m=20
ﬁ, Il 4+ m even
0,

[+ m odd
where

Nbfl’l’m _ (—1)n+l+k\/(n+N)!(n _ N)'(

s ) () ()
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3.8 Additional Properties of the Spin-Weighted
Spherical Harmonics

In this chapter, we summarize additional properties of the spin-weighted spherical harmonics.

Remark 3.8.1. From [93], we get the confirmation of Corollary 3.3.7 with Theorem 3.4.9,
because

JzDZN(Oév /Ba ’7) = n(n + 1)D;‘L,N(O[7 57 ’7),
where o,y € [0,2x], B € [0, 7] and

J? = — 8; + cot B0s + (82 — 2c¢0s 80,0, + 8§) .

sin?

With t = cos 3, this leads us with Definition 3.4.1 to

PDpfa i) = = (1) 0 — 2t~ EEEN oo

& DI y(a,B,) = — _(1 — %) 9} — 2t0, — I - ijivij N D7 (o, B,7)
o PO i) - - (- )8 —2m0 - TN N
& PO @B = |a((1-#)a) + 2T QiN_tf;‘ SR N N

for £ =&(t,a) € Q. Then, we obtain with Theorem 3.4.9

W) = ()N 2 D@ 0)

TP NY (€)= =AY NY5(8).

that

Now, we collect additional recursion relations for the spin-weighted spherical harmonics. We
borrow them from [93], where these recursion relations are listed for the Wigner D-function.
Now, we recapitulate them directly for the spin-weighted spherical harmonics with help of
Theorem 3.4.9. For further details, see [93].

Lemma 3.8.2. For the spin-weighted spherical harmonics, the following five differential
relations are given [93] for € = &(t,p) € Q and for n € Ny, N,j € Z with n > |N| and
n > |jl

(t2 — 1) 8t NYn,j (5) == —(n + 1)OénN7j NYn—l,j (5) + TL(’Il’?L—]—f\il) NYn,j (5) —+ nOéT]erl’j NYn—i-l,j(g),
VIZE 0, yYus(&) = /T )=+ 1) €7 wYos1(6)

2
1 .
B 5\/(” —J)n+7j+1) ¥ NY (8,

_ %\/(n "N+ N 1)y Yoy (6)

_ %\/(n+ N)(n—N+1) n1Y,;(8),
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N + jt
1
j+ Nt
1

== VY () £V (i) (nFj+1) €7 vV (),

|

VYo (6) £/ (nFN) (£ N+ 1) yuaYa;(8),

:F

i

where yY_1;(§) :==0 and nY,, ;(§) := 0 forn < |N| orn < |j|.

The second relation is also mentioned in [12] and the third one in [12, 66]. Furthermore, in
the fifth differential relation, we see the alternative definition of the spin-weighted spherical
harmonics from Lemma 3.6.2.

Lemma 3.8.3. For the spin-weighted spherical harmonics, we get the recursion relations

[93] for £ = &(t, ) € Q and for n € Ny, N,j € Z with n > |N| and n > |j]

j+ Nt
V1-£

Was€) = 53/ = M0+ N+ D) Vi (€)

+ %\/(n +N)(n—N+1) y_1Y,;(€),

T WO = VI = D) ¢ (O

+ %\/(n —J)(n+j+1) €% nY(8),

+ig , _ (n=N)(n+N+1) 1+t |
(& NYH,]:tl(f) - :F\/ (n:':j)(n:t]+1) 9 N+1YTL,](£)
N+/1 — 2
- NYnj
N CESCETER IR

(
i\/(n—l—N)(n—Nle) 1Ft

CEDEIED I

N-1Y5,;(E),

)
_ (n+j)n—j+1) 1+t
— Nx1Yn;(§) = ﬂt\/(ni]\,)(njw\[Jr 52 ¢ NYni-1(8)

V1=
VI EN)nTFN+1) NY55(8)

)
- \/((n —ji(n%—] +1) 1Ft oi¥ NV (6),

ntN)(nFN+1) 2

. ntjg+1
V1—12 e NY, 08 = F/ ﬁ o NYn-15(€)

NV Fj)nEj+1)
n(n+1)

nFj N
+ \/m g1y NYn,5(6),
nFN+1
VI8 vV (§) = oy NYn-1,(€)

jv/(nEN)(nF N +1)
- n(n T 1) NYn,j(g)
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nt N
1/ nENTL an 5 NYni15(8),

i A+ j+)FN+L)
—(1x£t) % nm1Ya+1(€) = \/ (n—j)n £ N) o, NYn-1;(8)
n Vin—3mn+i+1)(nEN)(nFN+1)
n(n+1)

. \/ (=NEEN) e

(n+j+)nFN+1) mHa N

—(1£t) e Ny Yo 1(8) = \/(n _(iijigz i ]]:]7)—1_ D ozij ~NYno1,5(6)

Vin+j)n—j+1)(nFN)(nEN+1)
n(n+ 1)

+\/ (n+i)nFN)

NYn,j (5)

+ NYn,j (f)

Y1 (6),
(n—j+1)(nEN 1) i ¥ +1,5(6)

where NY_1;(§) := 0 and NY,;(§) :=0 forn < |N| orn < |j|.
The first relation is also mentioned in [12, 66] and the second in [12].
Lemma 3.8.4. Another recursion relation is given for & = £(t,p) € Q,n € Ny, and N,j € Z
with n > |N| and n > |j| by [97]
nFN+1 jFnt
Y, (€) = Y, ;
N ,](5) n+ N nm N1 ,](5)
2n+1(n£+ N —-1)(n%—j?) 1
N1 Yno15(8);
2n—1 n+ N nv1 — ¢2

where NY_1;(€) := 0 and NY,;(§) :=0 forn < |N| orn < |j|.

3.9 Relation to the Scalar, Vector, and Tensor
Spherical Harmonics

The scalar, vector, and tensor spherical harmonics and the spin-weighted spherical harmon-
ics are related to each other [90]. In this chapter, these relations are to be shown.

From the definition of the spin-weighted spherical harmonics, we know that
0Ynj = Yo

Next, we look at the vector spherical harmonics.

Theorem 3.9.1. The tangential vector spherical harmonics can be combined such that

£ (42O £ w3O)) = Vus(O)r

V2

where

1
Ty 1= ———=
R

(Et + ie”)
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with ey T =1 and 74 - 75 =0 for £ € Q.

Proof. The proof is straight forward. For £ = (¢, ) € Q, we get

V2
1 1 1
S V1 — 120, F ie?V1 — 120, + ic' 0 )Yn :
2n(n+1) ( 1—252 i ' vi—e i)
1 1
=t— 1—120; — — (£0 n — 8:&28"9
] [(V— L 20.) Va9)| |2 (2 )].
The proposition follows from (3.2) such that
1 .
iﬁ < y,(u)(é) + Z?JS;(@) = 1Y, (7.
The orthonormality of the vectors 7. is obviously given by the orthonormality of the unit
sphere vectors e and e¥. O

Now, we represent the tensor spherical harmonics by the spin-weighted spherical harmonics.

Corollary 3.9.2. In the same way, we get for & € Q for the left normal/right tangential
tensor spherical harmonics

i% (-0 @+ w0 ©) = Yas© (€0 m)

and the left tangential /right normal tensor spherical harmonics

o (WO £ (O) = V(O 09),

Theorem 3.9.3. In analogy, we can also combine for & € Q)

_% ( nyS)(g) + zy(3 2)(5)) =15, (§) (T ®714) .

Proof. The proof is also straight forward. For £ = £(¢, ) € Q, we obtain
1 .

- 5w =wRe)
1 .

= — (¥ ©F i ©)

1

2\/n (n+1)(n(n+1) —2)

?'LVg ® LeY, n](€> F il @ VYo (6) F 2LgY, (6 ®¢€)

2\/nn+ )nn+1) 2) {(ESD@a“’gw)(l_th o £ 1 )Yn,j(€)

+ (¥ ® e¥) (

1 00) Yaul®)

'HEI

(VE@ VY, (6) — LE @ LEY, 5(€) + 2ViY, ;(6) ® &

—tat (1—t2)82+t8t:|:28 @:I:Zl 8 Zl:lata
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+ (@) (a@ + 0,0, + 0, Fi Op+i(1-1%) 0 F z‘tat) Yn;(6)

1—t2
9y

1 — ¢2
_ 2t 8

__t_
1-¢2 1—12

—i—(at@e“’)(@ta%— ! 8—1—8&5—1— t 8j:z(1—t2)82:|:zt8t:|:z

2
1- 8“7

+ it8t> Y, (€)

+(5t®5)( m&t—i—%/l—t?@tiz\/_ o F 2 \/— )Y (§)

. .t .
0y :Flj Dy :Flapat)yn,j(f)

1
\—v—/

FigZ t2 8@&11 z 9

0, T iV1 — 120, + 2ivV/1 — t28t) Y, ()

+ (e ®e) ((1 —t*) 0 —t0, —

1 2
+(e7®¢) (—ﬁ Yt g
+ (Et & 8905('0) <at + Zﬁ aso) Yo, (5)}

1 2 2 1 2 . 2t
ValnF D(n(n+1) - 2) K(l_t)at‘—l_tzaﬁ@(aﬁ”%@”m%»

0, %0, ) s (€

l\')l»—l

XY, i(6) (—e¥@e? +ef@eti(ff@e? +e¥®e')) + (1_

1
T O i@t) V() (P Fictoe)

X (e9 ® Dpe” Tic' ® 0,6%) —t (
V1= ( > 0, izat) i@ (FoiFie ®5)]

1 1 2t
= 1—t%) 07 — oy '(88 —|—88+—8>>
Vi +1)(n(n+1)—2) [(( )0 [z T\ A% T RO T TR %

XY, i (€) (T @ 74) + L ( ! D, + z@t) O (P Fie") ® (@,8“’ —teh + m5>] .

2 1 —¢2
With
— cos(p) —tcos(yp) V1 —12cos(p)
0% — te' + V1 —t26 = | —sin(p) | —t | —tsin(e) | + V1 -2 | /1 —1¢2 sin(p) | =0,
0 1—¢2 t
we obtain

-5 (el o)

1 . t
_ — QzQZQZ <0¢6t+m 8¢)>

Rz Gk
SAGICEEN]

and with (3.3)

_% (_y%r)) (€) + iy 2>(€)> = oY, (6) (re ® 7a).
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Chapter 4

Scalar Slepian Functions on the
Sphere

Before we construct the tensor Slepian functions, where we use the properties of the spin-
weighted spherical harmonics, an explaination of the method of spherical Slepian functions
is advised. Therefore, we start with the already known Slepian functions for scalar fields on
the sphere. Here, we follow mainly [78, 82].

It is well known that functions cannot have a temporal (or spatial) and spectral finite sup-
port at the same time. However, often we want to find and represent signals that are not
only timelimited but also optimally concentrated in the spectral domain. This concentration
problem was solved by Slepian, Landau, and Pollak in the early 1960s for Euclidean domains
like the real line [52, 84, 85]. In this thesis, we do not deal with this case and refer instead
to [37, 78].

Indeed, in geosciences we get measurement data and models on the planetary surface or on
parts of it. On the unit sphere, the concentration problem was solved by Albertella, Sanso,
and Sneeuw [2] and by Simons, Dahlen, and Wieczorek [78, 82]. The obtained basis functions
are called the (scalar) spherical Slepian functions. The first investigations are done in [37].

As we have stated before twice, the scalar Slepian functions on the sphere have a huge
field of applications. Especially in physical, computational, and biomedical fields like in
geodesy and geophysics, gravimetry, geodynamics, cosmology, planetary science, biomedical
science, and in computer science (see [43, 67] and the references therein).

Slepian functions form an orthogonal family of functions. They are defined on a domain
(e.g. a region on the Earth’s surface), in which they are either optimally concentrated or
within which they are exactly limited and simultaneously exactly limited by a certain band-
width or maximally concentrated. In this chapter, we want to find the bandlimited scalar
functions that are optimally concentrated within a region of interest. We will discuss the
case of spacelimited functions, which are spatially concentrated by a bandlimit in Chapter
7.

An important fact of the Slepian functions is that they are orthonormal on the entire sphere
and orthogonal on the concentration domain.

We start with a basic notation.

Definition 4.0.1. With L € Ny, we denote the bandlimit. This means that L is the maximal
degree of a bandlimited function F' € Harmg_ () respectively of a bandlimited vector field

141
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f € harmq_ () or a bandlimited tensor field f € harmg_ 1 (€2).

We choose the measurable set R C ) as the region of interest.

4.1 Derivation

In this section, we want to construct the scalar Slepian functions on the sphere. For this
purpose, we formulate the problem as concentration problem, eigenvalue problem, and inte-
gral equation.

Let R C Q be the region of interest. Then, every by L bandlimited function F' € L*(9),
shortly F' € Harmg_1(Q2), can be written in the basis of the fully normalized spherical

harmonics. This means that 5
PeY Y R

n=0 j=—n

where F, ; = (F,Y, ;) and F,; =0 forall L <n <ooandall —n < j <n.

L2(Q)

So, there are (L + 1) coefficients F), ; and basis functions Y,, ;, n =0,...,L, j = —n,...,n.

We want to find the by L bandlimited functions F' that are optimally concentrated within
the region R. The optimally concentrated signal is the one with the least energy outside the
region.

Problem 4.1.1. We mazimize the concentration ratio and get the concentration problem

Jr F(EF(E) dw(§)

A= —— = max.

Jo FOF(E) dw(§)

With
[ reT® B S / )V (©) o(€)
n=0 j=—nn/=0 j'=—n’
_Wn’;r Kt nj
and

/Q FEFE do(©) =3 Y [Ful.

n=0 j=—n
we obtain the formulation ~
\— GTKG
GG
Koo - Koorr
where G := (Fyo, ..., Frr)t and K = :
Krroo -+ Krooor

Then, we can conclude directly from Problem 4.1.1 the following eigenvalue problem.

Problem 4.1.2. We have to solve the eigenvalue problem

KG = \G.
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So, we consider

L
D 3 KujwyFuy = AFu (4.1)

n’=0 j'=—n’

foralln=0,...,L and all j = —n,...,n, where the kernel matriz is given by

Kooy = /R Vo (@Y (€) o) = K2, 0

We choose the notation such that it is unique for the general case with spin-weighted spher-
ical harmonics (compare Chapter 8).

The kernel matrix is Hermitian and positive definite and the eigenvalues are real (see Lemma
8.1.4). However, the kernel matrix is also ill-conditioned. So, the solution of the eigenvalue
problem is numerically unstable. For special regions, we can solve the eigenvalue problem by
replacement by a commuting eigenvalue problem. For this purpose, we have to reformulate
equation (4.1).

Upon multiplying by Y, ;(n), n € Q, and summing over all n =0,...,L and j = —n,...,n,
we get

ZZYM ZZ/ ” (€) dw(€) //—AZZYM

n=0 j=—n n'/=0 j'=—n' n=0 j=—n

By interchanging summation and integration, this leads to

L33 V@ m Y 3 Fesisle) det =23 3

n=0 j=—n n'=0 j'=—n' n=0 j=—n
With these considerations, we can reformulate the eigenvalue problem of Problem 4.1.2.

Problem 4.1.3. We obtain a homogeneous integral equation of the second kind with a finite-
rank, symmetric, and Hermitian kernel, this means that

/R H(EMFE) dwl(€) = \F(y),

where
L n
%(5777) = Z Z Yn,j(g)Yn,j(n)
n=0 j=—n
" on 41
=Y T Rieem)
n=0
= HO(&n)
and &,m € ).

Definition 4.1.4. We know from Problem 4.1.2 that G are the eigenvectors of K. Further-
more, we know that the matriz K is Hermitian and positive definite. Therefore, we get an
infinite number of solutions of the eigenvalue problem, which can be described by (L + 1)?
pairwise linearly independent solutions. These so-called eigenvectors can be chosen such that
they form an orthogonal basis and hence, an orthonormal basis of Harmg_(€) with help of
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the Gram-Schmidt algorithm. Further, we sort them by decreasing eigenvalues. This means
that Ay > Ao > - -+ > Ap41)2. Then, we denote these sorted orthonormal eigenvectors of the
eigenvalue problem (4.1) by GY, . .. ,G(()LH)2 and the sorted eigenvalues by \), . .. )\?LH)Q.

With @), .. ., (OL+1)2, we denote the sorted orthonormal eigenfunctions of the integral equa-
tion from Problem 4.1.3. The spherical harmonic coefficients of the eigenfunctions are also
the components of the sorted orthonormal eigenvectors. We denote them by (G?L,j)l,...,
(G?LJ)(LH)Q. The eigenfunctions are the scalar Slepian functions of spin weight zero on the
sphere and we get for this Slepian basis the same number of basis functions like for the basis

of spherical harmonics.

To determine the eigenfunctions €0 and eigenvalues \? of the integral equation with o =
1,...,(L+1)? we can find a commuting differential operator Jgo to the kernel function #°,
for example, for the spherical cap (a circularly symmetric cap of colatitudinal radius ) as
region of interest. This operator is given by [37, 78]

T =(b—-t)A{+ (2 —1) 9, — L(L + 2)t,
where & = £(¢,t) € Q, b= cos? <t < 1. Then, the eigenfunctions can be obtained by
jg?g(g) = Xa?zg(f)?

where y, and A’ are not necessarily equal. This means that the kernel function and its
commuting differential operator have the same eigenfunctions but need not to have the same
eigenvalues. In Chapter 8, we go into details. For arbitrary regions, we have to solve the
eigenvalue problem with the ill-conditioned kernel matrix from equation (4.1) numerically
(compare Chapter 8.1).

Summary 4.1.5. In summary, we start with the concentration problem

From this problem, we can follow that the scalar Slepian functions are the solution of the
eigenvalue problem

KG=\G

and of the integral equation

/R H(E)T(E) dw(€) = AT (1) (4.2)

for all n € Q. The kernel matrix is given by
Koy = /R Vo (€)Y (€) dwl€) = K2, 10

and the kernel function by
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The scalar Slepian functions can be written in the basis of the spherical harmonics by

2O =YY Gu¥ui(9) (4.3)

n=0 j=—n

for all & € Q0 with
G = (%, Y2

Furthermore, we denote the scalar Slepian functions by G, := €° for alla =1,...,(L+1)%
The scalar eigenvectors, the solution of the eigenvalue problem

L n'
Y D KujwiGug = ACu, (4.4)

n/=0j'=—n'

for alln = 0,...,L and j = —n,...,n, we denote by G, = G® and the eigenvalues by
Ao i= A0,

4.2 Properties

Now that we know how to calculate the eigenvalues, eigenvectors, and eigenfunctions of the
concentration problem, thus the scalar Slepian functions on the sphere. We choose them to
be sorted by the eigenvalues like Ay > Ay > -+ > A1 41)2.

Here, we want to show the needed properties of the scalar Slepian functions.

Theorem 4.2.1. An important property of the Slepian functions is that the eigenvectors and

eigenfunctions are orthonormal on the unit sphere and orthogonal on the region of interest
R [82]. This means that

L n
DY (Gug)y (Grj)y=bap, (4.5)
n=0 j=—n
L n L n’
D DD (Gui)a Knjuyr (Gurgr) g = Aabags, (4.6)
n=0 j=—nn/=0 j'=—n’'
(Gas ?5>L2(Q) = 0a,8, (4.7)
(Gor Gs)ia ) = Aabars (4.8)

foralla,3=1,... (L+1)2.
Proof. This proof is straight forward.

e The left-hand side of the first property is the Euclidean scalar product of two vectors,
so we get

L n
S5 (Gug) gy =T G
n=0 j=—n

Because we choose them to be the sorted orthonormal eigenvectors of the eigenvalue
problem, we get (4.5).
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e Then, the second property, which is property (4.6), can be proven with the help of

(4.5) by
L n L n’ L n L n’
D22 D> Guiy Kujuy Gui)s =D > (CGugda D D Kujuwir (Gu )
n=0 j=—nn/=0j'=—n’ n=0 j=—n n'=0j'=—n’'
L n
= Z (Gn,j)a As (an)g
n=0 j=—n ~
J €R
L n
- ABZ Z (an)a (an)ﬁ
n=0 j=—n
= Agla,
- )\ada,ﬂ>
where we use that the eigenvalues \g, 8 =1,...,(L + 1)? are real (see Lemma 8.1.4).

e The third property, which is property (4.7), can also be proven with the help of The-
orem 3.6.14, the Parseval identity for spin-weighted spherical harmonics, and of (4.5)
by

So, we see that the scalar Slepian functions form a orthonormal system and hence, with
the comparison of the dimension they also form an orthonormal basis of Harmg_ 1 (€2).

e Analogously, we obtain for the fourth property, which is property (4.8), with the help
of (4.3) and (4.6) that

Gor i)y = | Gl T dw(©

R
L n L n'
= /R <Z > (Guya Yn,j@)) (Z > (Gug)g Ynf,jf@)) dw(é)
n=0 j=—n n'=0j'=—n’'
L n jL n'
=Y 33 3 (G Gl [ Vsl T @ def)
n=0 j=—nn’'=0 j'=—n' N -~
:Knjm/]/
W

]

Theorem 4.2.2. The scalar Slepian functions {€,},,_, (L+1)? form a complete orthonormal

.....

basis system on Harmg_ () [2] and therefore, we can write every F' € Harmg_ 1 (S2) in the
basis of the spherical harmonics and in the basis of the scalar Slepian functions. This means
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that for € € Q2

Proof. We know the orthonormality of the scalar Slepian functions from the previous the-
orem. Furthermore, we know from Theorem 2.4.35 that the spherical harmonics up to
degree L are a complete orthonormal basis of (Harmom L(Q), (-, ‘>L2(Q)), which consists out
of (L + 1)? basis functions. Then, the completeness of the scalar Slepian functions follows
directly, because of the same number of basis functions. O]

Theorem 4.2.3. We can also write the spherical harmonics up to degree L in the basis of
the scalar Slepian functions

(L+1)2
Yij= Y (Gnj),%a (4.9)
a=1
and
(L+1)?
Z (ij)a (Gn',j')a - 5n,n’5j,j’ (410)
a=1

/80].

Proof. We can prove the two properties (4.9) and (4.10) together. Therefore, we look at a
function F' € Harmg_1(2) written in the basis of the scalar Slepian functions by

(L+1)2
F= Y (F%)on%.

a=1

We use (4.3) and get then F' written in the basis of the spherical harmonics by a basis

transformation by
L n’
F - Z Z Fn’,j’Yn’7j/7

n/=0 j/'=—n’
where
(L+1)?
Fn/,j/ = Z <F7 ga>L2(Q)<ga7Ynlvj/>L2(Q)'
a=1

Furthermore, we know already that Fy j = (F, Yy j)12(q). With FF =Y, ;foralln =0,..., L
and all j = —n, ..., n, we obtain (4.9) with the help of (4.3) by

Yo, = (Ynm ?a>L2(Q)?a

= <gaa Yn,j>L2(Q)?a
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(L+1)2
— Z (G
a=1

Moreover, we get on the one hand that

Fn, ], —= <Y / ‘7/7 Yn]>L2(Q) = 5n7n/6j7j/

and on the other hand that

(L+1)2
Fn’ g = Z <Yn,ja ?oc>L2(Q) <(gomYn’,j’>L2(Q)
a=1
(L+1)?
= > Gy Yo 12 (G Yo i) 1209
a=1
(L+1)2

= > (Gui)o Gug),-

a=1

Together, this yields (4.10).

Note that the proposition of this theorem is equivalent to the principal axes transforma-
tion. O

Theorem 4.2.4. The scalar Slepian functions also fulfill the following properties [11]

(L+1)2

Z Ao G )a = Kpjrjr, (4.11)

<L+1)2

2 Aol =3 S S VKV (12)

n=0 j=—nn'=0 j'=—n'

foralln,n' =0,...,L, allj=—n,...,n alj = —n',....n', and all &, n € Q and [31]

1)2

(L+
— Z ©
a=1

Proof. This proof is straight forward.

e We obtain the first property with (4.1) and with (4.10) by

(L+1)2 (L+1)* L 1
Zl A (an) (Gn j) Zl ; Z_ njlm Glm a(Gn/,j’)a

1 (L+1)2

jlm Z Gl,m)a(Gn’,j’)a
o= 1

J/

Vv
=81t B i1
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e For the second property, we need (4.3) and (4.11). Then, we get

(L+1)? (L+1)* L n L n
Y MGl = Y A D (Cu)a¥us© D D (CuglaYuy(n)
a=1 a=1 n=0 j=—n n/=0j'=—n'
L n L n' (L+1)2
= Z Z Z Z Z )\a(Gn,j)a(Gn’,j’>a Ynj(g)yn’ ]’(U)
n=0 j=—nn'=0 j'=—n' a=1
:Kv s

nj,n’j’

L
Z Yo i (§) Knjonrjo Yor o (1)

L n
Gua(§)%a(n) = Z Z (Grj)aYn,;i(€) Z Z (G jt)aYw jr(n)
a=1 a=1 n=0j=—n n'=0j'=—n’
L n L (L+1)?
=> > > (G j)alGng)a | Yo (€)Y ()
n=0 j=—nn'=0j'=—n’' a=1
:zin::/&j’j/

]

Another important property of the Slepian functions, shown in numerical experiments, is
that there are often only eigenvalues A ~ 1 and A = 0. So, we can conclude on the one
hand that the matrix K is ill-conditioned. On the other hand, we can differentiate between
functions that are well-concentrated within the region of interest and functions of lower
concentration. For this purpose, we explain the definition of the Shannon number in the
next section.

4.3 Shannon Number

The Shannon number, given by

is usually a good estimate for the number of significant eigenvalues, the eigenvalues A ~ 1.
Therefore, S gives (approximately) the dimension of the space of signals that are bandlim-
ited by L and optimally concentrated in R at the same time. This space has as basis the
eigenfunctions €, &,, ..., %s.

Lemma 4.3.1. The Shannon number of the scalar Slepian functions on the sphere is given
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by

— 2 -
S=(L+1) e

where A denotes the area of the region R on the unit sphere ).
Proof. With Corollary 3.4.25 from the addition theorem and with Remark 3.2.2, we get that

(L+1)2

S = Z Ao = tr(K)

L n
= > Kujus

n=0 j=—n

= [ 33 Ve ete

n=0 j=—n
L

1
=i (2n—|—1)/Rdw(§)

n=0

]

It is obvious that for a small area of the region R with respect to the area of the sphere,
A < 4m, the number of Slepian functions with insignificant eigenvalues is considerably
larger than the number of those with significant eigenvalues (S < (L + 1)?). The other
way around, for an area of the region R nearly covering the whole sphere, A ~ 47, there
are many more Slepian functions with significant eigenvalues than those with insignificant
eigenvalues (S ~ (L + 1)?) [11].



Chapter 5

Vector Slepian Functions on the
Sphere

After explaining the scalar Slepian functions in the previous chapter, we can now take a
look at the vector Slepian functions. They have previously been investigated by [43, 67, 83].
Bandlimited vector fields localized to a spherical cap were first used in biomedical science
[43]. In this chapter, the derivation of the vector Slepian functions follows mainly [43],
whereas the properties and the Shannon number follow mainly [67].

5.1 Derivation

For the construction of the vector Slepian functions on the sphere, we need the spin-weighted
spherical harmonics and their properties from Chapter 3 to solve the concentration problem.
Then, we can also formulate the problem not only as concentration problem, but also as
eigenvalue problem and as integral equation. We solve this problem separately for the type
1 =1, 2,3 of the vector spherical harmonics in parts.

Let R C Q be the region of interest. Then, every by L bandlimited vector field f € 12(Q),
shortly f € harmg_;(2), can be written in the basis of the vector spherical harmonics of
Hill from Definition 2.5.1, this means that

f:fnor+ftan ZZ anjynjv

i=1 n=0; j=—n

where

L n
Fror =D 3 ot

n=0 j=—n

fun = zzwﬁf; 0.

n=1 j=-n

I /f du(©),
{ i=1

0; = .
1, +=2,3

151




152 CHAPTER 5. VECTOR SLEPIAN FUNCTIONS ON THE SPHERE

Furthermore,
f(i) -0

n’j -

forall L<n<oo,all -n<j<n,andalli=1,2,3.

So, there are (L + 1)? coefficients fT(Ll]), n=20,...,L j=-n,....,n (L+1)*—1 coeffi-
cients fffj), n=1,...,L j=—n,...,n, and (L + 1)> — 1 coefficients f,(l?’;, n=1,...,L,
j=-n,...,n. All in all, these are 3(L + 1)* — 2 coefficients and basis functions.

Problem 5.1.1. The concentration problem is given by

With

3 L n 3 L n' ' : ' :

FO-FOdw@=3>3S 3} oL, / Yy (€) -y (€) dw(€)
R i=1 n=0; j=—n i'=1 n/=0, j'=—n/ IR _— _
=k /.,Zki/,i., )
nj,n’j n’j’nj

and

FO @) dw(©) =33 0],

Q2 i=1 n=0; j=—n
we obtain the formulation -
o9 kg
==
g-g
1 1) (2 2) (3 3
where g := ( éo), e fng), 1(’_)1, e éL), 1(’21, - éL))T,
EAD 0 0 or
k= 0 k22 @3] = <k gn) ’ L(32) — (k(23)>T,
0 kB LG9 0 &
k(()zz,zoi,oi/,foi/ Tt k(()ziz,—)oi,LL
L) . — : . : ’
k(Lzz,)oi,,foi, e k(L”L,)LL

and

RO, /R s (€) - 5 () dul®)
for all 7,/ = 1,2,3, all n = 0;,...,L, all n’ = 0y,...,L, all j = —n,...,n and all
j=-n',...,n.

We gain this structure of k, because f,o and fi., are pointwise orthogonal in the Euclidean
sense. So, the normal and the tangential part are independent from each other. Therefore,
we consider them separately.
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5.1.1 The Normal Part

First, we look at the normal part of the vector field f,.,. Then, we get

ey = [ U0 - 00) dul®
~ [ @Y €69 i)
— [ Tost@¥int€) dute)
o
for all n,n’ = 0,...,L,all j = —n,....n, and all j = —n', ... 0.

Problem 5.1.2. This is equal to the scalar case. So, we get the eigenvalue problem

knorgnor = )\gnor

and particularly

Z Z ke 19 = AfL (5.1)

n'=0j'=—n’

where gnor = < 003 - - fLL) and for allm=0,...,L and all j = —n, ..., n.

We know already that k" = K° is Hermitian, positive definite, supposed to be ill-condi-
tioned, and its eigenvalues are real. Therefore, we continue, like in the previous chapter,
for special regions. So, upon multiplying by Y,, ;(n), n € Q, summing over all n = 0,...,L
and 7 = —n, ..., n, and interchanging summation and integration, we obtain again a homo-
geneous integral equation of the second kind with a finite-rank, symmetric, and Hermitian
kernel.

Problem 5.1.3. The integral equation is given by

/R A7 (€ ) F(€) dw(€) = AF (),

where

énoré-n ZZY

n=0 j=—n

L on 41

n=0

= H°(&,n)

and .
n=0 j=—n
with £,n € Q.

Note that the vector problem is now reduced to a scalar eigenvalue problem (5.1). Here, we
see directly that

Joor(§) = EF(E).
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This scalar problem is equal to the problem for the scalar Slepian function from Chapter
4. So, we know already an orthonormal basis of solutions &} ..., ?(OL +1)2 of the integral
equation sorted with respect to decreasing eigenvalues. So, we obtain the corresponding
orthonormal eigenfunctions (guer), and eigenvalues (Ayor), for o = 1,..., (L + 1)? of the
normal part of the vector field by

[e%

(Znor), (§) = £G(8)

and

(Anor)a = )\g
fora=1,...,(L+1)? and all £ € Q.

5.1.2 The Tangential Part

The tangential part of the vector field fi., is more difficult. In general, we construct a new
basis for the tangential vector space, because

y2©) 0 40 and 80 y@.(€) £0

for £ € Q.

Definition 5.1.4. We use the results of Chapter 3.9 and define

and write

where T+ -7 =1 and 74 - 75 = 0.

Then, y,,;(£) -y} ;(€) = 0 and

where

and

KE o= /R VEE) - vt (6) dw(©)

:/milyn’,j’(@ dw(§)
ey

njn’j'"

We choose the notation such that it is unique for the general case with spin-weighted spherical
harmonics (compare Chapter 8).
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Problem 5.1.5. So, we get the eigenvalue problems
K Gian = \ian
and particularly

Z Z k”]”] = A f]’ (5.2)

n'=1j'=—n/

where g, = (fgf), . ffL)T.

This kernel matrix k¥ = K*! is also Hermitian, positive definite, and the eigenvalues are real
(see Lemma 8.1.4). However, the kernel matrix is also ill-conditioned. As a consequence, the
solution of the eigenvalue problem is numerically unstable. For special regions, we can solve
the eigenvalue problem by replacing it with a commuting eigenvalue problem. Therefore, we
have to reformulate equation (5.2).

Upon multiplying by +1Y,, (1), n € Q, summing over alln = 1,...,L and j = —n,...,n,
and interchanging summation and integration, we obtain a homogeneous integral equation
of the second kind with a finite-rank, symmetric, and Hermitian kernel.

Problem 5.1.6. This integral equation is given by

/R £E(E ) FE(€) dwl€) = AF*(n),

where ;
=D > a1 Y (§) wVayn) = H*H (&)
n=1 j=—n
and .
= Z Z frg £1Yn;(8)
n=1 j=—n
with £,n € Q.

The vector problem is reduced to a scalar eigenvalue problem (5.2). Here, we see directly
that

fran(§) = T T (&) + 7 (§).
Definition 5.1.7. We know from Problem 5.1.5 that g are the eigenvectors of k*. Fur-
thermore, we know that the matriz k* = K*' is Hermitian and positive definite. Therefore,
we get an infinite number of solutions of the eigenvalue problem, which can be described by
(L +1)? — 1 pairwise linearly independent solutions. These eigenvectors can be chosen such
that they form an orthogonal basis and hence, an orthonormal basis of harmi | (Q) with help
of the Gram-Schmidt algorithm, where

harmit...L(Q> = Span {y;‘;j}nzl,...,L,jzfn,..A,n ’

Further, we sort them by decreasing eigenvalues. Then, we denote these sorted orthonormal

eigenvectors of the eigenvalue problem (5.2) by G, .. GiL1+1 2, and the sorted eigenvalues
+1 +1

by AT, .. )\( Li1)e

With ?1*1 ?irl)Q 1, we denote the sorted orthonormal eigenfunctions of the integral

equation fmm Problem 5.1.6. The spin-weighted spherical harmonic coefficients of the eigen-
functions are also the components of the sorted orthonormal eigenvectors. We denote them
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by (Gi;)l, ce (Gi;)(b&-lﬁ—l' The eigenfunctions are the Slepian functions of spin weight
+1 on the sphere. We get for this spin-weighted Slepian basis the same number of basis
functions like for the basis of the type 2 respectively 3 vector spherical harmonics of Hill.

To determine the eigenfunctions €' and eigenvalues A of the integral equation with
a=1,...,(L+1)*—1, we can also find a commuting differential operator Jgﬂ to the kernel
function #*! for the case of the sphere. For example, for the spherical cap (a circularly
symmetric cap of colatitudinal radius ¢), this operator is given by [43]. As we see here, this
can be put into the more general context of the spin-weighted spherical harmonics by

I = —t)AF + (2 —1) 0, — L(L + 2)t,
where £ = £(p,t) € Q, b=cos <t <1,

1 — 2it (+0,)

+1 *
Af 7A§_ 1 — ¢2

and we know from Corollary 3.3.7 that
AF 1Y (8) = —n(n +1) £1Y,,(8).
Then, the eigenfunctions of spin weight +1 can be obtained by
TGN E) = xaGa (6,

where y, and A\l are not necessarily equal. This means that the kernel function and its
commuting differential operator have the same eigenfunctions but need not to have the
same eigenvalues. So, we obtain the eigenfunctions (gtian)a and eigenvalues (Ayu,), for
a=1,...,(L+1)*—1 of the tangential part of the vector field by

(Ziom), (6) = 7221(€)
and
(/\tani)a = )‘ocil

fora=1,...,(L+1)*>—1. In Chapter 8, we go into details. For arbitrary regions, we have
to solve the eigenvalue problem with the ill-conditioned kernel matrix from equation (5.2)
numerically (compare Chapter 8.1).

5.1.3 Complete Vector Solution

By combining and summarizing the results from the previous sections, we obtain the com-
plete vector solution as follows.

Altogether, we have to solve the concentration problem, Problem 5.1.1,

Jr2(§) - 2(£) dw(§)

A= - = max,

with
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for all £ € Q2 and

for all (i,n,j) € J, where

Here, we now use the following notations.

Definition 5.1.8. We define the set of indices
J={(,n,7) |i=1,2,3;n=0;...,L;5=—n,...,n}.

Definition 5.1.9. Now, we use as basis the transformed vector spherical harmonics given

by
yn;(€) ==y )(€) = &, 5(9),
yi,j(f) = y;;(f) =74 +1Y5;(8),
?Ji,j(f) = y;,j(f) =T7_ _1Y,;(§)
for € € Q.

Note that this denotes a different basis than the vector spherical harmonics of Hill ys)j,i =
1,2,3. These new basis functions are also orthonormal on the sphere with respect to L%().

Lemma 5.1.10. The transformed vector spherical harmonics are orthonormal on the sphere.
This means that

[ 20 Uy €) Al) = by (5.4
for all (i,mn,j) and (¢',n',j") € J.
Proof. With £ - ¢ =1=174 -7y and { -7 = 0 = 71 - T, we obtain that

/nyl,j(g) 'Z/Z/,j/(é) dw(§) = 04 QNiYn,j(g) N Y 50 (€) dw(§),

where
0 b=
Ny=¢+1 ,1=2
—1 , 1=

With Theorem 3.4.21, we get directly that

O T 6 ©) = B
Q

for all (i,n,7) and (i',n’,j") € J. O

Theorem 5.1.11 (Completeness and Parseval Identity for the Transformed Vector Spherical
Harmonics). The transformed vector spherical harmonics form a complete orthonormal basis
of 12(Q). Consequently, for f € 12(Q2), we obtain

n

3 L
ZZZ (F:¥ni)eay Yng
i=1 n=0; j=

=0.
2(0)

lim
L—oo
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This means that every function f € 12(Q) can be written uniquely in the 12(Q2)-sense in terms

of a Fourier series by
3
P2 S ot

i=1 n=0; j=—n

Furthermore, for every function f,g € 12(Q), the Parseval identity is fulfilled such that

(f, 9@ Z Z Z (93 (9 Yo e

i=1 n=0; j=—n

Proof. We know from Theorem 2.5.10 that the vector spherical harmonics of Hill [40] form
a complete orthonormal basis. Furthermore, we know already from (5.4) that the trans-
formed vector spherical harmonics of Section 5.1.3 are orthonormal. Now, only the proof for
completeness remains. Therefore, we have to show that for every function f € 12(Q2) with
(f, y£L7j>12(Q) =0foralll=1,2,3,alln >0, and all j = —n, ..., n, it follows that f = 0.

For | = 1, we know that y}, = g\ for all n = 0,...,L and all j = —n,...,n. With
the completeness of the vector spherical harmonics of Hill, the proposition is clear.

For [ = 2,3, we know that yfm = j:\/LE ( yf) + zyéi) where we use "+ if [ = 2 and 7"
ifl=3foralln=1,...,L and all j = —n,...,n. Then, we get for alln =1,..., L and all
J=-n,...,n

1
_ ! _ _ (2) ; ®3)

This leads to the system of linear equations

, 2)
(%) F5) - ({fv)

1 i (3) 3
i Ve <f, yn,j>12(m ovmsde
forallm=1,...,L and all j = —n, ..., n, where
- = i
det [ Y2 V2| =—-——=—i+#0.
ViV 2 2

Therefore, we obtain

(2).> -0
<f i [ aq

(983 ) ey =

With the completeness of the vector spherical harmonics of Hill, we know that f = 0. So,
the transformed vector spherical harmonics are complete and form an orthonormal basis of
12(2). With the completeness, the Parseval identity follows directly. O

and

Problem 5.1.12. Then, the concentration problem leads to the eigenvalue problem

kg = Ag,
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where
0 0 K% 0 0
Fe=(0 ¥ of:=[0 Kt 0 |eRBE2xpEi=]
0 0 &3 0 0 K1
and
k’fllj,n/j/ = k’flj,n/j/ = Ry;"-j<£) . y;/uj/ (f) dW(f)
with kil o = 0iwkyy; e for all (i,n, j) and (i',n/,5') € J.

Then, we see that

3 L n'
i’ i _ i
DD D Bl Gy = A

/=1 n'=0; j'=—n'

for all (i,n,j) € J.
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(5.5)

Upon multiplying by ¢}, ;(n), n € Q, summing over all (i,n,j) € J, and interchanging

summation and integration, we obtain

/Rzg: zL: Zn: 23: EL: i: y:zj(n) <m-yf},j/(£)> QZ',J'/ dw(§)

1=1 n=0; j=—n i’=1n'=0, j'=—n'

i=1 n=0; j=—n i'=1n'=0, j'=—n'
3 L n
— E E E i
- )\ gn ]yn J (77>
i=1 n=0; j=—n

Then, we can reformulate Problem 5.1.12 to the following integral equation.

Problem 5.1.13. We get the integral equation

/R £(6m)g(€) dw(€) = Ag(n)

for all n € Q with the kernel function

L n

A => 3> ey,

i=1 n=0; j:—n

(5.6)

Altogether, with our previous results and with d := (L + 1)?, the eigenvectors of Problem
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5.1.12 are given by

Jo =R g2 = | G, a=d+1,...,2d—1.

g8 = 0 a=2d,....3d—2

1
\ Ga—(2d—1)

Note that GY are also vectors, where G° € R? and GE! € R4L.
With

(Qnor)a (5) = 652(5)7
(gi,), (&) =22 (9),

the vector Slepian functions are given by

2:(8) = E£93(6) ,a=1,....d
Za(§) = g2(&) =148 (9) ,a=d+1,...,2d—1
22(8) =79 0y () a=2d,... 3d-2

and the associated eigenvalues by

Y ca=1,....d
Ao = AT, a=d+1,...,2d—1
At ,a=2d,...,3d—2

a—(2d—1)

fora=1,...,3(L+1)*—2.

5.2 Properties

Now, we know how to calculate the eigenvalues, eigenvectors and eigenfunctions of the
concentration problem, thus the vector Slepian functions on the sphere. Now, we look at the
properties of the vector Slepian functions. We can show the same theorems as for the scalar
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Slepian functions.

Theorem 5.2.1. The vector Slepian functions and their eigenvectors are orthonormal on
the unit sphere and orthogonal on the region of interest R. This means that

D0 D (). (6hs), = dos (5.7)

(gflvj)a k:zljn] (grf;’7j/)13 = Aaaa,ﬁ, (58)

<ﬁau g5>12(9 = dq B (5'9)
<ga; g5> = )\ (Sa B (510)

foralla,f=1,...,3(L+1)? =2 and all (i,n,j), (7, n',j") € J.

Theorem 5.2.2. The wector Slepian functions {g.},_ 3(L+1)2—2 form a complete or-

.....

thonormal basis system of (harmomL(Q), (-, ~)12(Q)) and therefore we can write every by L
bandlimited vector field f € 12(Q) in the basis of the transformed vector spherical harmonics
and in the basis of the vector Slepian functions. This means that for £ € Q)

FO=>>" Z (f, > (@) Yo ()

=1 n=0; j=

=:fa

Theorem 5.2.3. We can also write the transformed vector spherical harmonics in the basis
of the vector Slepian functions

+
Ynj = Z Lo (5.11)

Z (gn]) (gi’, ,) :5i,i’6n,n’5j,j’- (512)

a=1

Theorem 5.2.4. The vector Slepian functions also fulfill the following properties

3(L+1)2-2
i’
E )‘ gnj gn’j’) o k'n]',n'j/’
3(L+1)? n n’

Z Aaga PAOEDIDID DD DED DTN S Lwrie)
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The proofs are analogous to the proofs of Theorem 4.2.1, Theorem 4.2.2, Theorem 4.2.3, and
Theorem 4.2.4. The only two differences occur firstly in the additional indices i, = 1,2, 3,
over which we summate and secondly in the starting point of the summation of n and n’. For
the completeness of the vector Slepian functions, we need the completeness of the transformed
vector spherical harmonics from Theorem 5.1.11. Then, we get the properties simultaneously.

We choose the vector Slepian functions to be sorted by the eigenvalues like A\ > Ay >

> Ag(z+1)2—2 just as before, for the scalar Slepian functions. Here, we also get from
numerical experiments that there are often only eigenvalues A ~ 1 and A ~ 0. Therefore, we
calculate the Shannon number for the vector case in the following section.

5.3 Shannon Number

For the vector Slepian functions on the sphere, the Shannon number S is a good estimate
for significant eigenvalues, the eigenvalues A ~ 1. Therefore, S gives (approximately) the
dimension of the space of signals that are bandlimited by L and optimally concentrated in
R at the same time. This space has as basis the eigenfunctions g1, go, ..., gs.

Lemma 5.3.1. The Shannon number of the vector Slepian functions on the sphere is given

g A
— 2 _
S=3(L+1)?-2) y

where A denotes the area of the region R on the unit sphere ).

Proof. With Corollary 3.4.25 and with Remark 3.2.2, we get that

3(L+1)2-2

S = Z Ao
—Z Z Kﬁng Z (Kotg + Kony)

/ (Z PRERTGEDD Z <+1Yn,j(5) +1Y5,5(8) + —1Y5,;(6) 1Yn,j(f)>) dw(§)
= ﬁ (;%(Qn +1)+2 ;(Qn + 1)) /Rdw(g)

= (3(L+1)*-2) ﬁ.

]

Like for the scalar case, it is obvious that, for A < 47, we get S < 3(L + 1)* — 2 and, for
A= 4m, we get S & 3(L+1)? — 2.



Chapter 6

Tensor Slepian Functions on the
Sphere

In this chapter, we develop the new tensor Slepian functions on the sphere. A different
ansatz has already been proposed by [22], but for the basis of the tensor spherical harmonics
of Martinec [56]. As an alternative, we construct them for the basis of the tensor spherical
harmonics of Freeden, Gervens, and Schreiner [27], which we can transform to a spin-weighted
basis system. This enables us to use the properties of spin-weighted spherical harmonics and
solve the concentration problem separately for the different types of the tensor spherical
harmonics in parts. Furthermore, this facilitates us to construct a commuting operator
for special regions. This is useful for the application of the tensor Slepian functions. For
example, the satellite mission GOCE delivers tensor data from satellite gravity gradiometry.
Here, the components of the Hessian tensor of the gravitational potential are measured
[21, 30, 32]. Furthermore, the cosmic microwave background (CMB) polarization is given as
tensor data on the spherical cap. Therefore, the extension of the method of Slepian functions
for tensor fields is useful for the local analysis of GOCE data and for the analysis of the
CMB polarization (see Chapter 9).

6.1 Derivation

For the construction of the tensor Slepian functions on the sphere, we need the spin-weighted
spherical harmonics and their properties from Chapter 3 to solve the concentration problem.
In that case, we can also formulate the problem not only as concentration problem, but also
as eigenvalue problem and integral equation. Then, we can solve the problem separately
from the type of the tensor spherical harmonics. As we will see that for a bandlimit L, this
offers us the advantage to solve five eigenvalue problems for smaller matrices (the matrix
sizes are [(L + 1) — N?] x [(L + 1)*> — N?]) instead of one eigenvalue problem for a matrix
of size [9(L + 1) — 12] x [9(L + 1)*> — 12]. The five problems in our calculation are given
by N = 0,+1,+2. In addition, it has the advantage that we obtain the Slepian functions
separated by type. This enables us to look at problems like for the CMB polarization (see
Chapter 9).

Let R C Q be the region of interest. Then, every by L bandlimited tensor field f € 1*(Q),
shortly f € harmg_;(Q2), can be written in the basis of the tensor spherical harmonics of

163
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Freeden, Gervens, and Schreiner from Definition 2.6.2. This means that

3 L n
f - fnor,nor + fnor,tan + -ftan,nor + ftan,tan Z Z Z f ' k) n] 7
ik=1

Oir jJ=—n
where
P S o
n= 0]—711
1 2) (1,3) 3 (1 3)
nor Jtfan T Z Z ( + .f ) )
n=1 j=—-n
L n
Fomr = 30 3 (FEPYED & 700400,
n=1j=—n
ftan,tan: Z Z (fq(mzf) n +fnj yn])—i_fgzgfyff +fng n3,3)>7
n=0;; j=—n
i,k i,k
£i5) = | £yl () dw(@),
0, (Z,k):(l,l,(,2)7 )
O =41, (4,k)=(1,2),(1,3),(2,1),(3,1)
2, (i,k)=(2,3),(3,2)
Furthermore,
i,k
.f7(1,j) =0

forall L<n<oo,all =n < j<n,andall i,k =1,2,3.

So, there are (L + 1)? coefﬁments FUR o =0,...,L, j=—n,...,n for (1,k) =(1,1),(2,2),

n]?

(3,3), (L+1)%*—1 coefficients f n= 1 vooyLyj=—n,....,nfor (i,k) = (1,2),(1,3),(2,1),

n,j 7
(3,1), and (L+1)* —4 coefficients f yn=2,...,L j=—n,...,nfor (i,k) = (2,3),(3,2).
All in all, these are 9(L +1)? —4-1— 2 4 =9(L+1)? — 12 coeficients and basis functions.

Problem 6.1.1. The concentration problem is given by

N RGEIGEYG

Jo PO F© due)
With
3 L

[ro-F@ae= > 3y >3
i,k,l,m=1 ik j=—nn'=0;1r j'=—n'
< /R 9 (€) g0 (€) dw(e),

- , . - :J’ﬂ,j/ "’7‘,]271]
/Q FO:FO e =S 3 3 |renf,
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we obtain the formulation

\ g'kg
==,
g g
1,1 1,1 1,2 1,2 3,3 3,3
where g := ( ((]0 ),...,f(LL), §,_{,..., (LL),...,f(()O ),..., (LL))T,
ECLD 0 0 0 0 0 0 0
0 kU212 g0213) 0 0 0 0 0
0 kU312 0313 0 0 0 0 0
0 0 0 k@) gCH 0 0 0
k:= 0 0 0 kG g6 0 0 0
0 0 0 0 0 E(2222)  p(2223) p(2232) 1(2239)
0 0 0 0 0 E3222)  p(3223) p(3232) L(32:39)
0 0 0 0 0 E(33:22)  [(33.23) 1.(3332) 1.(3333)
knor,nor 0 0 0
B 0 knor,tan 0 0
- 0 O ktan,nor 0 )
0 O 0 ktan,tan
(ik,i' k') o (kR
— T 0ik,—0ik,0,77,—04rpr =" 0ix,—0;x,LL
L likdK) (k(i/k’,ik)> ’ Jolikd'K) : N : ’
ik, k' ik’ k'
kEL,Oilk)/,—Oi/k/ e k(LL,LL)

and
ik,i'k' ik ik
Kooy = /R Yo (€) b () dw(§)

for all 4, k, 7, k' =1,2,3, all n = 04,..., L, all n = Oypr,..., L, all j = —n,..., n, and all

! / /
J==-n' . ...n.

We gain the structure of the matrix k, because f,o, norr Fuortans tannors @0 fian tan are
pointwise orthogonal [33] in the sense that

fnor,norJ—fnor,tam fnor,norJ—ftan,nom fnor,nor—Lftan,tan’
fn0r7tanJ—ftan,n0r7 fnor,tanJ—ftamtan? ftan,norJ—ftan,tan'

6.1.1 The Normal Part

First, we look at the normal part of the tensor field f,, ,,- This is analogous to the normal
part of the vector Slepian functions. Therefore, it is analogous to the scalar Slepian functions.
Then, we get

ki = [ 50O i dwo
R
Tad @Y (€) (€26): €06) dule)
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forallm,n’=0,...,L,all j = —n,...,n,and all j/ = —n/,...,n’. This is equal to the scalar

case.

Then, we get from Problem 6.1.1 the following eigenvalue problem.

Problem 6.1.2. So, we get the eigenvalue problem

nor,nor _
k ' gnor,nor - )\gnor,nor

and particularly

Z Z Ko o = ALy, (6.1)

n'=0 j'=—n’
_ (0D )" _ L
where gyornor = (Foo -+ FLL and for alln=20,...,L and all j = —n, ..., n.

We know already that k""" = K is Hermitian, positive definite, supposed to be ill-
conditioned, and its eigenvalues are real. Therefore, we continue, like in the previous chapter,
for special regions. Upon multiplying by Y, ;(n), n € Q, summing over all n =0, ..., L and
over j = —n,...,n, and interchanging summation and integration, we obtain a homogeneous
integral equation of the second kind with a finite-rank, symmetric, and Hermitian kernel.

Problem 6.1.3. This integral equation is given by

/R £ (€ VF(E) dw(€) = A (1),

where
L n
A1or nor f 77 Z Z Y.

Lf —n

Z P, (&)

% (&n)
and 5

F©) =YY fu'¥.,()
n=0 j=—n

for & mn e €.

Note that the tensor problem is now reduced to a scalar eigenvalue problem (6.1). Here, we
see clearly that

Frornor(§) = (£ @ &) F(8).

This scalar problem is equal to the problem for the scalar Slepian function form Chapter
4. So, we know already an orthonormal basis of solutions &7, ..., ?(OL )2 of the integral
equation sorted with respect to decreasing eigenvalues. So, we obtain the corresponding
orthonormal eigenfunctions (gnor,nor),, and eigenvalues (Anormor), for oo =1,... (L + 1)? of
the normal part of the tensor field by

(Znor,nor) o () = (6 ® €) Gu(€)



6.1. DERIVATION 167

and
()\nor,nor)a = )\g

fora=1,...,(L+ 1)

6.1.2 The Left Normal/Right Tangential Part

The left normal /right tangential part of the tensor field f
part of vector Slepian functions. Because in general,

nor.tan 18 analogous to the tangential

v (©) € £ 0,y () yliE) £0,
and always
y(©) w3 O = u2©) - v (©)
and
y7(©) ) = y©) w0
forall¢ € Q,alln,n’ =1,...,L,allj = —n,...,n,and all jy = —n’, ... n/, we also construct
a new basis for the left normal/right tangential tensor space.

Definition 6.1.4. We use the results of Chapter 3.9 and define

W0 = 2 (PO £l0©) = 2l €0 )

foralln=1,...,L and all j = —n,...,n and write

n

EL:_Z( L@+ 1 80©).,

where T+ -7 =1 and 74 - 75 = 0.

Then,

for all £ € Q2 and

where ) (1)
k1 —11,-1 k’1,7—1 LL
(1,4) (1,%)
kLL,1,—1 kLL,LL
and

K2 = [ 50 © o)
R

_ / 1Y, 1(€) 21w 5 (€) dw(€)

ng,n'j’

/ /

foralln,n'=1,...,L,all j = —n,...,n,and all j/ = —n',... n'
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Then, we can conclude from Problem 6.1.1 the following eigenvalue problem.

Problem 6.1.5. So, we get the eigenvalue problems
k(l +)

gnor tan Agnor ,tan

and particularly

Z Z ko Fus) =My, (6.2)

n'=1j'=—n’

where gl(lti)an = (ff’j) e f%l}di)>T and for alln=1,...,L and all j = —n, ..., n.
We know already that this kernel matrix k(1) = K*! is Hermitian, positive definite, sup-
posed to be ill-conditioned, and its eigenvalues are real. Therefore, we continue, like in the
previous chapter, for special regions and reformulate equation (6.2).

Upon multiplying by +1Y,, (1), n € Q, summing over alln = 1,...,L and j = —n,...,n,
and interchanging summation and integration, we obtain a homogeneous integral equation
of the second kind with a finite-rank, symmetric, and Hermitian kernel.

Problem 6.1.6. This integral equation is given by

| A8 FI() dule) = A1),
R

where
25 (€ ) Z Z 1Y5,5(8) 21Yn;(n) = FFH(E )
n=1j=—n

and

L n

FOB() =3 3" f5 L Y,,(9)

n=1j=-—n

for &, e Q.

Note that the tensor problem is now reduced to a scalar eigenvalue problem (6.2). Here, we
see clearly that

Frorsan(€) = (€@ 7)) FED(E) + (@7 ) FI(Q).

This scalar problem is equal to the tangential part of the problem for the vector Slepian
function from Chapter 5.1.2. So, we know already an orthonormal basis of solutions &', . ..,
gt of the integral equation sorted with respect to decreasing eigenvalues. So, we obtain

(L+1)2-1
the corresponding orthonormal eigenfunctions (gr(llorit)an) and eigenvalues ()\flzi)ao for
[0 «

a=1,...,(L+1)? — 1 of the left normal/right tangential part of the tensor field by

(i) (©) = (€0 7)E(©)

and
<)\(1i ) :>\:|:1

nor,tan

fora=1,...,(L+1)*-1.
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6.1.3 The Left Tangential/Right Normal Part

The left tangential/right normal part of the tensor field fi,, .., is also analogous to the
tangential part of vector Slepian functions. Because in general,

y®(©) :yBl© £0, ¥ y®N(e) #0,
and always
y®(©) 1 y20(©) =20 - y@.(9)
and .
y0(©) : y8(©) = 426 - yD.(©)

forall ¢ € Q,alln,n' =1,...,L, all j = —n,...,n, and all j/ = —n/,...,n/, we construct
again a new basis for the left normal/right tangential tensor space.

Definition 6.1.7. We use the results of Chapter 3.9 and define

U0 = £ (O £l ©) = ) (2 06)

foralln=1,...,L and oll j = —n,...,n and write

n

L
Feannon(€) ::ZZ( Sy © + 1 e ©).

where 74 -7 =1 and 74 - 74 = 0.

Then,
+,1 ,1
y =€) y ) =0

kD0
tan,nor __
§ _( 0 kb))

for all £ € 2 and

where ) o
ki o ki
k(ivl) [ . .
+,1 +,1
k(LL,1),—1 e k(LL,L)L
and
K= [ w50 ui @) e
R
— [ AT Vs le) ()
R
gt
- K’I’Lj n'j’
foralln,n’=1,...,L,all j =—n,...,n,and all j' = —n',... n'

Then, we get the following eigenvalue problem from Problem 6.1.1.

Problem 6.1.8. So, we get the eigenvalue problems

k(i gtan nor Agtan nor
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and particularly

Z Z k) = ALY, (6.3)

n'=1j'=—n’

T
whe'reg(il) :<f§%_’11),...,f(LiL’l)> foralln=1,...,L and all j = —n, ..., n.

tan,nor

We know already that YD = K* g Hermitian, positive definite, supposed to be ill-
conditioned, and its eigenvalues are real. Therefore, we continue, like in the previous chap-
ter, for special regions. Upon multiplying by 11Y,, ;(n), n € £, summing over alln =1,..., L
and 7 = —n, ..., n, and interchanging summation and integration, we obtain again a homo-
geneous integral equation of the second kind with a finite-rank, symmetric, and Hermitian
kernel.

Problem 6.1.9. This integral equation is given by

[ A FED () dule) = AFED ),
R

where
:l: 2 £ 77 Z Z :I:IYnj :I:IYn,j<7]> = ‘%/il(éan)
n=1j=—n
and

Z Z £ LY, ()

n=1j=—n

Note that the tensor problem is now reduced to a scalar eigenvalue problem (6.3). Here, we
see clearly that

Frannor(§) = (T4 ® ) FHD (&) + (- @ &) FID(9).

This scalar problem is again equal to the tangential part of the problem for the vector
Slepian function from Chapter 5.1.2. So, we know already an orthonormal basis of solutions

Z fﬁiLlH)Z , of the integral equation sorted with respect to decreasing eigenvalues.
(+1)

So, we obtain the corresponding orthonormal eigenfunctions (gtan nor) and eigenvalues
«

tan,nor

field by

<>\(i’1) ) fora=1,...,(L+1)*—1 of the left normal/right tangential part of the tensor

(haier) (©) = (e ® OGO

and

fora=1,...,(L+1)*—1.

6.1.4 The Tangential Part

The tangential part of the vector field f,,, is more difficult. Overall, it is not reducible to
the scalar or the vector cause. Because in general,

Y22 (€) yE) £,
YD) ylle) £ 0,
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)(€) # 0,

3,3 2,3

yo(e)  y

3.3 ,2
YD) 1 ylE) £,

(3,2

n',j

YD) 952 €) #0,
but
yo2(e) ylE) =0,
y D) yC(E) = Yoy ()Y 5 (6),
y () yU(E) = Yoy ()Y 1 (6),

for all ¢ € Q, all n = 0;,,..., L, all n’ = Oypr,..., L, all j = —n,...,n, and all j/ =

—n/,...,n', where i, k,i', k' = 2,3, we construct a new basis for the tangential tensor space.

Definition 6.1.10. We keep ygf) and yfj}?’), use the results of Chapter 3.9, and define
additionally

yffﬂi)@ = _% < ygag)(f) + 29(3 2)(§)> = 127, (€) (7 ® 1)

foralln=2,...,L and all j = —n, ..., n and write

n

Fianan(€) i ~ (26O + 106 ©)

L n
#2030 (A7 + 1157w 0),

where 7o -7 =1, 74 - T = 0.

Lemma 6.1.11. The tensors 74+ @ Ty, itan and jian are pairwise orthonormal. This means
that
(Te ®74) 1 (T2 @ 75) =0,

and
ftan © (T2 @ 72) = 0,
Jtan 1 (T2 ® 72) =0,
itan : jtan =0.

Furthermore, we see that
(T ®@74) : (T ®@74) = 1.

Proof. The proof is straight forward. Let £ = £(t,¢) € Q. With Lemma 2.2.7 and with
Definition 2.3.2, we get

T+ - TJF)Q

((Et + is“") . (at + ia“"))2

—

(e ®72) : (13 @ 74) =

N e

. . 2

(-l tigh - e¥tigh el —g¥ . e¥)

T ST S~ S~
=1 =0 =0 =1
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0,
ean (T2 ® 71) (‘p®€¢+6t®€t)1(7}®&)

= (e¥- Ti) (5t -ﬁ)z

() )

((Fi)* +17)

Il |
|
[\

——(—1+4+1)

5

O~ —~ O

€t®€¢—€<’0®€t) :m

€t'i) (69 - 7%) — (¥ - T%) (gt.ﬁ)

jtan : (Ti ® Ti) =

and
itan : jtan = (5@ (%9 e® + 5t X Et) : (€t X e¥ —¢g¥ X St)
=((e¥-&") (¥ e9) = (¥ &%) (¥ &) + (e - ') (" %) — (" - %) (¢ - "))

=0 =1 =1 =0 =1 =0 =0 =1
=0.

Furthermore, we obtain again with Lemma 2.2.7 and with Definition 2.3.2

(e ®@71): (e ®@74) = (T - T:t)2
s (@ i)
= 411 (6t_-15t Fi 5t_- 05“" +i 5“"_-05t + 5“’_-15”,) ’
=1.

Derived from the previous lemma, we conclude that

y22(6) 1 yB () =0,
v (€ (€ =0,
y*V(e)y 56 =0,
v TP =0,

forall§ € Q,alln,n’ =0;,...,L,all j=—n,...,n,all j/ =—n',...,n', wherei = 2,3, +, —
with 044 = 2, and

10 0 kb

0

ktan,tan _ 0 k(373) 0 0
0

0 0 0o k&
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where i) (i)
(X 7,0
kOii,*Oiiyoih*Oii Tt kou, OmLL
k(zaz) — :
(i) L)
LL,OM,—OM te LL,LL

for i =2,3,+,—. So,

k0D, / yT0(E) - 550 (6) dul©)
/ Vaa@ Yo (6) d(©)

n]nj

leads for i = 2,3 and for all n,n’ =0,...,L,all j = —n,...,n, and all j/ = —n/,..., 7' to

the scalar case and
K= [ 057000 du

:/miQYn’,j’<§> dw(§)
. KE2

nj,n'j’

leads for all n,n' =2,..., L, all j = —n,...,n, and all j/ = —n/,... n’ to the case of spin

weight +£2. We choose the notation such that it is unique for the general case with spin-
weighted spherical harmonics (compare Chapter 8).

Then, we get from Problem 6.1.1 the following eigenvalue problem.

Problem 6.1.12. So, we get for i = 2,3 the eigenvalue problems

k(z l)g&rzl tan — )‘gtan ,tan

and particularly

Z Z ksjlny ””J)' - )‘ffli:;)’ (6.4)

n'=0 j'=—n’
.. .. o\ T
where gga,n),tan = ( (()6 )7 R f%[))

We know already that k@ = K° is Hermitian, positive definite, supposed to be ill-condi-
tioned, and its eigenvalues are real. Therefore, we continue, like in the previous chapter, for
special regions. Upon multiplying by Y, ;(n), n € , summing over all n =0,...,L and j =
—n,...,n, and interchanging summation and integration, we obtain again a homogeneous
integral equation of the second kind with a finite-rank, symmetric, and Hermitian kernel.

Problem 6.1.13. This integral equation is given by

/R)g(i,i) (f,n)F(i’i) (&) dw(§) = AF () (n),

where
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and
L n

FOO ) =373 £y, 5(6)

n=0 j=—n
for &,mn e Q.

Note that the tensor problem is now reduced to a scalar eigenvalue problem (6.4). This scalar
problem is equal to the problem for the scalar Slepian function from Chapter 4. So, we know

already an orthonormal basis of solutions &7, .. S?(OL +1)2 of the integral equation sorted with

respect to decreasing eigenvalues. So, we obtain the orthonormal eigenfunctions (gt(;ﬁ?tan>
«

and eigenvalues ()\(i’i) > for i = 2,3 and for « = 1,..., (L + 1)? of the tangential part of

tan,tan

the tensor field componen%s by
I
<'gt(§n22an>a (6) = = ltangg(§)7

(2in) (©) = T 5ia2(E).

Sl

and y
<)‘E;I7;),tan> = )\3
fora=1,...,(L+1)*>and i = 2,3.

Next, we do the same considerations for ¢ = =+.
Problem 6.1.14. Additionally, we get the eigenvalue problems

k(i,i)ggan stan T Agtan tan

and particularly

Z Z kwn] =AU, (6.5)

n'/=2 j'=—n'
(%) (%) 5\ T
where gtan,tan = < 00 v d LL ) :

This kernel matrix k&%) = K*2 is also Hermitian and positive definite and the eigenvalues
are real (see Lemma 8.1.4). However, the kernel matrix is also ill-conditioned. So, the
solution of the eigenvalue problem is numerically unstable. For special regions, we can solve
the eigenvalue problem by replacing it with a commuting eigenvalue problem. Therefore, we
have to reformulate equation (6.5).

Upon multiplying by 1.Y,, ;(n), n € €, summing over alln = 2,...,L and j = —n,...,n,
and interchanging summation and integration, we obtain a homogeneous integral equation
of the second kind with a finite-rank, symmetric, and Hermitian kernel.

Problem 6.1.15. This integral equation is given by

/ £ED (& ) FED (€) dw(€) = AFED (1),
R

where

ii 5 7] Z Z :I:ZYn] :I:ZYn,j<7]> = %ﬂ(@ﬁ)

n=2 j=—n



6.1. DERIVATION 175

(compare Chapter 8) and

Z Z For Y, 5(6)

n=2 j=-—n

for &, m e €.

The tensor problem is reduced to a scalar eigenvalue problem (6.4) and (6.5). Here, we see
directly that

% itanF(ZZ) (5) + % jtanF(373) (é-) + (7—+ X 7'+) F(+’+) (5) + (T_ X ’7'_) F(fif) (éﬁ)

Definition 6.1.16. We know from Problem 4.1.2 that géi{ﬁn are the eigenvectors of k5.
(+,4)

.ftan,tan <§> =

Furthermore, we know that the matriz k = K*? is Hermitian and positive definite.
Therefore, we get an infinite number of solutions of the eigenvalue problem, which can be de-
scribed by (L+1)%—4 pairwise linearly independent solutions. These eigenvectors can be cho-
sen such that they form an orthogonal basis and hence, an orthonormal basis ofharméf’f)(Q)
with help of the Gram-Schmidt algorithm, where

harmgjE Li)(Q) := span {y%’i)} :
’ n=2,...,L,j=—n,...,n
Further, we sort them by decreasing eigenvalues. Then, we denote these sorted orthonormal

eigenvectors of the eigenvalue problem (6.8) by G2, .. Gifﬂ and the sorted eigenvalues
b )\iQ )\iQ
Yy ' (L+1)2—4

With €2, ... ?iLil)Q 1 we denote the sorted orthonormal eigenfunctions of the integral
equation from Problem 6.1.15. The spin-weighted spherical harmonic coefficients of the eigen-
functions are also the components of the sorted orthonormal eigenvectors. We denote them
by (Gii)l, ce (Gi?)(L+1)L4- The eigenfunctions are the Slepian functions of spin weight
+2 on the sphere. We get for this spin-weighted Slepian basis the same number of basis
functions like for the basis of the type (2,3) respectively (3,2) tensor spherical harmonics of

Freeden, Gervens, and Schreiner.

To determine the orthonormal eigenfunctions €52 and eigenvalues A2 of the integral equa-
tion with @ = 1,...,(L + 1)*> — 4, we can also find a commuting differential operator S 2
to the kernel functlon H*? for the case on the sphere. For the spherical cap (a c1rcularly
symmetric cap of colatitudinal radius 1), this operator is given by

I =(b—t)AF + (2 —1) 0, — L(L + 2)t,

where £ = £(p,t) € Q, b=cos? <t <1,

1 —at(+0,)
+ *
and we know from Corollary 3.3.7 that
Ai2i2Ynj(£) (n + 1) ﬂ:2YnJ(€)

Then, the eigenfunctions of spin weight +2 can be obtained by

TG = xaGa(6),
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where Y, and A\l are not necessary equal. This means that the kernel function and its

commuting differential operator have the same eigenfunctions but need not to have the same
eigenvalues. So, we obtain the eigenfunctions (géfnﬂﬁ and eigenvalues ()\E;tnfio for
« «

a=1,...,(L+ 1) — 4 of the tangential part of the vector field by

(i) (©) = (re @ 72) ()

and
()\(ivi) ) — )\iQ

tan,tan

for a = 1,...,(L + 1)® — 4. For further details, see Chapter 8. For arbitrary regions, we
have to solve the eigenvalue problem with the commonly ill-conditioned kernel matrix from
equation (6.5) numerically (compare Chapter 8.1).

6.1.5 Complete Tensor Solution

Now, we combine the results from the previous sections to obtain the complete tensor solu-
tion.

Altogether, we have to solve the concentration problem, Problem 6.1.1,

with

for all £ € Q2 and

for all (i,n,j) € J.
Here, we now use the following notations.
Definition 6.1.17. We define the set of indices

J={@,nyg)]i=1,...,95n=0;...,L;j=—n,...,n},

where
0 ,1=1,6,7
0,:=¢1 ,1=2,3,4,5.
2 ,i=238,9

Definition 6.1.18. Now, we use as basis the transformed tensor spherical harmonics given
by
1 e (LD ey Y. .
yn,j(g) = Yny (&) = (€@ &) Y ;(6),
Yo (6 =y (O = (€om) 1Y),
Yo (€)= 9, () = (E@T) 1Y5,(0),
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yi,j(é) - yn] (6) = (T+ & 5) +1Y”:j (5)7

Yo () =y V() = (rm®€) 1Ya,(6),
1.

Y, (€)= ygf) (&) = 7 itan Yo ;(€),

1
- E jtanYnJ (5)7

¥ () =y () = (1 9 1) 2Y(6),
Y )=y ) = (- 91) LY
for & € Q.

Note that this denotes a different basis than the tensor spherical harmonics of Freeden,
Gervens, and Schreiner yx’f), i, k=1,23.

Lemma 6.1.19. The transformed tensor spherical harmonics are orthonormal on the sphere.
This means that

[ € € Al = B 6.7
for all (i,n,j) and (¢',n',j") € J.

Proof. The spherical unit tensors £ ® £, € ® 74, 7+ ® &, \/Li itan, \/Li Jtan, and T4 ® T4 are
orthonormal to each other with respect to the complex double dot product. This means for
example that (7. ® 74.) : (72 ® 7o) = 1 and (72 @ 74) : (75 ® 75) = 0. Therefore, these new
basis functions are orthonormal on the sphere such that

/ Yo (€) : Yh (6 dw(E) = 8i / Yo (€) MYy (©) dw(€),
[9]

where )
-2 ,i=9
-1 ,i1=3,5
N;:=<¢0 ,i=1,6,7.
+1 ,1=2,4
(+2 ,i=38

With Theorem 3.4.21, we obtain that

/ Y, (&) -yl (&) dw(€) = 01400 mdj

Q

for all (i,n,7) and (¢',n’,j") € J. ]
Theorem 6.1.20 (Completeness and Parseval Identity for the Transformed Tensor Spherical

Harmonics). The transformed tensor spherical harmonics form a complete orthonormal basis
of 12(Q). Consequently, for f € 1(Q), we obtain

f- ZZ Z Foni)e Yni

i=1 n=0; j=—n

= 0.
12()

lim
L—oo

This means that every function f € 1*(Q) can be written uniquely in the 1(Q)-sense in terms
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of a Fourier series by
n

9 oo
=22
i=1 n=0; j=—n

Furthermore, for every function f,g € 1>(Q), the Parseval identity is fulfilled such that

f y;,]>12(g) yil,]

9 [e's] n

D2 P Yiiew (9 Yiie g

i=1 n=0; j=—n

(f.9) 12(Q) —

Proof. We know from Theorem 2.6.12 that the tensor spherical harmonics of Freeden, Ger-
vens, and Schreiner [27] form a complete orthonormal basis. We know already from (6.7)
that the transformed tensor spherical harmonics of Section 6.1.5 are orthonormal. Now, we
have to prove the completeness. Therefore, we have to show that for every function f € 1%(€2)
with <f, yiw’>12(sz) =0foralll=1,...,9,alln >0;,and all j = — ., n follows that f = 0.
For [ =1,6,7, we know that y, ; = yfi’jl), Yy = ygf), and y! ; = yS’JS forallm=0,...,L
and all j = —n, ..., n. With the completeness of the tensor spherical harmonics of Freeden,
Gervens, and Schreiner, the proposition is clear.

For | = 2,3, we know that yiz,j =+-L <—y£37;-2) + z'y(l’.?’)>, where we use "+ if [ = 2 and

V2 n,J
"—7ifl=3forallm=1,...,L and all j = —
and all j = —n,...,n

1
= (F Ynidew =+ 5 ( (£:u >pgnj21<f’ynﬂ >P«n>‘

This leads to the system of linear equations

.,n. Then, we get for alln =1,...,L

) 1,2)
(2 9) () ()
NG NG >yn 2
Vi V2 <f’y > 2@ il
foralln=1,...,L and all j = — .,n, where

1 i .
det _175 ?5 = ——
V22

Therefore, we obtain

and

P9 =
e

<f yn]

12

Analogous, we get for [ = 4,5 with y!, i=
and 7" if [=5foralln=1,...,L and all

3 A

§|H§|H
SISl

:(yn

)) where we use " +7 if | = 4

N the system of linear equations

- (i)
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foralln=1,...,L and all j = —n,...,n, where
[ S i i
det [ Y2 V2| =—=—-=—i#0.
Vi v 2 2
Therefore, we obtain
< (21> .
=0
12(Q)
and
0.
< y >12(Q
For [ = 8,9, we know that yiw- = ( yn] izy 32)), where we use "+4” if [ = 8 and
"—7ifl=9foralln =2,...,L and allj = — ,n. Then, we get for alln =2,... L
and all j = —n,...,n

1
- . L (2,3) : (3,2)
0= <.f7 yn,j>l2(Q) - \/§ ( <f7 Yn,j >12(Q) ) <.f7 Yn,j >12(Q)) .

This leads to the system of linear equations

, (2,3)>
1 —1 . 8
<?§ 75) <f7yn,] 12(9) _ <<f’ yn,j>12(Q))

9
<f7 yfff)>l2(m (f. yn,j>12(9)

forallm=2,...,L and all j = —n, ..., n, where

1 =
det [ V2 V2| =
V22

Therefore, we obtain

and

So, we receive

zk)> _
<f Y 12(Q)

for all i,k = 1,2,3. We know from the completeness of the tensor spherical harmonics of
Freeden, Gervens, and Schreiner that then f = 0. So, the transformed tensor spherical
harmonics are complete and form a orthonormal basis of 1°(€2). With the completeness, the
Parseval identity follows directly. O]

Problem 6.1.21. Then, the concentration problem leads to the eigenvalue problem

kg = Mg,
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where
K 0 0 0 0 0 0 0 0
0 k¥ 0 0 0 0 0 0 0
0 0 kK 0 0 0 0 0 0
0 0 0 kK0 0 0 0 0
k:=]0 0 0 0 K 0 0 0 0
0 0 0 0 0 kK5 0 0 o0
0O 0 0 0 0 0 K 0 0
0O 0 0 0 0 0 0 K O
o 0 0 0 0 0 0 0 K
K 0 0 0 0 0 0 0 0
o K** 0 0 0 0 0 0 0
0o 0 K*' o0 0O 0 0 0 0
o 0 0 K 0o 0 0 0 0
=10 0 0 0O K%' 0 0 0 0 c R[O(L+1)2—12]x[9(L+1)2-12]
0 0 0 0 0 K° 0 0 0
0 0 0 0 0 0O 0 Kt 0
0 0 0 0 0o 0 0 0 K2
and
ij,n/j/ = k;j,n/j/ = Ry;ﬂ(f) . y;/7j/ (5) d.(,()(g)7
because k:’blj,n’j’ = 5ivi/k}nlj7n/j’ fO?" all (Za naj)v (i,, n/aj/) ceJ

Then, we see that

9 L n'
DD D kG =M (6.8)

e /I — y— ’
i!=1n'=0; j'=—n

for all (i,n,j) € J.

Upon multiplying by y;, ;(n), n € €, summing over all (i,n,j) € J, and interchanging
summation and integration, we obtain

SO0 Y i) (v wi s () gl del©)

9 L n 9 L n’
[E53 (seuin@) 303 D a6 del
i=1 n=0; j=—n 1'=1n'=0, j'=—n'

Then, we conclude from Problem 6.1.21 the following integral equation.
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Problem 6.1.22. Then, we get the integral equation

/R (1) () dw(e) = Ag(n) (6.9)

for all n € Q with the kernel function

L n

A =D > ey, ©.

i=1 n=0; j=—n

Altogether, with our previous results and with d := (L + 1)? the orthonormal eigenvectors
of Problem 6.1.21 are given by

gl Ja=1,...,d

g> ,a=d+1,...,2d—1

g2 ,a=2d,...,3d—2

gt a=3d-1,...,4d -3
go=4g’ a=4d—2,... 5d—4 ,
g® ,a=5d—3,...,6d—4
gl ,a=6d-3,...,7d—4
g8 a=7d-3,...,8d—38
g0 ca=8d-7...,90-12

where
GO
) 0
ga = 7a:17 7d7
0
0
0
g> = |G, ca=d+1,...,2d—1,
0
0
0
0
g = | G Loy ca=2d,...,3d -2,
0
0
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gh = | Gty ca=3d—1,...,4d -3,

9> = G;i(4d—3) ya=4d—2,...,5d — 4,

g = 0 a=8d—7,...,9d—12.

-2
Ga—(8d—8)
Note that GV are also vectors, where GY € R4,

With

(Znor.nor) o (€) = (£ ® €) (6),
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(1,£)
'gnor ,tan

SD

'gtan nor

(ghn),
(i), )
('gt(;than> 7= ltan Zn(8),
(i),

Q

Q

(3,3)
'gtan ,tan

(géjzf;n)a (&) = m ® 1) G(E),

the tensor Slepian functions are given by

(gL(&) == (£®& T sa=1,....d
22(8) = (@ 1) 8,6 a=d+1,...,2d—1
226 = (0 )G 0 (€ a=2d,...,3d—2
gi&) = (@) T 5 (&) ,a=3d—1,... 4d-3

2. =228 = (T 0T, 56 a=4d—2,. .. ,5d—4

25(8) = 5 ian¥) () a=5d—3,...,6d—4
2.(8) = \% jtan?27(6d74)(§) ya=06d—3,...,7d -4
25(8) = (1L @1y) ?:_2(7d_4)(£) ,a=7d—3,...,8]—8

(2000 = (- ®7) G2y (&) ,a=8d—7,...,9d—12

Y a=1,...,d

N ya=d+1,...,2d -1

Mlogy a=2d,...,3d—2

Mgy sa=3d—1,...,4d—3
A=A e sa=4d—2,...,5d—4

,a=6d—3,...,7d—4

(2d-1)
(3d—2)

a—(4d-3)

N sagy s0=5d—3,...,6d—4
(6d—4)
(7d—4)
(8d8)

—(6d—4
N2 sa=T7d—3,...,8d—8
A lsas @=8d—7,...,9d—12

fora=1,...,9(L+1)*>—12.

6.2 Properties

Now, we know how to calculate the eigenvalues, eigenvectors, and eigenfunctions of the
concentration problem, thus the tensor Slepian functions on the sphere. Next, we look at
the properties of the tensor Slepian functions.

Theorem 6.2.1. The tensor Slepian functions and their eigenvectors are orthonormal on
the unit sphere and orthogonal on the region of interest R. This means that

L n

9
YD (9h), (9h), = das (6.10)

i=1 n=0; j=—n
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9 L L
DD 20202 X (@) K (90) ;= Aadas, (6.11)

(Zar Z5)12(q) = s (6.12)
<ga7 gﬁ>12(R) = )‘aaa,ﬁ (613)

foralla,f=1,...,9(L+1)? —12.

Theorem 6.2.2. The tensor Slepian functions {g.} (L+1)2—2 form a complete or-

a=1,...,3
thonormal basis system of (harmoml(Q), (-, ->12(Q)) and therefore, we can write every by L

bandlimited tensor field f € 12(Q) in the basis of the transformed tensor spherical harmonics
and in the basis of the tensor Slepian functions. This means that for £ € §2

n

9 I
:ZZ Z (f, ynj 12(9)2%3(5)

i=1 n=0; j=—n
=i

9(L

+

1)2-12

[
T~
S
9
Q
2
o
]
Q
—
I
S—

a=1 H—/
::fa

Theorem 6.2.3. We can also write the transformed tensor spherical harmonics in the basis
of the tensor Slepian functions

9(L+1)2-12
vii= > (gi,). g (6.14)
a=1
9(L+1)2-12
(gk,j)a (gf;/,j/)a = 03O, 0. (6.15)

=1

Q

Theorem 6.2.4. The tensor Slepian functions also fulfill the following properties

9(L+1)2-12 )
Ao (90) o (Gov 1) o = Byt
a=1
9(L+1)2-12 9 L n 9 L n’ ' B
D Aga©Zam) =D DN N vl Ok vl ()
a=1 i=1 n=0; j=—n i'=1n'=0, j'=—n'

£ n) = 20(§)ga(n).

The proofs are analogous to the proofs of Theorem 4.2.1, Theorem 4.2.2, Theorem 4.2.3,
and Theorem 4.2.4. The only difference occurs in the additional indices 7,7 = 1,...,9,
over which we summate and the starting point of the summation of n and n’. For the
completeness of the tensor Slepian functions, we need the completeness of the transformed
tensor spherical harmonics from Theorem 6.1.20. Then, we get the properties simultaneously.

We choose the tensor Slepian functions to be sorted by the eigenvalues like A\ > Ay >
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> Ag(z+1)2—12 just as before, for the scalar and the vector Slepian functions. Here, we
also get from numerical experiments that there are often only eigenvalues A ~ 1 and A = 0.
Therefore, we calculate the Shannon number for the tensor case in the following section.

6.3 Shannon Number

For the tensor Slepian functions on the sphere, the Shannon number S, as previously stated in
Chapter 4.3, is a good estimate for significant eigenvalues, the eigenvalues \ = 1. Therefore,
S gives (approximately) the dimension of the space of signals that are bandlimited by L and
optimally concentrated in R at the same time. This space has as basis the eigenfunctions

g1,42,---,¥4s-
Lemma 6.3.1. The Shannon number of the tensor Slepian functions on the sphere is given
by

A
— 2 _
S=OL+1)"-12) -,

where A denotes the area of the region R on the unit sphere 2.
Proof. With Corollary 3.4.25 and with Remark 3.2.2, we get that

9(L+1)2-12

S= Y a=tr(k)

a=1
L n
+1 +1 71
2.2 K30 30 (Kih ) £ 30 3 (K + Kol
j=— n—= 1‘77—77, n=1j=—n
L n
+2 —2
2 D 3D SRS 3D SLC IR N
n:O] n=0 j=—n n=2j=—n

Z )+ Z Z <+1Yw §) +1Yn;(8) + 1Yn;(6) —1Yn,j(§)>

n=1 j=—n

D> Z (Y 12Y2s(€) + 1Y) 1¥is(©) + 30 D Vs (@Yas(©)
>

+ ' YnJ (g)Ynd(g) + Z Z <+2Yn,j (g) +2Yn,j (5) + —2Yn,j(€) —QYn,j<€))> dW(g)
1 L L L
= 3;:0(271—1—1)—1-2-2 ;(2n+1)+2;(2n+1)>/1%dw(§)

]

Like for the scalar and the vector case, it is obvious that, for A < 47, we get S < 9(L +
1)> — 12 and, for A ~ 47, we get S ~ 9(L +1)* — 12.
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Chapter 7

Spectral Concentration of
Spacelimited Functions

We know already that no function can be strictly bandlimited and strictly spacelimited at the
same time. Previously, we looked at the spatial concentration of bandlimited functions. Now,
we want to do the same for the opposite problem, the spectral concentration of spacelimited
functions. For this purpose, we formulate a new concentration problem. First, we define a
spacelimited field.

7.1 Spacelimited Scalar Fields

Again, we start with scalar fields. Here, we follow mainly [11, 82].

Definition 7.1.1. A on a region R C Q) spacelimited scalar field # € 12(2) is given by

H=> > HyYo;

n=0 j=—n

with & =0 on Q\R and

H,, = /R (€)Y (©) du(c).

form>0and j=—n,...,

Problem 7.1.2. We get the concentration problem for every by R spacelimited scalar field
# € L2(Q) spatially optimally concentrated within a spectral interval 0 < n < L by

L
Zn:() Z?:—n |H77u] |2

A= = max.

ZZO:O Z;’L:fn ‘anj|2

Then, we obtain

L n L n
S>> HG =Y HyH,y

=3 [ OV dele) [ TV deto

187
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- [ [ (Z SV © )% dw(€) dw(n)

n=0 j=—n

-~

=F (n,£)=F (&m)

With Theorem 3.6.14, the Parseval identity for spin-weighted spherical harmonics, and with
Z =0 on Q\R, we get

Z Z |Hnj|2 (T, 7)1

- /Q # ()7 ) duw(¢)

- / # ()7 E) duw().

So, the concentration problem can be written by

S Ly FOT(E M) del©) deo()
[ (€ ©) d(€)

= Imax.

Problem 7.1.3. Therefore, we get the integral equation

/R H(EmI(E) dw(€) = A1), 7€ R,

with the kernel function

So, we see with (4.2) that the spatially concentrated bandlimited scalar Slepian functions &
and the spectrally concentrated spacelimited scalar Slepian functions # are related by

() = {?@’ Sekt (7.1)

0, else

So, we obtain for n > 0

L n'
=3 Y KujwiGuy

n'=0j'=—n'
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and in particular with (4.4) for 0 <n < L
Hn,j - )\ij
forall j = —n,... n.

Furthermore, we can formulate the following theorem.

Theorem 7.1.4. The solutions, which are the spectrally concentrated spacelimited scalar
Slepian functions %, for a = 1,... (L + 1), are orthogonal on the unit sphere 0 and on
the region R. This means that

/Q Hor()FE) duo(€) =

Proof. We know that #Z = 0 on Q\R. Then, we get with (7.1) and with (4.8) the proposition

/% OH5(€) duw(e /% dw(§)

- / OFHE) dwlé)
R
= b s

/R Hor(O)F(E) Aw(€) = Nabins.

7.2 Spacelimited Vector Fields

Now, we continue with the spectral concentration of spacelimited vector fields. For the
vector spherical harmonics of Hill [40], this has previously been investigated by [67], which
we follow here mainly for the transformed vector spherical harmonics. We see that it is
analogous to the scalar case.

Definition 7.2.1. A on a region R C Q spacelimited vector field % € 12(Q) is given by

with % =0 on Q\R and

fori=1,....3,n>0;, and j = —n,...,n.

Problem 7.2.2. We get the concentration problem for every by R spacelimited vector field
% € 12(Q) spatially optimally concentrated within a spectral interval 0; <n < L by

3 L i
ZiZI anoi Z;‘L:—n |h;,]|2 .
3 ; -
Zi:l Zzozoi Z;’l:fn |h’;L,]|2

Then, we obtain with Lemma 2.2.8

A:

max .

L n

S S =S Y

i=1 n=0; j=—n =1 n=0; j=—n
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/R A(E) - (E) dwle) / @) - v 5(n) duw(n)

R

=// (ZZ G n>>%dw<s> deo().

=1 n=0; j=—n

-~

=£T(Em)=£(n.)

With Theorem 5.1.11, the Parseval identity for the transformed vector spherical harmonics,
and with Z = 0 on Q\R, we get in analogy to the scalar case

>3 Dol = [ 446 AT awl)

So, the concentration problem can be written by

Jr Jr 2" (A (&, m)7(n) dw(§) dw(n)

A= — = max.

Jr 2T (©)7(8) dw(§)

Problem 7.2.3. Therefore, we get the integral equation

/R A(EA(E) dw(€) = Mi(n), neR

with the kernel function

So, we obtain the same results like for the scalar case. With (5.6), the spatially concentrated
bandlimited vector Slepian functions g and the spectrally concentrated spacelimited vector
Slepian functions # are related by

206 = {g(é), §eR

0, else
With (5.3), we get for n > 0;
3 L n’
Ty =22 > D ki
i'=1n'=0, j'=—n'
and in particalur, with (5.5), the coefficients for 0; < n < L are related by
h;,,j = Ag;,ja

where 1 =1,2,3, 7 = —n,...,n, and

k;:jnj / yn’ ’(f) : y;,,](g) dW(f)

Theorem 7.2.4. The solutions, which are the spectrally concentrated spacelimited vector
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Slepian functions % for a =1,...,3(L + 1)* — 2, are orthogonal on the unit sphere Q and
on the region R. This means that

[ 2006 T 0l©) = [ £al6) - FlE) s(e) = Ao

The proof is analogous to the proof of Theorem 7.1.4.

7.3 Spacelimited Tensor Fields

Now, as a new result, we investigate the spectral concentration of spacelimited tensor fields.
This is also analogous to the scalar case.

Definition 7.3.1. A on a region R C Q spacelimited tensor field % € 1*(Q) is given by

9

A=Y Y Y wol,

i=1 n=0; j=—n

with # =0 on Q\R and
g = [ A6 0, © el

fori=1,...,9,n>0;, and j = —n,...,n.

Problem 7.3.2. We get the concentration problem for every by R spacelimited tensor field
% € 12(Q) spatially optimally concentrated within a spectral interval 0; < n < L by

9 L i
zz 1 Zn 0; Z;Lf—n |h2 |2

O e e [

Then, we obtain with Lemma 2.2.9

9 L n
I PN zlzzhw :
i=1 n=0; j=—n i=1 n=0; j=—n

Yy [ A0V aute) [ A vl deto

i=1 n=0; j=—n

- f o |(Sx Sw@enn)

i=1 n=0; j=—n

dw(§) dw(n).

-~

=%£(n,6)

With Theorem 6.1.20, the Parseval identity for the transformed tensor spherical harmonics,
and with 2 = 0 on Q\R, we get in analogy to the scalar and the vector case

o0 n

)IDIP SN RICRIGERC]

i=1 n=0; j=—n
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So, the concentration problem can be written by

w0 [RGB dw(e) den)
Jn A(8) AT dw(©)

Problem 7.3.3. Therefore, we get the integral equation

= Imax.

/R £(En) : AE) dw(€) = MA(), 7€ R,

with the kernel function

n

Z Z Z Yh (1) @ y;,5(6).

So, we obtain the same results like for the scalar and the vector case. With (6.9), the
spatially concentrated bandlimited tensor Slepian functions and the spectrally concentrated
spacelimited tensor Slepian functions are related by

5(6) = {g@, SeR

0, else
With (6.6), we get for n > 0,
>y Z CHRT
i'=1n'=0, j'=—n
and in particular, with (6.8), the coefficients are related for 0; < n < L by
hfl,j = )‘gi,ja

wheret=1,...,9,j = —n,...,n and

K /R yl (€)Y () dw(e).

Theorem 7.3.4. The solutions, which are the spectrally concentrated spacelimited tensor
Slepian functions %o for a=1,...,9(L+1)?—12, are orthogonal on the unit sphere ), and
on the region R. This means that

[ 209 @) () = [ Au€) A3TE) ©) = Mo

The proof is analogous to the proof of Theorem 7.1.4.



Chapter 8

Slepian Functions on the Spherical
Cap

In this chapter, we look at the Slepian functions anew. From the previous chapters, we know
that we only have to look at scalar spin-weighted concentration problems. Therefore, we
deal here with the spin-weighted Slepian functions of spin weight N € Z and go into details
for the spherical cap as our region of interest. First, we show how to calculate the elements
of the kernel matrix K.

8.1 Calculation of the Kernel Matrix

We know that the eigenvalue problem for the spin-weighted problem for spin weight N € Z
is given by
KVGYN =\, GY,

where

Kfz\;,n’j’ = /RNYn,j(g) NYor (&) dw(§).

Furthermore, we know that this eigenvalue problem can be transformed into the integral
equation

/R FHN(E TN (E) dwlE) = ATV (1),
where

FNEm) =D Y WY€) NYns(n).

n=|N| j=—n

In this section, we want to calculate the kernel matrix K. For the scalar case, the spin
weight zero case, this was done by [82]. First, we need further properties.

Lemma 8.1.1. From [12, 18, 70, 77, 93], we borrow that
Djs, (@, 8,7) D, (a, 5,7)
_ _\mAn (o o Je J j JoJ2 7
=Y crrein (B2 I Y oesn (2R 7))

J,m,n

for a,y € [0,27] and 5 € [0, 7], where (73; Tjrz2 7‘31) denotes the Wigner 3j-symbol. Fur-
1 Mo

thermore, j and m or respectively j and n have to be both integers or both half-integers. The

193
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same yields true for j; and m; or respectively j; and n; with 1 = 1, 2.

This Wigner 3j-symbol fulfills
jl j2 j =0
m; Mo M ’

unless the following conditions yield true.

1.omy € {=[al,. . ), me € {=ljal, . 2]}, m e {=lj],.. ., 141},
2. my+me+m =0,

3. — g2l <7< i+ Jo,

4. g1+ jo + 7 1s an integer.

Furthermore, the Wigner 3j-symbol fulfills the relations

JioJ2 7 (1)t JaoJ J2
my Mg M my M Me

JvoJ2 0 J (1)t v g2 d
m; Mma ™M —-m; —mg —m)

Now, we take a look at the product of two Wigner D-functions. With 10. from Remark 3.4.4
and with Lemma 8.1.1, we get

DZ—N(av B? V)D;L’/,—N(aa Bv 7)
= D _n(a, B, (1) DY (e, B,7)
— (=D (=) 2k 4 1) (? _nj, _kl> D} (@, 8,7) < o _’jn)

k,,m

and

Because of 2. from Lemma 8.1.1, we see that j — 7 — 1l =0and —N + N —m = 0. So,

o B n n kY _ n n k) _ .
l=7—7" and m = 0, else <j y l) =0 or (—N N —m = (0. Then, we obtain

with Lemma &8.1.1

(o, B,y) D _ (aﬂv)

n+n’ /

k
Z Z H—m 2]{7+ ) (;L _n‘]/ —l) 5l,j—j’le7m<Oéa677)

k=|n—n/| l;m=—k

" n n k 5
-N N —m) ™0

n+n / ’
B N o n n k n n k
=(-1) ]k_z ,|(_1)j T2k +1) (j _ j’—j) kol B,7) (—N N 0)
RNAA n k n'
= S e (B0 ) 0D (e p)
k=|n—n/|

n k n b
% <_N 0 N) (_1) +k+
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n+n’
, n k n' n k n
= (—1)NtJ E (2k+1) (j o —j’) Df_j,,o(a, B,7) (—N 0 N) . (8.1)

k=|n—n/|

Theorem 8.1.2. We can calculate the matriz elements of the kernel matriz K by

n+n’

, 2n+1)2n' +1)(2k+1) (n &k n'
KN o= (=1)Nt ( o,
niaty = (=1) k—nzn’| Amr i Jj-J3 =7
< (] | Xy (007 dulé(t )
-N o N g1 7
for all N € Z, all n,n' € Ng, n,n' > |N|, all j = —n,...,n, and all j’ = —n',... 0.

Proof. Let N € Z,n,n’ € Ng,n,n' > |[N|,j = —n,...,n,and j/ = —n’,... n’. With relation
(8.1), we can formulate the product of two spin-weighted spherical harmonics, because we

know from Theorem 3.4.9 that yY;, ;(§) = (=1)" /2 D7\ (¢, 9,0), where £ = £(t, ) € Q
and t = cosv). So, we have
NYn,j<€) NYn’,j’ (g)

2 V(@2 + 120 +1)

= (_1 A D? N(@?ﬁ O)D’ N(Spaﬁ 0)
n+n’
Cn+1)2k+1)2n+1) [2k+1
N k
— +J Z i = Di_ o, 9,0)
k=|n—n/|
o (™ k n n k n
jJj=J3 —=J)\-N 0 N
n+n’
, 2n+ 1)2k+1)2n +1) (n Kk n' n k n
= (—=1)NH \/( S Y,
( ) ka_ﬂq A j j,_] _j -N 0 N 0l k,j j<€>

where we know from Definition 2.4.37 that

0Yei (&) = Vi1 (€) = Xpj_jr(t)e 07302,

Then,
n+n’
, 2n+1)(2n' +1)(2k+ 1
Taal@ w¥ap(e) = (-1 Y, [ U
k=|n—n/|
n k n' n k n o
o, —i(i—5")e
X (j j,—j —j/) (—N 0 N) Xk,]—] (t)e .
With
Kl = [ 5To@ w¥in(©) Q).
R
we get the proposition by interchanging sum and integral. O]

So, we have to calculate the following integrals depending on the region R

/ Xy (t)e 07 dg at.
R
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For arbitrary regions, this has to be done numerically. This is previously investigated for
the scalar Slepian functions by [81]. Furthermore, for special regions, the Slepian functions
can be calculated more efficiently by using a commuting operator. For the scalar Slepian
function, this method is shown for the spherical cap [37, 78, 82] and for both the spherical
double cap and the belt [80]. This method also exists for the vector Slepian functions on
the spherical cap [43]. In the following section, we show the same for the more general case
of the spin-weighted Slepian functions on the spherical cap. This enables us to construct
not only the scalar and the vector Slepian functions for that special region by a commuting
operator, but also the tensor Slepian functions.

First, we show how to calculate the Wigner 3j-symbol and different properties of the spin-
weighted kernel matrix K.

Remark 8.1.3. To calculate the Wigner 3j-symbol, we use the formula from [12, 18, 70]

v J2 3 S L—ja—m,
(ml Mo mg):A(]laj27]3)5m1+m2+m370(_1)]1 2

x /(1 +ma)!(ji — ma)!(jo + ma)! (o — m2)!(js + m3)!(j3 — m3)!

it E'(j1 + o — 33 — K)1(G1 — m1 — k) (o +my — k)!
1

X — - - - )
(J3 — Jo +ma + E)!(Js — j1 — ma + k)!

where

Y

(j1+Jja+ 73+ 1)!
Emin = max{—7j3 + jo — my; —js + j1 + m2; 0},
kmax = min{j1 + ja — Jjs; j1 — ma; jo + ma}.

. g1+ 72 — 33)' (g1 — J2 + Js)! (=1 + g2 + Js)!
A(j17j27]3) = \/( ) ( ) ( )

Now, we look at further properties of the matrix K%.

Lemma 8.1.4. The kernel matriz KN for N € Z is Hermitian and positive definite [82].
Then, the eigenvalues are real. Furthermore, for the eigenvalues A\, we get that 0 < AN < 1.

Proof. Let N € Z.

e It is obvious that K%WW = Ké\{j, o forn,n’ = |N[,....L, j = -n,...,n, and j’ =
—n/,...,n'. Then, it is clear that K is Hermitian.

e Let GV be an eigenvector and €V an eigenfunction of K. Then, we obtain from the
norm properties and by interchanging summation and integration

GV KNGN — L?”(ﬁ)?]v(f) dw(§) = (T", %) . p = H?NHi%R) >0

for all &V = Zﬁle‘ > W Ghy NYnj # 0 and therefore, for all GN # 0. So, KV is
positive definite.

e It is well known from linear algebra that the eigenvalues AV of a Hermitian matrix K~
are real [54, page 131 ff.].
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e Here, we know that

_ GV ENGY [ 9M©TV(E) dw(©)
GNGN [ EN(OTN(E) dw(§)

With the positive definiteness of KV, we get directly that A > 0. Furthermore, with

)\N

2

gYOZN () =27 ()] =0,

we get that

/M £V ()BVE) dw(€) > 0

for any measurable subset M C (2. Then, we obtain with R C €) that

W GN_[TgNGN

GN GN

N RAGAGENS
Jo 8N ()TN (€) duw(€)

S @NOFE) dw(©) — o, TV OTV(E) dw(€)
N Jo EN(E)EN(E) dw(€)

a8V OFNE) dw(©)
o SVOF(E )
< 1. .

Altogether, we get 0 < AN < 1.

Corollary 8.1.5. The last property of the previous lemma can be enhanced to
0< MV <1,

because no bandlimited function can be completely supported within the region R.

Corollary 8.1.6. The matriz KN, the complex conjugation of the kernel matriz KV, is a
Gramian matrix because

N N

Ky = Kidjrag = (WY1 N Yns) 120
for all N € Z, alln,n’ € No, n,n' > |N|, all j = —n,...,n, and all j' = —n',...,n'. There-
fore, we can find a system of eigenvectors of the kernel matrixz that forms an orthonormal
basis spanning the unit sphere Q0 [60].

8.2 Commuting Operator on the Spherical Cap

We know how to calculate the Slepian functions from the spin-weighted eigenvalue problem
of spin weight N € Z
KNGYN = \GY
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and from the integral equation

/R HN(E TN (€) dw(€) = ATV (1)

in general. In this chapter, we consider the example of the spherical cap as region of interest.
For that case, we can formulate a commuting operator and explain the computation of the
Slepian functions. For spin weight zero, this was previously done by [37, 78, 82] and for spin
weight +1 by [43].

For the spherical cap, the integral over the region of interest R reduces with b = cosf <t <1
to

KN = /R NV @) Yy (€) deo(€)

2 6
= / / NYn (&) NYo (&) sind di de
o Jo

2 1
— [ [ 5@ s dt dio
o Jb
for all N € Z, all n,n' = |N|,...,L, all j = —n,...,n, and all ;' = —n/,... ;n'. So, the

region of interest for the spherical cap is given by R = [0,2x] x [b, 1]. In Figure 8.1, we see
the spherical cap.

Next, we formulate Green’s second surface identity for the spin-weighted Beltrami operator
on the spherical cap.

Theorem 8.2.1. Green’s second surface identity on the spherical cap for the operator A*N
s given by

/R(F@M—@A?WD dw(t)
- ["[0-#) (c@are - roac@)] , o

for F,G € X2(Q) (see Definition 3.4.17), where & = £(t, ) € Q.

Proof. Let T := R/Bs (¢®), 6 > 0. For F,G € X*(T'), we get with Theorem 3.4.28

[ (FO2T6©0 -G F©) e

() pl—1¢
~
=0, because F,G are 2m-periodic in ¢

= [ (P50 - T 50 7(0)) o)~ [[ {75 0. (FIOTE) aete)
)

0 —— ——= 0
~ [ (F0510560 - G@ 5 7O

0 —
 Joorn (P70 - g 5716)) s 82
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Figure 8.1: The spherical cap of the angle 6.
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On JR, we obtain that for £ = £(¢, ) € Q

/aR (F@ay@@@ 5 F(é)) do (€)

_ / " (F©ue) - VO - TEw(e) - ViF(©)) r de

where r = /1 — 2, v(§) = —¢' and consequently v(§) - V¢ = —/1 —120;. Then, we get

/{)R (F(f)ayi@@ — G(g)ay(g)F(g)) do(€)
B /0 ﬂ [(1 —t) (@@F(f) - F(&)@@)} de.

t=b

On 0B; (¢2) N Q, we obtain that

G PO = V(O ViP(©) =~ V() = —VT=POF(E)

is bounded, because 0, F" = O( = t2) For G, we get the same result analogously.
Then, we get for the limit 6 — O+ that

0 — —
/3]35(53)09 (F<£) ay(é')G(g) o (5) 8V(€)F(€)> dO’(f) — 0.

Furthermore, the left-hand side of (8.2) tends for § — 0, to the integral over R. This means
that

[ (FO2T6©0 -G08 F©O) dwi©) — [ (FOATEEO - GEATFO) (o)
Altogether, we obtain

| (FOBTGE - G@AL F(©) dufe)

= /0 ) [(1=#) (COUFE) - F©IGE)|  de.

]

Now, we define the commuting operator for the spherical cap and prove that this operator
commutes with the kernel function.

Theorem 8.2.2. For the spherical cap with b = cosf <t < 1, the kernel function, defined

by
= Z Z NYn,j(f) NYn,j(n)a

n=|N|j=—n

commutes with the differential operator
TN = - t) AN + (1] — 1) 9, — L(L +2)ty

for all N € 7Z, where AE’N 1s defined in Corollary 3.3.7, L is the bandlimit, and & =
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E(t, 01),m = n(te, ) € Q. This means that for any function u € X*(Qy), we obtain
[T )] dvtn) = [ [T uta) detir)
=7 | FE ) dwln)

Before we prove this theorem we have to make additional remarks.

Remark 8.2.3. Previously, we had for N € Z

/R FHNE TN (E) dwl€) = ATV ().

With N (€,m) = HN(n, §), this is equal to
| #0.08% m) detn) = [ FERE 1) doli) =257 (0

for &,m e Q.

Remark 8.2.4. Let N € Z and &,m € Q). For the proof of Theorem 8.2.2, we have to show
the following equations.

1. For two functions u; and us € X?(Q), the differential operator is self-adjoint, this
means that it satisfies

/R 0@ [TVun(€)] duw(€) = / (7w ()] ual€) dw(€)

R

and particularly, for the spherical cap

[ @] ado= [ [ T7Eu@n a
where £ = (L, p) € Q.

TNHN (& m) = FNHV(En).

j_gN‘%N(é-a 77) = JgN ‘%N<§7 77)

4. We can interchange the integration and the differential operater, this means that for
any u € X?(Q)

ngL%N(é,n)U(n) dw(n) = /ngNe%N(&n)IL(n) dw(n).

This is obvious with Corollary 3.4.18, because

/R HVE ) [TVu(m)] dwin) = [ TZFHN(E m]uln) dwin)

2.

[f_éve%’ N(E, n)]U(n) dw(n)

s
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3. N N
s /R 7 FNE () dun)
4. N N
Lo [ TRl duto)
R

Before we prove these equations, we first have to look at some properties of sums.

Remark 8.2.5. For sums, we have the following properties

L L Lk
DO bie=)_> b, (8.3)
k=i k=a i=a
n L

L h L
DY b= D buys (8.4)
n=|N|j=—-n j=—Ln=n;
L n-1 L L
SN =D Y bus (8.5)
n=n; k=n; k=n; n=k+1

where L,a € No, N, j € Z, and n; = max{|N|,|j|} with L > a, L > |N|, and L > |j|.
Proof. The proof of the sum relations is straight forward.

e The first property (8.3) is proven by induction.

Base case: Let L = a.
a a a k
D bk =baa=Y_> bin

i=a k=i k=a i=a
Induction hypothesis: (8.3) is satisfied for L, L € Ny, L > a.
Induction step: The induction step L — L + 1 is given with help of the induction
hypothesis by

L+1 L1 L L+1 L+l
Z Z bi,k = Z Z b@k + Z bL—i—l,kz
i=a k=i i=a k=i k=L+1
= ZZblk—f-ZbZ[A—l +bL+1L+1
- L+1
= Zszk—FszLJA

= szk
k=a

e For the second property (8.4), we use the definition of n; and property (8.3).

L L =[Nl L [N|—1
IIDIEED DI IS Z b + Z me
j=—Ln=n; j=—Ln=lj] j=—IN|+1n=|N| j= \NI |J|
L IN|—1

DI NANED SID SNES 35 ¥

j=IN| n=y n=|N| j=—|N|[+1 Jj=|N| n=j



8.2. COMMUTING OPERATOR ON THE SPHERICAL CAP 203

L |N|—1
= Z RS SIS bna+Z > b,
n=|N| j=|N| n=|N| j=—|N|+1 n=|N| j=|N|
L —|N] IN|-1
I DI TR SINES Sr
n=|N| \j=-n J==IN|+1 J=IN|
L n
=D > bug
n=|N|j=-n

e We get the third property (8.5) with help of property (8.3) by

L n-1 L L
E E bn,k - E E bn k— E bn k
n=n; k=n; n=n; k=n;

2 b= 2

n=n; n=nj

Mh

il

n

<

”Mh ”M“
- le

Corollary 8.2.6. From the previous remark, we can conclude that
L n n—1 L k L
DD D b= D D D bug
n=|N|j=—n k=n; k=|N| j=—k n=k+1
where n; = max{|N|, |j|}, L € Ny, and N € Z with L > |N|.
Proof. With the previous remark, we get
L n n—1 (8.4) L L n-1
DD D bk = DL D0 D bua
n=|N| j=-—n k=n; j=—Ln=n; k=n;
55 L L L
=22 D boas
j=—L k=nj n=k+1
s L kL
=220 D boas
k=|N| j=—k n=k+1

Now, we can prove Theorem 8.2.2.

Proof. Here, we need previously described properties of Chapter 3. Let N € Z.
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1. Let £ = &(t, ) € Q. Then, the left-hand side of the first condition from Remark 8.2.4

can be written for two functions u; and uy € X?(€) by

@ [7w()] dw(e) = [ b= A () (o

+ /R (2 = 1) 1 (©)0ua(€) dw(€)
_ /R L(L + 2)tur (€)us(€) dw(€). (8:6)

The integrals exist, because from uy, uy € X?(€) we know that uy, ug, (t* — 1) dsus,
and A*Ny, are bounded on Q. Then, #Vuy is bounded on €. So, we integrate over
products of bounded functions and hence, over bounded functions. The same holds
true for the right-hand side of the first condition from Remark 8.2.4 with interchanged
roles of u; and uy. Note that in Theorem 8.2.2, we use ' instead of u;. Then,
the integrals also exist, because we know from Corollary 3.4.18 that the spin-weighted
spherical harmonics are in X?2(£y) and therefore, # " consists of products and sums
of bounded functions, which are also bounded.

So, the first integral in (8.6) leads with Green’s second surface identity for the spin-
weighted Beltrami operator (see Theorem 8.2.1) to

/ (b (A7 ual€) ()
o (<b - t)ul@) u2(€) dw(€)

R

1 — 1) b—t)ul( YOyt (€) — uz(€)D, ((b—t)r(g)))}t:b de.

Because

NZ% +2iNt0,
1—1t2
and b — t is independent of ¢, we look at the term

A (b=t ()

=0 (1= 06— ur(©)) + (b= 1) 175 2 (8)
(0@ + - 00m®)) + 10— )= P
u(@) = (1= ) (@ + (b — )0, (1= 2) 9 (©))

N oAx
_Ag_

AT (0= 1m(©) = 0= DA w (&) +0, (2 = D) w(@) + (2 ~1) dan(E).



8.2. COMMUTING OPERATOR ON THE SPHERICAL CAP 205

Furthermore, we obtain

[(1 _ t2) ((b _ t)r(g)am(g) — uy (&) 0y ((b — t)u1(f)>>}
= [(1 — %) (b— t)r(f)atuz(f)}

-~ -~

t=b

_\[(1 —1?) (b - t)uz(é)atr(f)} =t

J/

=0 =0

o= u@ue)]
B [(1 —t) r@uQ(f)L b

Altogether, we get for the first integral in (8.6)

[ b= @A wale) due)
= [ =00 @20l du©) + [ w(@dr (2= 1)) due
+ /R (£ = 1) ua(&)Opur (€) dw(€) — /o ' [(1 — ) u,

The second integral in (8.6) leads with integration by parts to

Altogether, we obtain

/ (@ [P un(©)] (e
NG <>dw<s>+/

R

(2 = 1) (9r(©)) wa(©) dw()

R

L(L + 2)tui(&)us(€) dw(€)
R

/R T un @] us(e) dw(e)

2. The second equation from Remark 8.2.4 can be proven for £ = &(t1,¢1) €  and
n = n(te, p2) € Q with Corollary 3.3.7 and Theorem 3.3.1 by

CARSAFAI)

- ((b — ) AN 4+ (2= 1) 0y — L(L+2)t — (h— 1) ALY — (5= 1)
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L+2t2> Z ZNYn] NYn] 77)

n=|N| j=—n
= (t —12) % Z_ L(L +2))xY5 5(€) ¥Ya (1)
+ Zl;v _Z (1 = 1) O NYni(€) NYns(n)
- ZU:V' Z_: (2 = 1) ¥Yo (01 wYs (1)
() iNl Z (n+1) = L(L +2) 5V () wYos(0)
+ Z Z ((nt1 + —) MY () NYni(0)

n=|N|j=-n

— (2n+1)a); nYn-1,(8) NYn,j(U)>

- Z > ((nt2+_) Yo (€) NYry ()

n=|N|j=—n

- 2n+ Dal, W Nyn_l,j<n>)

= (i =12) D D (n+2) = L(L+ 2)x Vs () xYas)
n=|N|j=-n
+ 3 Y en+ 1l (Wi wYa1i(n) = ¥Va15(6) wYas())
n=|N|j=—n

Note that we use here AZ’N NY, (&) = AZ’N NYn;i(§).

Further, with Theorem 3.3.5 and with Corollary 8.2.6, we get

(7 - JN) FN(€m)

= (t — ta) Z Z (n+2) = L(L +2))nY3.,4(€) nYn;(n)

n=|N|j=-n

-t Y S @nt 1) S M@ wYis ()

n=|N| j=—n k=n,

ty — ta) Z Z n(n+2) = L(L +2))nYn,;(§) vYn;(n)
INU—*n
L

tl_tQ Z ZNYk] N}/;Cj T/) Z (27’L+1)

k=|N|j=—k n=k+1
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= (t, — t) Z Z NYi(€) nYoi(n) [n(n+2) — L(L +2)

n=|N|j=-n
L
+ ) (2k+1)}
k=n+1

=(L+1)2—(n+1)?
= L(L+2) —n(n+2)

=0.

This is equivalent to the proposition

INHN (& m) = INHV (€ ).

3. The third equation from Remark 8.2.4 can be proven with the property that

FHN(E,m) =F(n,€).
With

=0, (b—t)(1—-1t*)0,) — <% + L(L + 2)1&) + f:; (02 + 2iNtd,)

and with Theorem 3.4.9, we get for the right-hand side

T %N(é )
Z Z NY’rL] jg NYnJ(f)
\NIJ*—n
Y S (-0 (- #)a) s
n=|N|j=—-n
- (Nl(f—;t) + L(L+ 2)t) NYn () + T_t? ((14)% + 2iNt(ij)) nYn, (g))

=3 N W (at ((b—1) (1 =1*) ) nYny(©)

b—t

—t
T T+ z)t) NY;(8) + :( j* —2jNt) NYn,j(g)).
For the left-hand side in the third condition from Remark 8.2.4, we obtain with
FNHN(E,m)
L n
- Z Z NYn,i(n) jgN NYni(§)
n=|N|j=—n
L n
n=|N|j=-n
N2(b—t —  b—t . . N\ o T
- ( 1(_ 2 ) + L(L + 2)t) NY, () g ((—ij)* — 2iNt(—ij)) Nyn,j(g)>
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Z ZNYM ( (0—=1) (1 =#*) ) wYn;()

n=|N|j=—n
} (Nﬁ—lt) +HLH 2”) V€ + 7= (=57 = 2iN) NYn,j@))
that
W%N(s ")
;w Z_ NY,i(n ( (b—1t) (1 =1°) ) nYn (&)
— (Nl(f—;t) + L(L + 2)t) NYsi(€) + %_; (—j2 — 2th) NYo (,5)).

So, the left- and the right-hand side in the third condition from Remark 8.2.4 are equal.
Then,

TEIN(Em) = T HNE ).
4. For any u € X*(Qp) and for £ € 2, we get

7N /%Ngn uln) du(n) = I / S S NV @ Yo (mule) dolr)

n=|N|j=-n

Y Y W ® ) [ ¥ostnutn) dst)

n=|N|j=—n

=Y Y (A W) [ Vet et

—\Nlj——”

=Y [ T ¥ttt

n=|N|j=—n
- / 7250 (€ mpun) d).
R
So, obviously, the integration and the differential operator can be interchanged.

]

Theorem 8.2.7. The commuting relation also holds true for an integral over the unit sphere.
This means that for & € Q

[T [ utn)] deto) = [ [7TEm)] uto) ot
Q Q
= [ FEmut) duto).
Q
Proof. The proof is analogous to the proof of Theorem 8.2.2. For the second and third condi-
tion of Remark 8.2.4, the integral does not appear and for the fourth condition in the integral,

we can obviously replace R by €. So, we only have to look at the first condition of Remark
8.2.4 with an integral over (2. Here, we use instead of the Theorem 8.2.1 Green’s second
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surface identity for the spin-weighted Beltrami operator from Theorem 3.4.27. Furthermore,
n (8.7), respectively (8.8), we obtain for the term

/0 ’ (2= D u@we)] o=

Then, we get the proposition. O

8.3 Computation of the Slepian Functions on the
Spherical Cap

Because the matrices K, k, and k and therefore, the matrix KV, N € Z, are supposed to
be ill-conditioned, we need the commuting operator from the previous chapter to implement
the Slepian functions on the spherical cap. Implementing this operator £ is difficult, but
instead we can formulate a commuting matrix I with this operator. Then, we can calculate
the eigenvectors, the eigenfunctions, and the eigenvalues [82]. Consequently, we can compute
the scalar, the vector, and the tensor Slepian functions.

We know already that Jg and Y commute for all N € Z. Now, we look at the eigenfunc-
tions of the commuting operator .#V. Later we will see that 7 N and #" have the same
eigenfunctions €Y. Therefore, we use this previously in the notatlon This means that for

EeQand N € Z
TG (€) = xa¥a (),
| FEnE ) dut) = XE(€),
R
where AV and y, are not necessarily equal. This means that the kernel function and its

commuting differential operator have the same eigenfunctions, but do not need to have the
same eigenvalues.

Furthermore,
TGN (E) = xa¥a (6)
leads to

L n' L n'
S @GN ) T Wi =xa > > (GN ), 8w ().

n'=|N| j'=—n’ n'=|N|j/=—n’
Upon multiplying by NYM( ¢),n=|N|,...,L, j =—n,...,n, we obtain
L n' L n’
Z Z (szv/,j/)a NYn;(§) (JgN MY i (€) = Xa Z Z (Gg,j’)a NYn ;i (&) NYw i (€).
n'=|N| j'=—n’ n'=|N|j'=—n’

Integration over the unit sphere €2 and interchanging of sum and integral leads with Theorem
3.4.21 to

Z > (0 N IR GITAR AN GOERG

=|N| j'=—n’
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(G i), /Q NYp i (&) N (€) dw(€).

n'=|N| j/'=—n N

:6n’n/5j1j/

This yields

Z Z (G 7)o L = Xa (Gj),

=|N|j'=—n/

for all n = |N|,..., L and all j = —n,...,n and particularly
INGY = x,GY,

where

IN = / T (I WY () dwle),

N N
LNy NN LN
N .= : : :
N N
Irr ny— v e IpioL

We know already
KNGYN = W@l

where

KN = / NV (©) w Y (€) dw(©).
R

forall N € Z, all n,n’ = |N|,...,L, all j = —n,...,n, and all j/ = —n/,...,n/ and from
Theorem 8.2.2 that %" and & commute for all N € Z. Then, we get the following
corollary.

Corollary 8.3.1. KV and IV also commute for all N € Z, this means that
KNIN = VKN,

So, they have the same eigenvectors G, if IN has a simple spectrum of eigenvalues.

fe 4

Proof. Let N € Z, n,l = |N|,...,L, j = —n,...,n, and m = —[,...,l. We start with the
commutation of the matrices and then show that they have the same eigenvectors.

e The left-hand side gives with Theorem 8.2.7 and with Theorem 3.4.21

(KNIN)njlm

= Z;w Z njn'j’ nJ’lm

- Z Z /NY”J &) Yo 1 (§) dw(i)/NYn',j'(n) (jnN NYlvm(n)) dw (1)
=|IN|j'=-n

= / MY (€ / Z Z NYor (1) 8 Yo 5 (€) (T WYim () dw(n) dw(§)

=|N|j'=

fc%’N(n@ FHN(En)
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- [ @ | [ng%N@T M| Yo (n) o) deo(6)

/NYnj &) I Z Z NY g /NYn’,j’(m VY1 (1) dw(n) dw(f)

=|N|j'=-n

5,1 10,1,

m

_ /R WY (€) (T Vi) dw(€)

and the right-hand side with Theorem 8.2.2 and with Theorem 3.4.21

(INKN)njlm

= Z Z NY i (6) (I8 NY () dw(&) | nYowir(n) nYim(n) dw(n)
=|N|j'=— n/ f /R

://NYM TN Z Z NYo (&) NV () NYim(n) dw(n) dw(€)

=|N|j'=—

s

g

=#N(&m)

:/NYn,j(f)/%N(fan) (an NYl,m(n)) dw(n) dw(§)

/ Z Z /NYn] NYn’ ’(f) dw({) NYn’,j’(n) (jnNNifl,m(n)) dw(ﬁ)

=|N| j'=—nX

=5

n,n 633

= /R NYo () (F) NYim(n)) dw(n).

The interchanging of the integrals is possible, because of Fubini’s theorem. So, both
sides are equal and we get the proposition.

e The second part of the corollary is a well-known theorem of linear algebra [41, page 63
f]. It claims that if KV and IV commute, then they have the same eigenvectors G¥
if all eigenvalues x, are simple eigenvalues of IV to the eigenvector G¥. This can be
proved by the following. We know that

INGY =y, ,GY.

Then, with
INKNGY = KNIVGY = xo KNG,

we know that KNGY is an eigenvector of IV to the eigenvalue x,. If IV has a simple
spectrum, this new eigenvector must be a multiple of the old one. This means that

KNG = \Na?.

So, KV and IV have the same eigenvectors G if IV has a simple spectrum.
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Note that because IV, KN e RIEFD =N IXI(LAD)* =N (hecausen = |N|,..., L, j = —n, ..., n),

we obtain (L + 1)2 — N? orthogonal eigenvectors G¥, orthogonal eigenfunctions ?év , and

eigenvalues \Y, where o = 1,..., (L +1)? — N2. With the Gram-Schmidt algorithm, we can
orthonormalize the eigenvectors and eigenfunctions.

If KV and I have the same eigenvectors, we can calculate this GY by
INGY = x,GN.
Therefore, we first calculate the matrix IV, where
By = | NVai@ (7 Yo (6)) )
forall N € Z, all n,n’ = |N|,...,L,all j = —n,...,n,and all j/ = —n’ ... n.

Lemma 8.3.2. We obtain for

I'rjz\;nj /QNYn,j(é-) (‘jgN NYn’,j’(g)) dW(f)

the following result.
. L(L+2)+1
N = Db+Nj(1-——_—
oy == [t 205 i+ )]
ity = [(n+ 1) =1—=L(L+2)] ay,,
n+t1-N)n+1+N) \/(n+1—j)(n+1+j)

= [n(n+2) - L(L +2)] d n+1 2n+ D(2n+3)

[7]1V+1]nj = [n(n+2) _L(L+2)] n+1j [7]1\;714—1]7
N _
Liny =0, else
for all N € Z, alln,n' =|N|,....L, allj = —n,...,n, and all j' = —n',...,n. So, IV is a
symmetric tridiagonal matriz.

Proof. For £ € (), we take a look at JsN ~nY;.;(€) and use Theorem 3.3.1. Then, we get
jgN NYn,j(f)
_ [(b — AN + (P = 1) 0 — L(L + z)t] NYi ()
—n(n+1)(b—t) NYn; () + [(£* = 1) 9, — L(L + 2)t] nYr;(§)
=" —n(n+1)b yYo (&) + [n(n+1) = L(L + 2)] t NY;,;(£)

s e ST o+ ot e i@
(
(

I nN—] WY€) + 20+ Dady ) Yo (€)
+[(n=1)(n+1) = L(L+2)]t NV, ;(8)

W {nm +1)b+ %] Wi (€) +[(n = 1)(n+1) = L(L +2)] e x¥n1,5(6)
+l(n—1)(n+1)— LIL+2) +2n+ 1 by ; 8Yai15(8)
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Nj
n(n+1)
(n+#—1—L@+&D]NmAQ

—[(n=1n+1) = L(L+2)] NYn;(€)

Nj
n(n+1)
L(L +2)] ag'; nYa-1,5(6) + [n(n +2) = L(L + 2)] sy 5 8¥n41,3(6)
_ N
= — n(n + 1)b + Mn—il)
+ [n® =1 = L(L+2)] o §Yn 15(6) + [n(n +2) — L(L + 2)] ey 5 xVni1,(6)-

=— [n(n+1)b+

_I_

[n2—1

(n(n+1)— 1 L(L + 2))] WYos(6)

With the property of the spin-weighted spherical harmonics of Theorem 3.4.21,

/Q NV (€) XY 7€) dw(E) = By

we obtain

N = [n(n—i— b+ Nj (1 - %)} ’

Ly = [(n+1)?=1-L(L+2)] ol
Vi +1-N)n+1+N) \/(n+1 —)n+1+))

= [n(n+2) — L(L + 2)]

n+1 2n+1)(2n+3)
Iy = +2) = L(L+2) ey, = 1IN 1,
Ifl\;ﬂ/j, =0, else

forall N € Z, all n,n' = |N|,...,L,all j = —n,...,n, and all j/ = —n',... n. It is obvious
that IV is a symmetric tridiagonal matrix. O

Now, we can compute the matrix V.
Corollary 8.3.3. The commuting matriz IV has a simple spectrum for all N € Z.

Proof. From linear algebra, it is well known that a real, symmetric tridiagonal matrix has
real eigenvalues and all the eigenvalues are simple, if all off-diagonal elements are nonzero
[25].

Let N € Z,n = |N|,...,L and j = —n,...,n. It is obvious that IV is a real, symmetric
tridiagonal matrix. So, we have to show that all off-diagonal elements of IV are nonzero.
We know that

where
N vn+1—Nvn+1+N [(n+1—j)(n+1+j)
ntLg n+1 (2n+1)(2n + 3)

The off-diagonal elements can be zero, if

o 047]2;1,]‘ = 0. For n = 0, we also get that N = 0 and j = 0 and therefore, aﬁﬁrl’j # 0.
For n > 0, the coefficients o’ +1,; = 0 is equivalent to one of the following equations

n+1—-—N=0
n+1+N=0
n+1—353=01"

n+l+j=0
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For n > 0, this leads to

n+1=|N|
n+1=|jl]"
Because n = |[N|,..., L and j = —n,...,n, son > |N| and |j| < n, we get

n=|N|—1>|N|
n+l=1j<n |’

Then, oaﬁlvﬂd-#()for all Ne€Z,alln=|N|,...,L,and all j = —n, ... n.

e n(n+2)—L(L+2) = 0. This is the case for n = L since n > 0, but I7}, 1 = I 1.
does not exist.

So, the off-diagonal elements of IV are nonzero and therefore, we get the proposition that
IV has a simple spectrum. O

Now, we know that KV and I have the same eigenvectors and we can easily calculate these
eigenvectors GV = ((an\fj)a> by solving
n7]

INGY =y ,GY.
To obtain the eigenfunctions €Y of the eigenvalue problems
IV (€) = xa¥a (€)

and
/R IV (E TN (E) dw(€) = VB (),

we have to compute

gNE) =" > (GY)), ~Yus()

n=|N| j=—n

We get the eigenvalues by
W =GN KV = [ 8O dute).
R
So, we have to calculate the matrix elements
Kl = [ 57508 a¥irsl6) d(©
forall N € Z, all n,n’ = |N|,...,L,all j = —n,...,n,and all j/ = —n' ... n.

Now, we can calculate the matrix elements of the kernel matrix K.

Theorem 8.3.4. The kernel matrixz for the spherical cap is given by

: n+n’
N _(—1)N+] - n k n n k n
Koy = Ve )2 +1) Y 0 N oo N

—J

k=|n—n'|

X [Pe—1(b) — Prya(b)] 65,5

forall N € Z, alln,n' = |N|,...,L, all j =—n,...,n, and all j' = —n' ... n'.
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Proof. From Theorem 8.1.2, we know that we have to look at the integral

1 2m
/ Xkﬂ‘_j/(t)/ e_i(j_j,)@ ng dt = 271'(5 / Xk 0 ,
b 0

2k+1 P()

where we use Definition 2.4.37. We get with Corollary 2.4.9

! e [2k+1 1
X, —i(G=i")» = 26 | P._ —_ P
/; k,g—j (t) /0 e dgo dt 7.(5.7:.7 47T 2]{: + 1 [ k 1(b) k+1(b)]

T
= /= [Pi1(b) = Per1(b)] 6;
With Theorem 8.1.2, we obtain the proposition
n+n’
, 2n+1)2n' +1)2k+1) (n &k n'
KN o= (=1)Nt ( Co
wit = (1) k—nzn’| 47 j =i =7
< (] | KXoy (B)e0 dw(é(t )
—-N 0 N el
_ (=DM , koW
= VvV (2n +1)(2n +1)k|2_ o
n k n
(v o ) Bl - Rl
forall N € Z, all n,n’ = |N|,...,L,all j = —n,... ,n,and all j/ = —n’,... 7 H

Allin all, we can compute the orthonormal eigenvectors GE | the orthonormal eigenfunctions
ZEN and the eigenvalues AN for a = 1,..., (L +1)? — N2. So, we can calculate the scalar,
vector, and tensor Slepian functions on the spherical cap with the results from Chapter 4,
Chapter 5.1.3, and Chapter 6.1.5.

8.4 The Shannon Number of the Slepian Functions on
the Spherical Cap

From Chapter 4, Chapter 5, and Chapter 6, we know that the Shannon number is given by
Ssca ar — L 1
e = (L+1)° =

Svector - [S(L + 1) - 2} E

Stensor = |:9(L + 1>2 - 12} ﬁ

So, we need the area A, of the spherical cap defined by b = cos <t <1 to calculate the
Shannon number of the three cases.

We see from Figure 8.2 that cosf = £. Then, ¢ = rcosf =rb and so, h =r —c=r(1 —b).
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Figure 8.2: Transverse section of the sphere of radius r with the spherical cap of the angle
0.
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Therefore, the area is given by

Acap = 27rh = 277%(1 — b),
where r = 1 for the unit sphere €.

Then, we get

and therefore,

1-0
Sscalar == (L + 1)2 a8

2
1—0
Syector = [3(L +1)* — 2] —5—

1-b
Stensor = [9([/ + 1)2 - 12] —2 .

8.5 Implementation of Tensor Slepian Functions on the
Spherical Cap

In this section, we present the pointwise Euclidean norm of selected tensor Slepian functions
on the spherical cap. All numerical calculations were done with MATLAB R2015b. The cal-
culation of the Legendre polynomials, of the associated Legendre functions, of the spherical
harmonics, and of its derivatives are based on the algorithms of [23].

From the previous section, we know how to calculate the spin-weighted Slepian functions
and their eigenvalues and eigenvectors. Additionally, we know from Chapter 6.1.5 how to
calculate the tensor Slepian functions on the spherical cap. In our example, we use a spher-
ical cap with radius 40°. This is equal to § = %7?. For the bandlimit, we choose L = 18.
This choice of parameters is dedicated to the choice of parameters in [78]. Then, the whole
number of tensor Slepian functions is 9(L + 1)* — 12 = 3237 and for our spherical cap, we
get the Shannon number approximately by S a2 379.

In Figure 8.3, we see the distribution of the sorted eigenvalues for the previously described
example. The red plus marks the location of the Shannon number. We see that the eigenval-
ues are mostly near to 1 or near to zero and only a small number is in between. The largest
eigenvalue is A; = 0.999999999403780, so it is approximately 1. A problem is that there
are small negative eigenvalues (the smallest eigenvalue is \z37 = —4.3082 - 1071%; basically
zero with respect to the machine accuracy). We assume that they are numerical artifacts.
Numerical experiments have shown that they depend on the bandwidth and on the region
size. We examine that this effect occurs for increasing bandwidth and decreasing region size.
We do not worry about these small negative eigenvalues, because they are so small that we
can say that they are approximately zero. Furthermore, the aim of the Slepian functions is
to construct a localized basis system. For this purpose, we have previously recognized that
we only use the functions up to the Shannon number and skip the rest. The basis functions
to the negative eigenvalues are less concentrated in the region of interest R and therefore,
they are not interesting for us.

The results we get for our example show that the tensor Slepian functions are sorted as



218 CHAPTER 8. SLEPIAN FUNCTIONS ON THE SPHERICAL CAP

expected. In Figure 8.4 to Figure 8.10, we see the pointwise Euclidean norm of the tensor
Slepian functions for a selection of o with o = 1,...,3237 plotted on the Driscoll-Healy
grid (see Appendix B.4). The first tensor Slepian functions are concentrated in the region
of interest, the spherical cap located at the North pole and marked by the inner of the red
circle (see Figure 8.4 to Figure 8.6). The ones near to the Shannon number are concentrated
around the boundary of the spherical cap (see Figure 8.7 and Figure 8.8) and the last ones,
the less concentrated functions, are localized in the opposite cap. This means that the less
concentrated tensor Slepian functions of the spherical cap at the North pole with 6 are the
best concentrated ones of the spherical cap at the South pole with radius = — 6 (see Figure
8.9 and Figure 8.10).

It is obvious that the Euclidean norm of some tensor Slepian functions are equal, because we
know from Chapter 6.1.5 that they are based on the spin-weighted Slepian functions. These
are three times the spin-weighted Slepian functions of spin weight zero, twice those of spin
weight 1 and —1 and once those of spin weight 2 and —2. We know that these spin-weighted
Slepian functions are multiplied by a tensor given by the tensor product of two orthonormal
unit vectors on the sphere. So, the norm of this tensor is always one. Therefore, we take this
into account, for example when we choose the best concentrated tensor Slepian functions,
because the norm of the first nine looks equal.

Figure 8.8 displays that the Shannon number is, as expected, a good estimate for signif-
icant eigenvalues. The tensor Slepian function for the Shannon number is concentrated at
the boundary of the spherical cap. However, the concentration only occurs in the inner of
the spherical cap. A suggestion in [60] is to use a number smaller than the Shannon number
as a better estimate. Therefore, by looking at the tensor Slepian functions, we select the
functions of Figure 8.7. These functions are concentrated at the boundary of the spherical
cap that are almost contained in the inner area of the spherical cap.

The second row in Figure 8.10 shows two different mapping projections for the norm of
the tensor Slepian function for « = 3237. This is the least concentrated tensor Slepian
function and is concentrated at the South pole. We use these two map projections, because
this concentration at the South pole is poorly recognizable in the otherwise used projection.
However, this projection is for all other « the better choice.
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Figure 8.3: Distribution of the sorted eigenvalues of the tensor Slepian functions with ban-
dlimit L = 18 for a spherical cap with radius 40°. Altogether, we have 9(L +1)? — 12 = 3237
functions and the Shannon number, marked by the red +, is given by S ~ 379.
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Figure 8.4: The norm of the best concentrated tensor Slepian functions with bandlimit
L = 18 in a spherical cap with radius 40° at the North pole. The cap is marked as the inner
of the red circle. Here, o = 1 (top-left), a = 10 (top-right), a = 28 (bottom-left) and o = 46
(bottom-right).
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Figure 8.5: The norm of the best concentrated tensor Slepian functions with bandlimit
L = 18 in a spherical cap with radius 40° at the North pole. The cap is marked as the
inner of the red circle. Here, v = 55 (top-left), a = 73 (top-right), a = 91 (bottom-left) and

a =109 (bottom-right).
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Figure 8.6: The norm of the best concentrated tensor Slepian functions with bandlimit
L = 18 in a spherical cap with radius 40° at the North pole. The cap is marked as the inner
of the red circle. Here, a = 127 (top-left), a = 136 (top-right), a = 148 (bottom-left) and
a = 154 (bottom-right).
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Figure 8.7: The norm of the tensor Slepian functions near to the Shannon number with
bandlimit L = 18 in a spherical cap with radius 40° at the North pole. The cap is marked
as the inner of the red circle. Here, & = 300 (top-left), @ = 304 (top-right), a = 324
(bottom-left) and o = 342 (bottom-right).
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Figure 8.8: The norm of the tensor Slepian functions near to the Shannon number with
bandlimit L = 18 in a spherical cap with radius 40° at the North pole. The cap is marked
as the inner of the red circle. Here, & = 376 (top-left), a = 379 (top-right), o = 391
(bottom-left) and a = 393 (bottom-right).
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Figure 8.9: The norm of the less concentrated tensor Slepian functions with bandlimit L = 18
in a spherical cap with radius 40° at the North pole. The cap is marked as the inner of the
red circle. Here, o = 3206 (top-left), a = 3209 (top-right), o = 3214 (bottom-left) and
a = 3225 (bottom-right).
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Figure 8.10: The norm of the less concentrated tensor Slepian functions with bandlimit
L = 18 in a spherical cap with radius 40° at the North pole. The cap is marked as the inner
of the red circle. Here, a = 3228 (top-left), a = 3233 (top-right), a = 3237 for the same
map projection (bottom-left) and for another map projection (bottom-right).




Chapter 9

CMB Polarization on the Spherical
Cap

The following content is described in [1, 42, 45, 46, 53, 62, 76, 97, 99, 102]. The CMB
(cosmic microwave background) anisotropies are used for studies of the early universe and
for classical cosmology, in details for the study of geometric structure, energy content, and
evolution of the universe. Furthermore, the CMB anisotropies determine weather density
perturbations.

An important fact is that the CMB anisotropies can completely be studied in terms of
temperature and polarization anisotropies. The temperature anisotropies are scalar and the
polarization anisotropies are tensor fields. Moreover, the polarization is measured and de-
scribed by scalar fields, the Stokes parameters () and U.

From practical experiments, we do not get the CMB anisotropies on the full sphere due
to various reasons. For ground and balloon based experiments, we get only measurements
on very small partions of the sky. For satellite based experiments like COBE (Cosmic Back-
ground Explorer) and WMAP (Wilkinson Microwave Anisotropy Probe), data from the
galactic region is strongly determined by different types of galactic emission. All in all, data
from CMB anisotropies are only given on parts of the unit sphere. They are mostly given
on the hemisphere, which can be described as a spherical cap. So, using Slepian functions
on spherical caps to analyze CMB anisotropies is a valuable method.

Because the temperature anisotropies are scalar fields, they can be written in terms of the

spherical harmonics by
r-3 Y 0

n=0 j=—n

where

nj = / T()Vny @) dulé).

So, the construction of the Slepian functions to analyze the temperature anisotropies is anal-
ogous to the construction of the scalar Slepian functions (see Chapter 4). This was previously
done by [1] for the spherical cap and the spherical double cap. Moreover, the temperature
anisotropies are the best probes of the early universe and their analysis is the most powerful
test for determining cosmological parameters but we get more information by the analysis
of the polarization.

227
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The polarization helps to distinguish the gravitational potential. Moreover, it can be
uniquely separated into an electric (E-mode) and a magnetic (B-mode) component, where
E fields and B fields are orthogonal to each other on the unit sphere. The E-modes are
produced by electron scattering. The B-modes are more complicated. These modes are
produced by weak lensing of the electric polarization and from cosmic inflation, determined
by the density of primordial gravitational waves.

Furthermore, detecting and excluding the magnetic component of the polarization has a
fundamental significance in cosmology. So, the separability of the electric and magnetic
component of the polarization is a property both needed and important. We know already
that measurements of the polarization is only given on parts of the unit sphere, mostly on
the hemisphere. So, we need this separation into electric and magnetic component not only
on the unit sphere, but also on spherical caps. However, in the previously stated sources, a
unique separation into electric and magnetic component on parts of the sphere is, for some
reason, not given any longer.

So, finding a set of functions that is orthogonal on the spherical cap is useful for the analysis
of the CMB anisotropies for both the temperature (see [1] and Chapter 4) as well as the
polarization.

In this chapter, we will use the method of tensor Slepian functions from Chapter 6 in general,
and in particular on the spherical cap from Chapter 8, for the CMB polarization, because
this is a tensor valued field. First, we start with the definition of the CMB polarization.
Then, we construct the tensor Slepian functions for the CMB polarization and in the end, we
will perform multiple numerical experiments for synthetically generated polarization data.

9.1 Definition of the CMB Polarization

We start with the definition of the CMB polarization and its basis functions.

Definition 9.1.1. The CMB (cosmic microwave background) polarization p € 1*(Q) is a
tensor field. It is separated into an electric (E-mode) component e € 1*(Q) and a magnetic

(B-mode) component b € 12(Q) [1, 13, 44, 46, 53]. So,

p=e+b.
The basis functions for the CMB polarization, the electric and magnetic tensor spherical
harmonics, are given for n > 2 and j = —n,...,n for the electric component by [1, 13, 62,
79, 90, 92]
2,3
yg,j = yw(l,j :
and for the magnetic component by
3,2
yg,j = yq(z,j )

Remark 9.1.2. The majority of authors (see [1, 13, 44, 62, 79, 90, 92]) use the notation
YnEJ- and Yn]?j for the electric and magnetic tensor spherical harmonics. In [46], instead Yn(fj
for “gradient” and Yn?j for “curl” is used, because the electric component is called the curl-
free part of the polarization and the magnetic component the curl part of the polarization

[1, 44] (see also [46, 53, 62, 99]).
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Lemma 9.1.3. We obtain the electric and magnetic tensor spherical harmonics for & €

1

Y (§) = 7 (Y ()T @ 7) + 2V, 5 () (T4 @ 71))

Y (&) = 7 (oY (- @7) =2V i (§) (T @ 74)) -

So, the term and therefore, the polarization has spin weight +2.

Proof. From Theorem 3.9.3, we know that for £ € (2

—5 (O £ iy2,(0) = ¥, ( (2@ 7).
Therefore, we get
yg,j(ﬁ) - iyg,j(&) = V2,2V, () (T ® 1), (9.1)
yr (O +iyl (&) = V2 LY, (e 1) (9.2)

Then, subtracting these equations leads to
2’iy5,j(f) =2 2V (E) (T4 @ T4) + V2 oY (- ® 1)

and consequently,

—1

Y, (€)= 7 (—2Yn i (O(T- @ 7-) — 2V i (§) (T4 ® 74)) .

By adding the two equations, (9.1) and (9.2), we get

1

Yns(6) = 75 (LoYas ()= © ) +2Y0, () (4 @ 74).

Corollary 9.1.4. So, it is obvious that we get for the CMB polarization
p € Iop(Q) = 1?2,3)(9) ® 1?3,2)(9)-

Definition 9.1.5. The components of a by L bandlimited polarization p = e + b € 13,,5(Q)
are given by

L n
€= envjyn,j Y

n=2 j=—n
L n
_ E E B
b - bnvjyn,]
n=2 j=-—n

and we define the dimension d := (L + 1)® — 4, where the polarization p consists of 2d basis
functions.
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9.2 Tensor Slepian Functions for CMB Polarization on
Spherical Caps

Now, we want to calculate the Slepian functions for the CMB polarization. The resulting
kernel matrix of the CMB polarization for the Slepian eigenvalue problem is not separated
into an electric and a magnetic component. Consequently, the same holds true for the
Slepian functions, because they are mutually dependend, too. However, we can use the
spin-weighted spherical harmonics in the same way as in Chapter 6. Then, we have to solve
the concentration problem for spin weight 2 and —2. Previously, we have solved this for the
spherical cap (see Chapter 8).

So, first we look at the needed properties of the basis functions. With (see Lemma 6.1.11)
(7}@’7})2(7}@7}):1, (7}@'7}):(7_;@7—:1:):07

we obtain for £ € Q [79]

Yns(€) : ym (€)

N % (Y5 ()(7- @ 7-) +2Y5 ()74 @ 7)) - <72Yncj’(€) (T-®7_) + oY ;#(§) (14 ® T+)>
= (0l T+ ) T D).

Yy (€) syl i (€)

= 5 (0 ©7) ~ 2O 0 7)) (Fws @ 67 Vs (7 6 7)
= (0l T+ ) T D).

Y (€) sy ()

I
—~

Y (e @ T1) 4+ 2Y, i (6) (T @ T4)) <_2Yn/7j/ ©) (T ®@7_) — oY y(6) (14 ® T+)>

]

2

2 _— -
= 5 (Y0 (&) SV () = oYy () Vo (9)

With Theorem 3.4.21,
/QNYn,j(f) NYn’,j’(g) dw(ﬁ) = 5n,n’5j,j’=

we get [79]

/Q Y2, (€) B (6) dw(€) = / yP,(€) B (E) dw(®)
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1
5 (Onwdjj + Onw )
- 5n,n’5j,j’

and

/ys,j<€) : y%j/(@ dW<§> = — / yEJ(&) : yg’,j’(g) dw(é)
@ Q
-1 / (2Yis(6) 2V (€] — 2Ya(6) 2V s (©)) ()

.

5 (Onwdjjr = Ongwdj)
=0.
Next, we take a look at the CMB concentration problem.

Problem 9.2.1. We want to calculate the by L bandlimited polarization p optimally con-
centrated within the region R C ). Then, the concentration problem is given by

\ Jrp(&) : p(§) dw(§)

— = max,

Jo (&) :p(§) dw(§)

where

- Z Z (enyn (&) + buyyr (9)) -

n=2 j=—n

Then, we get

/R p(€) : P(E) dw(®)

(ens¥E5(€) + a2 () + (@, (€) + Buyyl , (©) dw(©)

n=2 j=— nn’:2j/: n VB

=2 Z 2 Z ( [ O UE ) dwl) + ensbuy [ wE (€)W ) )

+bnj€n

;g\

V(9 VL0 d(©) + bty [ 02,0540, O dw@)

and analogously,
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Problem 9.2.2. So, the concentration problem leads to the eigenvalue problem

g'kg
A = —F— = max,
g g
where
kE kEB
k= ((kEB)T kB) ’ g = (62,—27--'7eL,L;b2,_27...,bL7L)T’
kf},]j,n’]/ — \/}zygj(f) yn/’j/(f) d(,g)(g)7
kEgn/]/ :\/Rygj(f) yn/j/(ﬁ’) dw(g%
and

KEB, = /R WEE) B (€) dwl©).

Now, we use the spin-weighted spherical harmonics in the same way like in Chapter 6. So,

for £ € ) with
—1

7 (=Ym; (&) iy ;(6)) = Y0 () (re @ 72) (9-3)

and with

[ i@ 0 m): (Vs @0 7)) dwl€) = [ aaVi€)5a¥or 1 d®)
_ {5n,n’5j,j’7 for M = Q

K2 for M = R’

Sl
nj,n gt

/M (+2Yn;(6) (T2 @ 74)) (¢2Ynf,jf(€)(7¢ ® T;)) dw(€) =0

for M € {Q, R}, we obtain the following problem.
Problem 9.2.3. We get from the concentration problem the eigenvalue problem
kg = Ag,

where i
0 B _o\T
k= ( 0 K2) ’ g = (Gg,—Qv'--70%,L7G272—2""’GL?L> ’

So, we have to solve the eigenvalue problems for spin weight 2 and —2, this means that
K:I:QG:EQ — )\G:I:Z'

This was previously discussed and solved in Chapter 6.1.4. With these results, we can
formulate the vector of the Slepian coefficients by

2
GQ), a=1,...,d
0

0 ), a=d+1,...,2d

Q
2
I

—2
Ga—d
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and the Slepian functions for the CMB concentration problem for ¢ € Q) by

) = G2 (1 @ Ty), a=1,...,d
e @), a=d+1,...,2d

ST (@), YO ), a=1...d
S 2 (G2 Va7, a=d+1,...,2d

Now, we can write the polarization in the basis of the electric and magnetic spherical har-
monics and in the basis of the spin-weighted spherical harmonics. This means that for

£eQ

(9.4)

p(§)

e(£) + b(¢)

n

en,]yn] 5) + bn,jy]s,j(g))

I} M: \lw

a2 Y (E)(me @7) + G;,? LY () (@)

Furthermore, we can write the polarization in the basis of the spin-weighted Slepian functions
for £ € 2 by

2d
= Pata(§)

— Y PO o)+ Y L o). (9.5)

Next, we want to formulate the polarization in the basis of electric and magnetic tensor
Slepian functions.

Theorem 9.2.4. Now, we can formulate the polarization in the basis of the CMB Slepian
functions with separation into electric and magnetic component. This means that

p= Z pCMB CMB

= Z (Pagh +Pugl) .

a=1
where the electric and magnetic Slepian functions are given by

L n
=2 2 (gni)avis

n=2 j=-—n

L n
=22 (925).vi

n=2j=—n
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and the coefficients of their eigenvectors by

<gE) :L (Gn7ja

me T B(GR), , a=dt1,...,2d]

(o",), = — (Gri), @=1....d

il =BG L a=d+1,... 2
foralla=1,...,2d, alln=2,...,L, and all j = —n, ..., n.

Proof. To prove the theorem, we use the previous identities (9.3), (9.4), and (9.5). Then, we
obtain for £ € Q

2d
= Z D.da (5)
a=1

= Zpaﬁi(é)(u @)+ D PaFalaE) (-7

a=d+1

—ZPQZZ 2Yn; (§) (T4 @ 74)

n=2 j=—n

+ Z paz Z i) aca —2Yng(©)(r-® 1)

a=d+1 n=2 j=—n

- Z _Z (Zpa (Giu‘)a \_/_% (_ys,j(f) + iyg,j(f))

2y, a=1,...d
9

- Z p. (G.7) \_/—% (—yE,j<£>—iy5,j<£))>

. . 1 a= d;—l N
TR 4= a=d+1
j 1 d 2d
2 i G,> B o))
\/i <a:1 pa ( n,])a azd;_lpa ( 'ﬂu])ad> ynJ (5))

Next, we see that

p= Zpazz gn;) ynﬁzpazz gn;), Un;

n=2 j=-n n=2 j=—n
2d
= (pagt + Pugt)
a=1

with

L n
= Z Z (gg,j)ays,j7

n=2 j=—n

L n
=22 (9). 90

n=2 j=—n
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and

foralla=1,...,

2d,alln=2,...,

L,and all j = —n,...,n. O]

Then, we know that the CMB tensor Slepian functions can be separated into an electric and

a magnetic component by

fora=1,...,

2. =g\ =g + 4}

2d. Note that, for this reason, we also have 2d functions per electric and per

magnetic tensor Slepian functions. They cannot generate a basis, because this is twice as
much as electric and magnetic tensor spherical harmonics basis functions.

So, the electric component is given by

with the coeflicients

L

:Z Z_: emyn]

2d

- Zpo[gg

a=1

L

2d
DD S HCARTS

= n=2 j=-n

€nj = Zpa (gg,j)a'

The magnetic component is given by

with the coefficients

L n
b=> > by,

n=2j=—n

2d
=Zpag5
_ZPQZZ gnJ yn]

n=2 j=—n

2d
b Jj = Zpa (QE,J)Q
a=1

Now, we look at properties of the CMB tensor Slepian functions.

Theorem 9.2.5. The CMB tensor spherical harmonics form a complete orthonormal basis
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of 1205(Q). Consequently, for f € 125(Q), we obtain

L n
Lh—{go F- Z Z Z <fﬂynM,j>12(Q) ynM,j =0.

Me{E,B} n=2 j=-n (@)

This means that every function f € 123g(Q) can be written uniquely in the 12(Q)-sense in
terms of a Fourier series by

Z Z Z <f’ynM7j>12(Q) Ynj-

Me{E,B} n=2 j=-n

Furthermore, for every function f,g € I%MB(Q), the Parseval identity is fulfilled such that

(f.9ew= Y. Z Z (F9ee (99 e

Me{E,B} n=2 j=—n

The proof holds true, because of Theorem 2.6.12.

Theorem 9.2.6. We also get the following properties for the CMB tensor Slepian functions.
The Slepian functions are orthonormal on the unit sphere and orthogonal on the region of
interest R. This means that

(g Zo)r() = 00 (9.6)
(@ Zs)iz(r) = Aades (9.7)
forall a, 6 =1,...,2d. Furthermore, we get for the eigenvectors
L n [
z; Z (wa-)a (Giz,j)ﬁ = 0a,8,
n=2 j=—n

YYY Y (@), T 5 (Glrgr) y = Aabas

n=2 j=—nn/=2 j'=—n’

foralla,f=1,...,d and all i € {—2,2}.

Theorem 9.2.7. The CMB tensor Slepian functions {ga}a=1,....24 form a complete orthonor-
mal basis system of the by L bandlimited subset of lQCMB(Q). Therefore, we can write every by
L bandlimited tensor field f € 13,,5(Q) in the basis of the CMB tensor spherical harmonics
and in the basis of the CMB tensor Slepian functions. This means that for & € Q)

L n
f(f) - Z Z Z <f7y7l\t/{j>12(9) ynM,j(f)
=,
2d

= > godiga) 2al6).
a=1 >———

=:f,

Theorem 9.2.8. Additionally, we get for & €  with

Yo (€)= 12Y05(6) (2 @ 1)



9.2. TENSOR SLEPIAN FUNC. FOR CMB POLARIZATION ON SPHER. CAPS 237

the properties

a=1
2d
Z (gnyj)a (gn’J’) = On n’(sj Vi
a=1

for alli,i' € {—2,2}, alln,n' =2,...,L, all j =—n,....n, and oall j' = —n' ... n'.

Theorem 9.2.9. The CMB tensor Slepian functions also fulfill the following properties
Z)\ gnj gn’ ’) = knj,n’j/v

ZAO‘QO‘ ﬁa Z ZZ Z Z Z ynJ njny’é“’yn’ ’(77)

i€{—2,2} n=2 j=—ni'e{-2,2} n'=2 j'=—n'
foralln,n'=2,... L, allj =—n,...;n, and j' = —n',...,n" and for {,n € Q.

The proofs are analogous to the proofs of Theorem 4.2.1, Theorem 4.2.2, Theorem 4.2.3, and
Theorem 4.2.4.

Next, we calculate the polarization coefficients.

Theorem 9.2.10. The polarization coefficients in the basis of the Slepian functions can be
calculated by

1
Poa= - (P Zo)(n) -

Proof. With (9.5), we see that

(0 gy = [ PE): 2010 dol6)

2d

B Zpﬁ/gﬂ(é) t ga(§) dw(E
p=1 R
2d

= ZP,B (g5, ga>12(R) :
A=1

~—

With property (9.7) of the Slepian functions, we obtain

p> 'ga 12 Zpﬁ)\ﬁaﬁa

= Aapa‘
So, we get the proposition. O
Finally, we remark the following important facts.

Remark 9.2.11. Note that the electric and magnetic tensor Slepian functions are not or-
thogonal on the unit sphere and on R, because there exists twice the amount of electric
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or magnetic tensor Slepian functions compared to the electric or magnetic tensor spheri-
cal harmonics. However, we do not need it, because by utilizing the orthogonality of the
spin-weighted Slepian functions of spin weight 2 and —2, we have the desired properties to
calculate the polarization coefficients in the basis of the tensor Slepian functions. These co-
efficients are also the polarization coefficients in the basis of the electric and magnetic tensor
Slepian functions.

Remark 9.2.12. The spectral concentration of spacelimited polarization works like for space-
limited tensor fields from Chapter 7.3, where we use solely the spin weight 2 and —2 case
again.

9.3 Application and Numerical Experiments

In this section, we want to approximate a given polarization with help of the CMB tensor
Slepian functions. Here, we present our first numerical results. As before, all numerical
calculations are performed with MATLAB R2015b.

We previously explained that in practical experiments, the CMB polarization can only be
given on spherical caps in most cases. This is why we construct synthetic examples of given
polarizations on the spherical cap in the following section.

We know from Theorem 9.2.10 that we can calculate the polarization coefficients for the

Slepian functions by
1
b, = /\_a (p, 'ga>12(R)‘

The integration of the inner product is calculated by two Gaufl quadratures. It consists
of a GauB-Tschebyscheff and a GauB-Legendre quadrature as described in Appendix A.
Here, we use the MATLAB codes of Greg von Winckel [95] for the Gau-Legendre quadrature
weights and nodes and the MATLAB codes of Christian Gerhards for the combination of Gauf-
Tschebyscheff and Gaufl-Legendre quadrature on the spherical cap. The point grid of the
integration over the spherical cap is described in Appendix B.1.

With the polarization coefficients for the Slepian functions, we know that we can recon-
struct the polarization for £ € €2 by

P(&) =D Putalf)

For comparison, we can calculate the polarization coefficients for the electric and magnetic
spherical harmonics according to the least squares method, if the polarization is given on a
point grid. Here, we have to solve

p(§) = Z Z (en,jyg,j(f) + bn,jyf,j(5)) :

n=2 j=—n

The point grids used are described in Appendix B. These are the integration grid, the
HEALPix grid, and the Reuter grid. For the spherical cap, we cut the HEALPix and the
Reuter grid accordingly to the size of the cap. Although the HEALPix grid is a special
grid of cosmology, we primarily show the main results on the integration grid for reasons of
comparability.
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So, we reconstruct the polarization by Slepian functions, where we calculate the polar-
ization coefficients by integration on the integration grid. For comparison, we reconstruct
the polarization by electric and magnetic tensor spherical harmonics. Here, we calculate the
polarization coefficients by the least squares method mostly on the integration grid, but also
on both the HEALPix grid and the Reuter grid. Furthermore, for the Slepian method, we
also calculate the coefficients by the least squares method.

For the application, we construct a synthetic polarization on the appropriate point grid.
Here, we induce the given polarization by

P&) =D D" (Enal (&) + bugyl (6) + D Pagtal&)

n=2 j=-—n

for & € Q, kK =1,..., M, points on the grid. We choose this construction such that there
is no preference either to the electric and magnetic tensor spherical harmonics or to the
Slepian functions. The coefficients €, ;, b, ; and p, are generated randomly with the MATLAB
function rand, decreased by the degree of the tensor spherical harmonics. This means that
we calculate with rand the coefficients ¢, ; and (3, ; and then, calculate the electric and
magnetic tensor spherical harmonic coefficients by

~ . 1+€n,j

€, = = —

b, ;=
n 7 n

The coefficients p,, are calculated only with rand.

Moreover, we can separate the polarization into its electric and its magnetic component.
So, we know on the one hand that

2d 2d
e(©)=> (g8,). e, b&=> (g2, y%,09),
a=1 a=1
where

(6F) 1 (G, a=1...d

Inila = V2 (Gh3), o a=d+1,...,2d

- o [@), st

.3/ \/5 —(G;;)a Iy a=d+1, ,2d

On the other hand, we get

e(©) =" ey, (. bO=DY byys).

n=2 j:—n n=2 j:—n

In Figure 9.1, we see the norm of the given polarization for different sizes of spherical caps.
Here, we show a given polarization for bandlimit L = 18 on the spherical cap with radius
40° at the North pole and on the hemisphere, which is the spherical cap with radius 90° at
the North pole.

In the following figures, Figure 9.2 to Figure 9.5, we show the norm of the difference of the
calculated polarization to the given polarizations. Furthermore, we plot all differences on
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the spherical cap (left columns) and on the whole sphere (right columns).

In Figure 9.2, we show the polarization for bandlimit L = 18 on a spherical cap with radius
40° at the North pole by tensor Slepian functions with coefficients calculated by the least
squares method on the integration grid. All tensor Slepian functions are included. In Figure
9.3, we see the reconstruction of the polarization by tensor Slepian functions with coefficients
calculated by spherical integration. Here, we represent the method by including all tensor
Slepian functions (top), all tensor Slepian functions with an eigenvalue larger than 1072, and
all tensor Slepian functions up to the Shannon number. Figure 9.4 delivers the according
results for the reconstruction of the polarization by the electric and magnetic tensor spherical
harmonics with coefficients calculated by the least squares method. Here, the results on the
integration grid (top), on the HEALPix grid (center), and on the Reuter grid (bottom) are
represented.

Figure 9.5 shows the results for the case of bandlimit L = 18 on the hemisphere. We com-
pare again the reconstruction of the polarization by tensor Slepian functions with coefficients
calculated by spherical integration, where we include all Slepian functions (top) and all func-
tions with an eigenvalue larger than 1072 (center), to the reconstruction of the polarization
by the electric and magnetic tensor spherical harmonics with coefficients calculated by the
least squares method on the integration grid (bottom).

We can affirm that the method of tensor Slepian functions with coefficients calculated by
integration yields robust results. A graphic representation of the results for a spherical cap
of radius 40° and for the hemisphere is displayed in Figure 9.3 and Figure 9.5 and yields
comparable results.

We compare the method of tensor Slepian functions (coefficients calculated by integration)
with the construction of the polarization by the electric and magnetic spherical harmonics
(coefficients calculated by the least squares method on different grids). On the integration
grid, this comparison is displayed at the top of Figure 9.4 and at the bottom of Figure 9.5.
Here, we see that the results of our method are comparable to the conventional method
inside the cap, yet slightly inferior.

One reason for this could be the numerical error caused by the Gaufl quadrature, as the spin-
weighted spherical harmonics are no polynomials and thus are not exactly integrated. So,
improving the integration method for getting more accurate results with the tensor Slepian
functions is a possibility for future investigations. Here, we have to construct a integration
method, which is exact for the spin-weighted spherical harmonics. This is not trivial. Some
connected problems are listed in Appendix A.1.3.

We suppose that the slight inferiority of our results can be eliminated by using the Shannon
number for calculating the polarization. Furthermore, we suppose to get better results out-
side the spherical cap. So, we include not all tensor Slepian functions for the reconstruction
of the polarization. This means that for £ € Q

S
P) =) Putalf)

Our numerical experiments have shown that the Shannon number is too small an estimate
for the number of significant eigenvalues (see the bottom of Figure 9.3). Therefore, we en-
larged the number by including all eigenfunctions with an eigenvalue larger than 1072 (see
the center of Figure 9.3). For the example in Figure 9.3, there are for L = 18 on the whole
d=2((L+ 1)? —4) = 714 Slepian functions (top). The Shannon number is given by S =~ 84
(bottom). Our estimate is given by 137 (center).
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We see that for including all tensor Slepian functions the error of the approximation in-
side the spherical cap is numerically zero, but outside there are huge errors. With help of
the Shannon number, we get better results outside the cap, but the error inside the cap is
increasing. For including all tensor Slepian functions with an eigenvalue larger than 1072,
we obtain better results than for using the Shannon number. Indeed, the error inside the
spherical cap is still distinctly larger than those of using all tensor Slepian functions and
those of reconstructing the polarization by the electric and magnetic tensor spherical har-
monics (see Figure 9.4). However, for that case, we get better results on the whole sphere
and particularly, outside the cap than all comparable cases for a sufficiently large bandlimit.
We also obtain similar results for the example shown in Figure 9.5.

The reconstruction of the polarization by the method of tensor Slepian functions with coef-
ficients calculated by the least squares method on the integration grid is given in Figure 9.2.
We show this case with including all tensor Slepian functions. Here, we see that the error
at the boundary of the spherical cap is large. However, on the whole sphere, we get similar
results as for the reconstruction by the electric and magnetic tensor spherical harmonics.

All in all, our proposed new method yields robust results compared to the standard methods.
However, further investigations need to be made. The first, and arguably most important
point, is an even better estimation of some kind of Shannon number. Secondly, the calcu-
lation of polarization coefficients, by integration and also by the least squares method, is
prone to error. Here, we can develop a integration method for the spin-weighted spherical
harmonics. A third area for improvements is the regularization of the Slepian reconstruction
by a smoothing filter. One possible approach might be the convolution with an approxi-
mate identity such as the cp-scaling function. Fourthly, our numerical experiments can be
extended to either a different set of synthetic polarization data, for example for localized
ones like the Abel-Poisson kernel, or to polarization data observed in real world. Lastly, the
spherical harmonics, and therefore, the electric and magnetic tensor spherical harmonics,
can produce artifacts for larger degrees in the case of regional data, especially with irregular
point grids. So, it is interesting to see how the Slepian functions behave under such con-
ditions. We already know that also the tensor Slepian functions produced artifacts in our
experiments. However, there is a more sophisticated way for the Slepian functions to remove
them. The integration on irregular point grids will be another challenge therein.
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Figure 9.1: The norm of the given polarization in a spherical cap at the North pole. Here, for
bandlimit L = 18 in a spherical cap with radius 40° (left) and in the hemisphere, a spherical
cap with radius 90° (right). The red circle denotes the boundary of the spherical cap.
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Figure 9.2: The norm of the difference of the calculated polarization to the given polarization
with bandlimit L = 18 in a spherical cap with radius 40° at the North pole. Here, the
polarization is calculated by tensor Slepian functions with coefficients from the least squares
method on the integration grid with 10100 points on the spherical cap (left) and on the whole
sphere (right). The red circle denotes the boundary of the spherical cap.
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Figure 9.3: The norm of the difference of the calculated polarization to the given polarization
with bandlimit L. = 18 in a spherical cap with radius 40° at the North pole. Here, the
polarization is calculated by tensor Slepian functions with coefficients from integration with
10100 points plotted on the spherical cap (left) and on the whole sphere (right). At the
top, all tensor Slepian functions are used, in the center we use all tensor Slepian functions
with eigenvalues larger than 1072, and at the bottom, all tensor Slepian functions up to the
Shannon number are used.
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Figure 9.4: The norm of the difference of the calculated polarization to the given polarization
with bandlimit L = 18 in a spherical cap with radius 40° at the North pole. Here, the
polarization is calculated by electric and magnetic spherical harmonics on the integration
grid with 10100 points plotted on the spherical cap (top-left) and on the whole sphere (top-
right), on the HEALPix grid with 10224 points on the spherical cap (center-left) and on the
whole sphere (center-right), and on the Reuter grid with 10281 points on the spherical cap
(bottom-left) and on the whole sphere (bottom-right). The red circle denotes the boundary
of the spherical cap.
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Figure 9.5: The norm of the difference of the calculated polarization to the given polarization
with bandlimit L = 18 in the hemisphere (a spherical cap with radius 90° at the North
pole). Here, the polarization is calculated by tensor Slepian functions with coefficients from
integration with 10100 points plotted on the spherical cap (top-left) and on the whole sphere
(top-right). Moreover, the polarization is calculated by tensor Slepian functions for all
eigenvalues larger than 1072 with coefficients from integration with 10100 points plotted
on the spherical cap (center-left) and on the whole sphere (center-right). Furthermore, the
polarization is calculated by electric and magnetic spherical harmonics on the integration
grid with 10100 points on the spherical cap (bottom-left) and on the whole sphere (bottom-
right). The red circle denotes the boundary of the spherical cap.
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Chapter 10

Conclusions

10.1 Summary

This thesis can be divided into three main subjects. First, we had the mathematical theory
of the spin-weighted spherical harmonics. Second, we developed the tensor Slepian func-
tions by calculating the more general spin-weighted Slepian functions. Here, we constructed
a commuting operator for the spherical cap as region of interest. Finally, we applied the
method of tensor Slepian functions to the CMB polarization.

In short, we described a unified mathematical theory of the spin-weighted spherical harmon-
ics of Newman and Penrose [63]. Here, we not only collected and proved known properties
from the mathematical point of view, but also showed new properties, including recur-
sion relations, the Christoffel-Darboux formula, and Green’s second surface identity for the
spin-weighted Beltrami operator A*". We also proved the uniqueness of the spin-weighted
spherical harmonics as the eigenfunctions of the spin-weighted Beltrami operator.
Furthermore, we mutually connected all definitions and formulations of the spin-weighted
spherical harmonics known to date. As an example, the spin-weighted spherical harmonics in
this thesis are formulated by the spin raising and lowering operator d and 9, by the Wigner
D-function, by the Jacobi polynomials, and in a finite series expansion.

Moreover, we introduced mathematical notations like the set of the (x, V')-harmonic functions
of spin weight N and degree n, denoted by Harm?’, which is spanned by the spin-weighted
spherical harmonics. These notations enabled us to connect the theory of spin-weighted
spherical harmonics closely to the theory of the well-known spherical harmonics.

We not only related the theory of the two kinds of scalar spherical harmonics to each other,
but also related the vector spherical harmonics of Hill [40] and the tensor spherical harmonics
of Freeden, Gervens, and Schreiner [27] to the spin-weighted spherical harmonics multiplied
by a spherical unit vector respectively a tensor product of spherical unit vectors.

We used these relations to design the Slepian functions on the sphere. Here, we recapitulated
the scalar and the vector Slepian functions from [78, 82] and from [43, 67]. Furthermore, we
constructed the tensor Slepian functions on the sphere.

For all these cases, we have to solve an eigenvalue problem respectively an integral equation.
With the relation of the scalar, vector, and tensor spherical harmonics to the spin-weighted
spherical harmonics, all cases (scalar, vectorial, and tensorial) can be reduced to a single,
more general spin-weighted case. For this, we have to solve the Slepian eigenvalue problem
for a fixed spin weight N. We need spin weight zero for the scalar Slepian functions. Ad-
ditionally, we need to add for the vector Slepian functions spin weight +1 and further, we
need to add for the tensor Slepian functions spin weight +2.
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We reduced the complexity, meaning that we only have to find the spin-weighted Slepian
functions for a general and fixed spin weight N by solving the spin-weighted eigenvalue prob-
lem KYGN = AGY. Then, we can directly construct the scalar, the vector, and the tensor
Slepian functions.

Furthermore, we formulated the Shannon number for those cases as an estimate for the
number of significant eigenvalues. This means that we get from the Shannon number the
number of well concentrated Slepian functions within the region of interest.

For the spherical cap, we also designed a commuting operator ¥V to the spin-weighted
kernel function # . From the eigenfunction equation of the commuting operator, we for-
mulated the alternative eigenvalue problem IVGY = xGV. Here, the tridiagonal matrix
IV commutes with the kernel matrix K. Furthermore, these two matrices have the same
eigenvectors. These eigenvectors deliver us the spin-weighted spherical harmonic coefficients
of the spin-weighted Slepian functions.

So, we showed a stable way for solving the spin-weighted Slepian eigenvalue problem for the
spherical cap and therefore, to calculate the spin-weighted, the scalar, the vector, and the
tensor Slepian functions on the spherical cap.

We used this method to implement the tensor Slepian functions. Here, we displayed that the
method works as expected. The resulting first Slepian functions are well concentrated within
the spherical cap. The Slepian functions near to the Shannon number are concentrated on
the boundary of the spherical cap. And the last Slepian functions are concentrated outside
the spherical cap up to the complementary spherical cap.

Moreover, we used the introduced method of the tensor Slepian functions to construct the
tensor Slepian functions for the CMB (cosmic microwave background) polarization. The
CMB polarization is a tensor field. It can be separated into an electric and a magnetic com-
ponent, which is given in the basis of the electric and magnetic tensor spherical harmonics.
We connected these basis functions to the tensor spherical harmonics of Freeden, Gervens,
and Schreiner and therefore, used the here described method to construct tensor Slepian
functions for the CMB polarization. Here, we formulated the polarization in the electric and
magnetic Slepian functions.

The application of the method of tensor Slepian functions to the CMB polarization is useful,
since measurements of the polarization are only given on parts of the sphere. Mainly, these
measurements are given on the hemisphere, which is a spherical cap.

We tested our method in first of their kind numerical experiments using synthetically gen-
erated polarization data. In a nutshell, the reconstruction of the given data with help of the
Slepian functions delivered robust results. We developed an estimate for significant eigen-
values, for which we obtained superior results compared to the commonly used Shannon
number. This newly developed estimate works best outside the spherical cap. Since these
numerical experiments are the first of their kind, the main focus lied on the construction of
the theoretical framework, which necessarily includes first numerical tests on feasibility. But
all in all, there are points of improvements and open questions for future researches left.

10.2 Outlook

There are still open questions that make future research necessary.

We were endeavored to write down and show the complete theory of the spin-weighted
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spherical harmonics in a unified mathematical way. However, the spin-weighted spherical
harmonics have an enormous spectrum of versatility, viability, and properties, so that there
needs more work to be done upon arriving at a complete and unified theory.

Furthermore, the application and implementation of the tensor Slepian functions on ar-
bitrary regions as in [81] for the scalar Slepian functions remains an open topic. Moreover,
the construction of a commuting operator for the spherical double cap and belt for the vector
and tensor Slepian functions is nowhere to be found at the present moment.

The application of the tensor Slepian functions to real data like data, for example from the
satellite mission GOCE, is another possibility for future researches.

Furthermore, we have to improve the estimate of the number of significant eigenvalues.
Moreover, our method of calculating the polarization coefficients was sufficient, but cer-
tainly leaves room for further improvements. This can be achieved through regularization of
the Slepian reconstruction by a smoothing filter like the convolution with the cp-function.
After implementing the suggested improvements, a re-conduction of the experiment within
the same framework for testing the magnitude of possible improvements is advisable. Fur-
thermore, an extension to other synthetic polarization data like localized ones, for example
the Abel-Poisson kernel, and/or the implementation of the CMB tensor Slepian functions to
real polarization measurements needs yet to be done.

Further, the theory of the Slepian functions can be extended to tensors of higher order.
Here, we expect that additional spin weights will be added. In Chapter 8, we have already
paved the way for this, because it contains the theory of the Slepian functions for an arbi-
trary spin weight N.

Moreover, one can think about using the method of [19, 20] to construct a spatially lo-
calized tensor basis on the sphere instead of using Slepian functions.

With regard to the researches of the Geomathematics Group of Siegen, the construction
of a dictionary out of tensorial functions, like the tensor Slepian functions for different re-
gions, for tensor valued inverse problems in analogy to [89] can be contemplated.
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Appendix A

Integration on the Sphere

In this appendix, we want to calculate the integral

JRGEG

over the region of interest R, where F' € L*(2). We have to calculate such an integral for the
CMB Slepian polarization coefficients p,,. For the spin-weighted kernel matrix for arbitrary
regions K, we also have to calculate such an integral, but we do not address this directly in
this thesis. The calculation of this integral can be done according to quadrature methods. We
deal with these methods in the next section. But first, we start with well-known quadrature
methods.

A.1 Gaull Quadrature

Here, we look at general properties and definitions of the Gaul quadrature.

Definition A.1.1. We define the weighted scalar product on (a,b) by [38]

b
(F,G)y ::/ F(2)G(x)w(x) dz,
where F,G € L*(Q) and the weight function w(x) > 0 is integrable.

Note that in the following, we look only at real functions and therefore, we omit the complex
conjugation of the scalar product.

Problem A.1.2. We want to calculate integrals by a quadrature [38] such that
b m
/ F(z)w(z) do = Zka(xk)
a k=1

for some F, where w(x) > 0 is an integrable weight function for x € (a,b) and wy are the
given weights. xy, k=1,...,m, are the roots of orthogonal polynomials P,, of degree m € N
with respect to the weighted scalar product [75]. This means that for polynomials with

<Pl17 Pl2>w =0
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for ly # 1y, we get that P,,(xy) = 0. The weights are given by

wy, = / ’ Li(2)w(z) dz,

where the Lagrange polynomials are defined by

Ty — T
j=Ljk R

Theorem A.1.3. The Gaufl quadrature is exact for polynomials up to a polynomial degree
of 2m — 1 [38].

Definition A.1.4. We define the norm of the orthogonal polynomials by
Tn = ||Pn||121_) 1= (Po, Po)uw-
Lemma A.1.5. The weights can be calculated by [38]
m—1 P2($ ) -1
wy = (Z n_k>
oy In

for k=1,...,m, where xy are the roots of P,,, m € N.

Proof. Here, we follow mainly [38]. We see from the definition that the Lagrange polynomials
L;, are polynomials of degree m — 1. With the real orthogonal polynomials P,, we have an
orthogonal basis P,, and therefore, we can write the Lagrange polynomials in this basis by

m—1
Lk = Z Cn,kPn~
n=0
Then, we can calculate the coefficients by
o (P, = = [ L) d
Cnk = kylfn)y = — () Py (z)w(x) dz.
1213, Vo Ja

So, we get a weighted integration over a polynomial of degree less or equal 2m —2. Therefore,
we can calculate the integral exactly by Gaufl quadrature by

n

1 " Wi
Cnk = — w; Ly(x;) P(x;) = — P, ().
2 L) Pley) = SR

=5k
Next, we get for the norm of the Lagrange polynomials on the one hand

||Lk||i, = <Lk7 Lk>w

m—1 m—1
= E Cn,kPn7 E Cn/,kpn’
n=0 w

n/=0
m—1m—1
= E § Cn,kCn’ k <Pn7 Pn’>w
———
n=0 n’=0

:’Ynényn/
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Because L? is a polynomial of degree 2m — 2 and therefore, can be exactly integrated by
Gaufl quadrature, we obtain on the other hand

1Ll —/ L(z)w(z) dz
—ijL2 x]

_5J X

This leads directly to the proposition

A.1.1 Gaull-Tschebyscheff Quadrature
Now, we take a look at the GauB-Tschebyscheff quadrature [38].

Definition A.1.6. The Tschebyscheff polynomials are defined by
T, (z) = cos(n arccos x)
forn € Ny and x € [—1,1].

Lemma A.1.7. The Tschebyscheff polynomials are orthogonal polynomials with

m, n=m=0>0
<TnaTm>w: %7 n=m2>0,
0, else

where w(z) = ——— > 0 is integrable for n,m € Ny.
Vio?

Proof. We calculate the scalar product and get by substitution of ¢ = arccosz

(T, Tn)w = /IIT ()T (z)w(z) do
/,
[

! 1
/ cos(nt) cos(mt) dt

1—22

1
cos(nt) cos(mt)—(—sint) dt
sint

cos(n arccos x) cos(m arccos r) —— dz
0
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= 5/ (cos((n —m)t) + cos((n +m)t)) dt.
0
Now, we have to distinguish several cases. We start with n = m = 0. Then, we obtain
1 ™
(T, T = —/ 2 dt = .
2 Jo
Next, we look at n =m > 0 and get

(T, Trn) 1—|—cos ((n+m)t)) dt

/\N

sm((n + m)t)} tzw)

t=0

w|>] [\DI)—‘ [\Dli—

Else, we obtain

t=m

<Tn7 Tm>w =

{ ! sin((n — m)t) + !

n—m m sin((n + m)t)]

t=0

S N

]

Lemma A.1.8. Furthermore, it is obvious that the roots of the Tschebyscheff polynomials
T, of degree m € N can be calculated by

2k — 1
xk:cos( 5 7r>, k=1,...,m.

m

Lemma A.1.9. The Tschebyscheff weights are given by

w,=—, k=1,....,méeN.

Proof. From Lemma A.1.5 and with the addition theorems for the cosine, Theorem 2.1.9,
we get with the previous lemmas

.. . 2k—1 .
For the sum, we have to distinguish several cases. We set ©x = %m If m is even, we
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obtain
m—1 %_1 m—
Z cos(nz) = Z cos(nx) + cos < ) Z cos(nz)
n=1 \___v.__/ n="r+
—005(2’c 17r)—0
m_q m_q

With properties of the cosine, Theorem 2.1.9, we see that

cos((m — n)z) = cos(mx) cos(nx) + sin(mz) sin(nz) = — cos(nx) (A1)
-1 =0
and therefore, we get
m—1 T -1
cos(nzx) = Z cos(nx) cos(n
n=1 n=1 n=1
If m is odd, we obtain
mr m—1
Z cos(nz) = cos(nz) + cos(nx)
= i
m—1
2
= Z cos(nz) + Z cos( )z)
With (A.1), we get again
m—1
2
Z cos(nx) = Z cos(nz Z cos(nz) =0
n=1
Altogether, we obtain
m—1
2k —1
Z cos <( )nw) =0
m
n=1
and therefore,
m
0
So, the GauB-Tschebyscheft quadrature [38] is given by
1 T m
/ F(r)w(z) do ==Y F(ax)
-1 mi3
with w(z) = ﬁ, Tj, = COS (kalﬂ), and w, = =, k= 1,...,m € N for polynomials F' of

degree less or equal 2m — 1.
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A.1.2 GauBl-Legendre Quadrature
Next, we take a look at the Gauf-Legendre quadrature [38].

For the Legendre polynomials, we know from Lemma 2.4.5 that

1

2

/ Pyt Po(t) dt = ——— 6,10
-1 277, + 1 ’

for n,m € Ny. In particular, we get

! 2
— / P2(t) dt

! S

So, they are orthogonal. The weight function is given by w(z) = 1 > 0. Then, the Gau8-
Legendre quadrature is given for polynomials F' of degree less or equal 2m — 1 by

/1 ) dt =3 wF (1),

k=0

where the Legendre polynomials P,, are zero for tq,...,t,, and the Legendre weights are
denoted by wg, k=1,...,m € N.

Lemma A.1.10. With Py(t) =1, Pj(t) =0 and Pi(t) =t, P{(t) =1 and with the recursion
relations
2n — 1)tP,_ —(n—1)P,_
Pty = 2= DEPs(0) = (0= DPoslt)

n
nP,_1(t) — ntP,(t)
1—1t2

Pi(t) =

forn € Ny, n > 2, we can calculate the roots of the Legendre polynomials P,,, m € N, by
Newton’s method [75]. This means that for a suitable starting points to we can calculate the
roots t, k € N, k > 1, iteratively by

P, (tk—1)

th =th—1 — ==

Proof. This lemma is directly given by the definition of Newton’s method and by the def-
inition of the Legendre polynomials, Definition 2.4.1, and by the recursion relations of the
Legendre polynomials, which we get from Remark 2.4.3 and Theorem 2.4.4 for n € Ny by

(> = 1) PL(t) = ntP,(t) — nPy1(2),
(2n+ 1)tP,(t) = nPy_1(t) + (n 4+ 1) Py (t).

]

Lemma A.1.11. The leading coefficient of the Legendre polynomials of degree n € Ny 1is
given by
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Proof. From Rodriguez formula and the binomial theorem, we get for n € Ny

@ E e

2nn! k (n — 2k)!
So, the leading coefficient of the Legendre polynomials of degree n is given by

4! (n>(_1)0(2n)!_ (2n)!

~ 2l \0 n! — 27(n!)%’

Lemma A.1.12. We get the following Christoffel-Darboux formula for the Legendre poly-
nomials [10, 55, 87]

~
—_

(t1 —t2) ) _(2n+ 1) P (t1) Pr(te) = L (Pr(t1) Pr-1(t2) — Pro1(t1) Pr(t2))

n

Il
o

forty,ty € [-1,1] and L € N.

Proof. With Theorem 3.4.9 for £ = £(t, ¢) € €2, we receive

2n +1

OYn,O(Q = A Pn(t)

and with Theorem 3.3.5 for £ = £(t1, 1) € Q and n = n(ta, p2) € Q,

(6= 12) Y Vo (€Yaso) = \/ ot oty (@i - Vi @Yas(n),
n=|j|

we get

Pr(t1)Pr_1(t2)

Ll 1 B L VL +1)(2L - 1)
(= t) 2, == Pl Pull) = o=, ( in

V2L +1)(2L - 1)

— . PL_l(tl)PL(t2)> .

So, we obtain the Christoffel-Darboux formula for the Legendre polynomials

~

-1

(tr —t2) S (20 + 1) Py(£) Py (ts) = L (Py(t) Py (t2) — Py (t) PL(t2)) .

n

I
o
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Lemma A.1.13. Then, we get fort e [—1,1] [10]

— P2(t) A

n

— In Ay

(PL(t)Pr-1(t) — PL_y () Pr(t)) -

With t;, a root of Py, this leads to

Apyi1 <= P2(t
Pyt Paalty) = 22 5 T,
7 n=0 n

Proof. With the definitions from above, the Christoffel-Darboux formula for the Legendre
polynomials leads for ¢1,t, € [—1,1] to

L-1

2n+1 L Py(t))Pp_1(ts) — Py (t) Pu(t
n—+ Pn(tl)Pn(t2)=§ L(t1) Ll(i) tL 1(t1) L(Q).
1 — 02

Further, with

Apypor (D) 2871((L—1))* 2
Apy 2L(Lh? (2L —2)! 2L -1

L 2L2L—1) 2
2L 20-1
2
—— A2
L7 ( )
we obtain .
P, (t1)P,(ts) _ Ap1 Pr(ty)Pr—i(ta) — Pr_1(t1) Pr(t2)
p— Tn Arvr— 1 — 1o '
For t =t, = t,, we get
P2 Av Pt Pea(te) = P (h) Pute)
= Mn T Apypg ot th — 1o
Ar lim (P(t1) — Pr(te))Pr-1(ta) — (Pr—1(t1) — Pr—1(t2)) PL(t2)
AL”YL 1 2=t t1 —ty
Ar

= 4ok (PL(t)PL(t) — Pp_y(H)PL(t)) -

This is the first proposition. For t = t, with t; a root of Py, we get directly the second
one. .

Corollary A.1.14. With the previous lemma and with Lemma A.1.5, we can calculate the
Legendre weights for k=1,...,m € N by [51]

_ -1
Wy = szl Pr(te) | _ Ay
Yn A 1P (ty)Pr—1(ty)

n=0

We can calculate the result of the previous corollary more accurately. With (A.2) and with
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the recursion relation, Lemma 2.4.4,
LPr_i(ty) = (1 — ;) Pp(ty) + Ltx Pr(te) = (1 — 17) Pp(t),
=0
we get for the Legendre weights for k = 1,...,m € N [51]

2
(1) (PL(te)”

Wy =

Alternatively, we can calculate the Legendre weights by solving the system of linear equations

[75]
> wpP(ty) = /1 P,(t) dt,

/_an(t) dt:/_lpou)Pn(t) dt — {3 Z;O

where for n € Ny

A.1.3 Gaufl Quadrature with Spin-Weighted Legendre
Polynomials

The integrals we want to calculate depend on a spin weight N € Z. We know already that
spin-weighted spherical harmonics are in general not polynomials. So, it is not possible to
integrate them exactly by utilizing a common quadrature method. Therefore, we tried to
develop a Gaufl quadrature with spin-weighted Legendre polynomials. We will see that this
is connected to a series of obstacles and difficulties. Nevertheless, we look at the Gauf
quadrature with spin-weighted Legendre polynomials from Definition 3.7.1.

We know from Definition 3.7.1 that for £ = £(t,¢) € Q, for all N € Z, and all n € Ny,
n > |N|, the spin-weighted Legendre polynomials are given by

) (1) AN
V) = S e M= V) (dt) (@ =o o]

From Lemma 3.7.7, we get that these are orthogonal polynomials of degree n with respect

to the weight function given by
1—t\"
t)y=|——] >0
wn(t) (1 + t)

2

S 2n41°

Here, we see the first problem due to which the Gaufl quadrature with spin-weighted Leg-
endre polynomials does not work. The weight function wy is not integrable for N # 0.

for t € (—1,1) and

Nn

If we ignore this and assume that the Gaufl quadrature with spin-weighted Legendre poly-
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nomials is given for some F' by

1 m
/ F(tyw(t) dt = wiF (i),
-1 k=0

where the spin-weighted Legendre polynomials y P, are zero for ty,...,t,, and the weights
wg, k=1,...,m € N, we get the next problem by the calculation of the roots of the spin-
weighted Legendre polynomials.

We get the roots of the spin-weighted Legendre polynomials nFP,, with the recursion re-
lations from Lemma 3.7.9

(2n = Dt NPoi(t) = /(=1 =N)(n =1+ N) yP,a(t)
V(n—N)(n+N)
S =N EN) wPos(t) — (0t — N N Py(1)
1—1t2

I

NPn(t) =

NP (t) =

for t € (=1,1), for N € N, and n € Ny, n > |N|, and with the starting points Py
and y P41 and additionally, with the functions NP|’N|. Here, we only need spin weight
N = 0,+1,£2. Therefore, we calculate the accordingly spin-weighted spherical harmonics.
For CMB polarization, we only need spin weight N = £2. So, we need mainly spin weight
N = +2. The starting points of the recursion as well as the function NP|’N| are given from
Corollary 3.7.12. There, we see for example that for spin weight N = 42 we get that ¢t = F1

is a multiple root in cases like 1o P (t) = \/g(lit)z and 1o P3(t) = \/%t(lj:zf)2 fort € [-1,1].
Hence, not all spin-weighted Legendre polynomials y P, of degree m € N have m pairwise
distinct roots. On the other hand, there are also spin-weighted Legendre polynomials y P,
of degree m € N that have m distinct roots such as 1 Py(t) = —\/g(t +t%). So, in general,
we do not get m hubs for the Gaufl quadrature.

Moreover, note that here we start at n = |N|. Therefore, the number of orthogonal polyno-
mials does not fit to the number of roots and we cannot describe the Lagrange polynomials
in the spin-weighted Legendre polynomials. Alternatively, we can enlarge the degree of spin-
weighted Legendre polynomials, but then, we cannot supply an analogous proof to Lemma
A.1.5.

So, we can only calculate the Legendre weights by solving the system of linear equations

> wi nPalty) = /_ 1 NP (Hwy(t) dt

for N € Z and n € No, n = |N|,...,m — 1 (for the calculation of the left-hand side see
Lemma 3.7.17). Here, we see the next problem. This system is underconstrained for N # 0,
because we know that ¢, k = 1,...,m, are the roots of xP,, (if they exist) and therefore,

n=|N|,...,m—1. So, we get a system of m — 1 —|n| linear equations and m — 1 variables.
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A.2 Integration over the Spherical Cap

We want to solve the problem of an integration over the spherical cap with radius b. So, we

want to calculate o el
_ / / F(t, o) dt de
o Jb

for F € L*(Q2). This follows as the product of two GauBl quadratures [3].

The azimuthal integral can be calculated by Gauf3-Tschebyscheff quadrature. So, for an arbi-
trary integral over [0, 27|, we substitute p = cos (%) and use GauB-Tschebyscheff quadrature
from Appendix A.1.1. Then, we get for polynomials GG of degree less or equal 2m —1, m € N,

2 -1 —9
/ G(p) dp = / G(2arccos p) ——— dp
0 1 1—p?
! 1
= 2/ G(2 arccos p) ——— dp.
-1 1—p
With GauB-Tschebyscheff quadrature, this leads to

m

2 T
=2 — (2
/0 G(p) dp = - ZG arccos p;),

J=1

where

Lemma A.2.1. Therefore, we get for the azimuthal integration for polynomials G of degree
less or equal 2m — 1, m € N,

JRCCEPRES et}

where ]
27 —1
s

m

Yj =
forg=1,...,m

To determine the polar integration, we substitute z = %bt — }%Z [75] such that for polyno-
mials G of degree less or equal 2m — 1, m € N,

/blG<t)dt:/1lG((1—b)x2+(1+b)> 1;de

1T—b —IG((l—b)x;—(l—l—b)) d.

Lemma A.2.2. With Gaufs-Legendre quadrature from Appendiz A.1.2, we obtain

! 1—b
b

= (=Yep+(1+h) X1, ..., T, the roots of the Legendre polynomials P,, of degree m,

where ty, 5 ,
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and
2

(1 —23) (P ()

Wy =
fork=1,...,meN.

Lemma A.2.3. So, we get that the integration over the spherical cap is given for functions
F' that are polynomial in t and ¢ up to degree m, where & = £(t, ) € Q, by

27 1 (1 _ b)ﬂ' m m
= F(t, ) dt dp = — E E wiF (t, ¢j),
o Jb .

j=1 k=1

(1=b)xp+(14b)

where ), = , T1,...,Ty, the roots of the Legendre polynomials P,, of degree m,

0; = (23 U™ for jk=1,...,m €N, and the Legendre weights

2
(1= a3) (Ph(ze)*

Note that there are fast algorithms to evaluate quadrature formulas and to compute quadra-
ture weights for arbitrary point grids on the whole unit sphere exactly for spherical polyno-
mials of degree L [36, 47]. This means that functions F' € L?(2) with the expansion

=3 FuYas©)

n=0 j=—n

Wy =

where & = £(t,p) € , can be integrated exactly. As an alternative to the quadrature
method used in this thesis, one could discuss, in future research, how the approach from
[36, 47] could be applicable to subdomains on the sphere such as spherical caps.



Appendix B

Point Grids on the Sphere

In this appendix, we want to introduce the point grids on the sphere that we use for the
numerical experiments for the CMB polarization.

B.1 Integration Grid

With the integration grid, we denote the point grid on the sphere we obtained by the Gauf3
quadrature for the integration on the sphere over the spherical cap in Appendix A. The grid
depends on a parameter m € N. So, we know that the polar coordinates of this point grid
are given by

271 =1 +1
QO] m—l—l ) J 9 ) )
1-0b 1+0
ﬁk:arccos(( )xk2+( i )), k=1,...,m,

where x are the roots of the Legendre polynomials P,, of degree m, which we calculate by
Newton’s method (see Appendix A.1.2). The grid consists of m(m + 1) points. In Figure
B.1, we see the integration grid for m = 20.
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Figure B.1: Integration grid for m = 20.
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Figure B.2: HEALPix grid for mg = 6.

B.2 HEALPix Grid

The HEALPix (Hierarchical Equal Area isoLatitude Pixelization) grid [29, 35] is related to
CMB problems. Therefore, we use this grid for our numerical experiments for the CMB
polarization. The HEALPix grid depends on a paramter mg € N. For the northern cap, the
polar coordinates are given by

T (. 1
01 =3¢ (i - 20 -1 - 3).

k‘2
V; = arccos (1 — 2> ,
3myg

where j =1,...,Mcap = 2mg(mg — 1) and

For the remaining northern hemisphere and the equator, the polar coordinates are given by

™ . r
Pranss = = (1= 1) mod (4ms) +1 = 3.
9 4 2k
m ; =arccos | — — —— |,
captJ 3 3mS

where j = 1,..., mpey = dmg(mg + 1), r = (k — ms+ 1) mod 2, and

7 —1
k= )
L4msJ +m5

For the southern hemisphere, the polar coordinates are given by

PN—j+1 = Py,
Un—jp1 =m — 1y,

where j = 1,. .., Msouth = Meap + Mpely — 4Mg.

This grid consists of 12 m% points. In Figure B.2, we see the HEALPix grid for mg = 6.
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Figure B.3: Reuter grid for m = 20.

B.3 Reuter Grid

The Reuter grid [58, 28, 33] is an equidistributed grid on the sphere and depends on a

parameter m € Ny. Its coordinates are given by
v;
0

2T

i cos(%)—cos2 9

sin? 9,

arccos <

)

Tm
©0,1

Y

o1\ 27 )
— =] — 1
J 9 %a

1
0
Pij
0

Spm,l

i|

1,..

'7m_17 jzla"'77i7

This grid consists of less or equal 2 4 @ points. In Figure B.3, we see the Reuter grid for

m = 20.

B.4 Driscoll-Healy Grid

The Driscoll-Healy grid [58] is an equiangular grid on the sphere and depends on a parameter

m € Ny. Its polar coordinates are given by

2m

@i:—i, 2207 , T,
m
™

9, =—j, j=0,....m.
m

This grid consists of (m + 1)? points. In Figure B.4, we see the Driscoll-Healy grid for

m = 20.
We use the Driscoll-Healy grid as a plot grid not
the tensor Slepian functions.

only for the CMB polarization but also for
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Appendix C

List of Symbols

Basic Notations

Symbol Explanation Chapter
Ny set of the non-negative integers 2.1
N set of the positive integers 2.1
7 set of the integers 2.1
R set of the real numbers 2.1
R* set of the positive real numbers 2.1
C set of the complex numbers 2.1
R3 three-dimensional Euclidean space 2.1
C3 three-dimensional complex space 2.1
F, G scalar-valued functions 2.1
fig vector-valued functions 2.1
f. g tensor-valued functions 2.1
et g% &3 canonical orthonormal system on R3 2.1
C®, c® k) classes of continuous, differentiable functions | 2.1
| Ellcys 1 fllepys 1fllecpy | C-, ¢-, e-norm on D 51
(x,y) =27 inner product of two vectors 2.1
O/ Kronecker symbol 2.1
-] Gaussian rounding function 2.1
a, B,y angles 2.1
st tensor product of two tensors 2.2
s:t double dot product of two tensors 2.2
ker(.) delivers the kernel of the argument 3.6
Spherical Notations
Symbol Explanation Chapter
Q the unit sphere 2.3
&n elements of 2 2.3
e" ¥, gt orthonormal triad on 2.3
w, U polar coordinates of a & € () 2.3
Ltan, Jtan spherical tangential tensors 2.3
\Y gradient 2.3
A Laplace operator 2.3
Vv surface gradient 2.3
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L* surface curl gradient 2.3
A* Beltrami operator 2.3
dw surface element 2.3
Lp classes of scalar-valued functions 2.3
1P classes of vector-valued functions 2.3
|1 classes of tensor-valued functions 2.3
(F,G)12(0) L2-inner product on € of two scalar-valued | 2.3
functions

(f, 9w 1%-inner product on € of two vector-valued | 2.3
functions

(F, )@ I>-inner product on Q of two tensor-valued | 2.3
functions

fror normal surface vector field 5.1

fran tangential surface vector field 5.1

S vor.nor normal surface tensor field 6.1

S vor tan left normal/right tangential surface tensor | 6.1
field

S tannor left tangential/right normal surface tensor | 6.1
field

S tanstan tangential surface tensor field 6.1
Spherical Harmonics
Symbol Explanation Chapter
P, Legendre polynomials of degree n 2.4
P, ; associated Legendre functions of degree n | 2.4
and order j

Xn,j fully normalized associated Legendre func- | 2.4
tions of degree n and order j

Y, (scalar) fully normalized spherical harmonics | 2.4
of degree n and order j

Hom,, space of homogeneous polynomials of degree | 2.4
n

Harm,, space of the scalar spherical harmonics of de- | 2.4
gree n

Cn,j recursion coefficients for the spherical har- | 2.4
monics

yff)] vector spherical harmonics of type ¢, degree | 2.5

’ n, and order j

,ugf) coefficients of the vector spherical harmonics | 2.5
of type ¢ and degree n

o vector operator of type ¢ 2.5

0; minimal degree of the vector spherical har- | 2.5
monics of type i

harmg) space of the vector spherical harmonics of | 2.5
type ¢ and degree n

harm,, space of the vector spherical harmonics of de- | 2.5

gree n
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A” vector Beltrami operator 2.5
yx’j’?) tensor spherical harmonics of type (i, k), de- | 2.6
gree n, and order j
;1,1(5 k) coefficients of the tensor spherical harmonics | 2.6
of type (i, k) and degree n

q"", o) tensor operators of type (i, k) 2.6

0,5 minimal degree of the tensor spherical har- | 2.6
monics of type (i, k)

harmfj’k) space of the tensor spherical harmonics of | 2.6
type (i,k) and degree n

harm,, space of the tensor spherical harmonics of de- | 2.6
gree n

A" tensor Beltrami operator 2.6

Spin-Weighted Spherical Harmonics

Symbol Explanation Chapter

N spin weight 3.1

NF, function of spin weight N and degree n 3.1

o', o' function for spin weight description 3.1

sw(.) delivers the spin weight of the argument 3.1

NYn spin-weighted spherical harmonics of spin | 3.2
weight IV, degree n, and order j

Oy, On spin raising and lowering operator 3.2

N, aM iterative use of the operators Oy, Ox 3.2

ozfx j recursion coefficients for the spin-weighted | 3.3
spherical harmonics

AHN spin-weighted Beltrami operator 3.3

D7 Wigner D-function 3.4

N function, which defines the Wigner D- | 3.4

function

Yn]?g generalized spherical harmonics of spin | 3.4
weight N, degree n, and order j

XF set of functions with special properties of the | 3.4
spin-weighted spherical harmonics

pled Jacobi polynomials 3.4

Harm?' set of the (%, N)-harmonic functions of spin | 3.6
weight N and degree n

NP, spin-weighted Legendre polynomials of spin | 3.7
weight NV and degree n

NP associated spin-weighted Legendre functions | 3.7
of spin weight N, degree n, and order j

NXnj fully normalized associated spin-weighted | 3.7
Legendre functions of spin weight IV, degree
n, and order j

Wy spin-weighted weight function of spin weight | 3.7

N
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(F, Gy weighted L*([—1,1])-inner product of two | 3.7
scalar functions with weight function wy

NVn weighted norm of the spin-weighted Legendre | 3.7
polynomials of spin weight N and degree n

,{Z j recursion coefficients for the associated spin- | 3.7

weighted Legendre functions

NA, leading coefficient of the spin-weighted Leg- | 3.7
endre polynomials of spin weight N and de-
gree n

T4 orthonormal vectors on €2 3.9

Slepian Functions

Symbol Explanation Chapter

K kernel matrix of the scalar case 4.1

K kernel function for the scalar case 4.1

G eigenvector of the scalar Slepian functions 4.1

g scalar Slepian function 4.1

S Shannon number 4.3

k, kror, ftan kernel matrix of the vector case and its blocks | 5.1
parted into normal and tangential part

g eigenvectors of k 5.1

Gnor eigenvectors of k™" 5.1.1

R kernel function to k™" 5.1.1

Gnor normal vector Slepian functions 5.1.1

y* combined vector spherical harmonics 5.1.2

k* transformed tangential kernel matrix blocks | 5.1.2

g, eigenvectors of kT 5.1.2

s kernel function to k* 5.1.2

g tangential vector Slepian functions 5.1.2

Y transformed vector spherical harmonics 5.1.3

J set of indices 5.1.3

N; spin-weight dependent on the type ¢ of trans- | 5.1.3
formed vector spherical harmonics

k, k¥ =k transformed kernel matrix of the vector case | 5.1.3
and its blocks

g, g eigenvectors of the vector Slepian functions | 5.1.3
for the transformed vector spherical harmon-
ics

V2 kernel functions for the transformed vector | 5.1.3
case

g, q" vector Slepian functions for the transformed | 5.1.3
vector spherical harmonics

Ek, krommer, frovtan - ptamnor | Lerne] matrix of the tensor case and its blocks | 6.1

ktan,tan

g eigenvectors of k 6.1

Fnor.mor eigenvectors of k""" 6.1.1

prornor kernel function to k""" 6.1.1
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Dnor nor normal tensor Slepian functions 6.1.1

y(bF) combined tensor spherical harmonics for the | 6.1.2
left normal/right tangential part

k() transformed left normal /right tangential ker- | 6.1.2
nel matrix blocks

gr(lloi)an eigenvectors of k*) 6.1.2

pASES) kernel function to k%% 6.1.2

gr(j)i)an left normal/right tangential tensor Slepian | 6.1.2
functions

y&D combined tensor spherical harmonics for the | 6.1.3
left tangential /right normal part

k&Y transformed left tangential /right normal ker- | 6.1.3
nel matrix blocks

ggfg}gor eigenvectors of k™) 6.1.3

yASSS) kernel function to k&Y 6.1.3

gé;{}ﬁor left tangential/right normal tensor Slepian | 6.1.3
functions

y&+) combined tensor spherical harmonics for | 6.1.4
parts of the tangential part

kY kG D transformed tangential kernel matrix blocks | 6.1.4

Eiﬁ)tan, ggfian, gE;tr;,f;n eigenvectors of k:(2’2), k(?”g), k&) 6.1.4

£22) ) g33) g+ kernel function to k*?, kG &5 6.1.4

gﬁif )tan, ggf lan, géfﬁﬂn tangential tensor Slepian functions 6.1.4

Yy’ transformed tensor spherical harmonics 6.1.5

J set of indices 6.1.5

0; minimal degree of the transformed tensor | 6.1.5
spherical harmonics of type @

N, spin-weight dependent on the type ¢ of trans- | 6.1.5
formed tensor spherical harmonics

k, k" =k transformed kernel matrix of the tensor case | 6.1.5
and its blocks

g, g eigenvectors of the tensor Slepian functions | 6.1.5
for the transformed tensor spherical harmon-
ics

y 2 kernel functions for the transformed tensor | 6.1.5
case

.49 tensor Slepian functions for the transformed | 6.1.5
tensor spherical harmonics

Z, H spacelimited scalar Slepian functions and | 7.1
eigenvectors

7, h' spacelimited vector Slepian functions and | 7.2
eigenvectors

%, h' spacelimited tensor Slepian functions and | 7.3
eigenvectors

KN spin-weighted kernel matrix 8.1

HN spin-weighted (scalar) kernel function 8.1
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Ju J2 J3 . .

(ml - m3> Wigner 3j-symbol 8.1

IV spin-weighted commuting operator to F# ¥ 8.2

v spin-weighted commuting matrix to KV 8.3

CMB Polarization

Symbol Explanation Chapter

P polarization 9.1

e, b electric and magnetic component of p 9.1

ygyj, yf’j electric and magnetic tensor spherical har- | 9.1
monics of degree n and order j

k kernel matrix for the transformed polariza- | 9.2
tion eigenvalue problem

g, g eigenvector and eigenfunctions of k 9.2

g MB tensor Slepian functions of the polarization | 9.2

g% 4" tensor Slepian functions of the electric and | 9.2
the magnetic part of the polarization

pSMB coefficients of the tensor Slepian functions for | 9.2
the polarization

g-. g° eigenvectors of the electric and magnetic | 9.2
Slepian functions

Integration by Quadrature

Symbol Explanation Chapter

w weight function Al

(F,G)y weighted L-inner product of two scalar func- | A.1
tions with weight function w

Wy quadrature weights Al

Ly, Lagrange polynomials Al

Yn weighted norm of the orthogonal quadrature | A.1
polynomials of degree n

A, leading coefficient of the orthogonal quadra- | A.1.2

ture polynomials of degree n
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