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Abstract

This paper introduces orthogonal non-bandlimited wavelets on the
sphere with respect to a certain Sobolev space topology. The con-
struction of those kernels is based on a clustering of the index set
N = {(n,k) € Ny x Z| —n < k < n} associated to the system of
spherical harmonics {Y,  }(n,k)en- The wavelets presented here form
reproducing kernels of the spans of the clustered harmonics. More
explicitly, the horizontal partition M,, = {(n,k) € N}, n € Ny
yields the usual Shannon wavelets, which are bandlimited, whereas
non-bandlimited kernels can be obtained from a vertical clustering
B = {(n,k),(n,—k) € N}, k € Ny. For this case a particular ker-
nel is investigated in detail, and a wavelet representation is derived
explicitly.
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Secondary: 86-08.
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1 Introduction

For a long time the only remarkable tool in signal processing was the Fourier
transform. In this context a signal needs not only be a sound or an image.
More generally, it can be an observable of a physical or other system. How-
ever, as it is well-known, the Fourier transform merely offers very restricted
information of such a signal, since it contains the total amplitude for the
frequency under consideration rather than the distribution of the harmonic
modes in each individual location. In fact, the uncertainty principle tells
us that a perfect localization in frequency domain coincides with the im-
possibility of a perfect localization in space domain. In consequence, local
anomalies of a signal cannot be isolated sufficiently by using the Fourier
transform. Moreover, in orthogonal (Fourier) expansions, a local change of
a signal requires the modification of all orthogonal (Fourier) coefficients.

In constructive approximation in Euclidean spaces, the situation completely
changed when wavelets came into play in the 1980s (see, for example, S.
MALLAT (1998) for a review). Wavelets allow a compromise of frequency
and space localization. In fact, a multitude of improvements of the original
concept helped to let the wavelet approach become the most important tool
in today’s signal processing. Two essential milestones of this process are
the theory of orthogonal wavelets by Y. MEYER (1992) and the concept of
orthogonal wavelets with compact support by I. DAUBECHIES (1992).
However, relevant signals are not only functions in Euclidean spaces. Func-
tions describing geophysical quantities, such as the Earth’s gravitational or
magnetic potential, the air pressure and wind field, the elastic field of the
Earth’s crust etc, are significant sources of information in the geosciences.
For more than two centuries such quantities have been analyzed in spherical
approximation by orthogonal (Fourier) expansions in terms of spherical har-
monics, i.e. homogeneous harmonic polynomials restricted to a sphere. But
this approach is not efficiently and economically applicable to data sets of
today’s geosciences. For example, the extreme local variation of the density
of data points and the huge amount of satellite observations (as e.g. offered
by the German satellite CHAMP, launched in 2000) cannot be managed by
approximation techniques involving trial functions with global support such
as the spherical harmonics. Furthermore, local changes and undulations of
geodata, as e.g. caused by tectonic movements, seismic activities, etc, un-
avoidably require a completely new calculation within a Fourier model by
means of globally supported trial functions, which is a feature that should
be avoided in future approximation.

Fortunately, wavelet variants and advancements have become more and more
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important in all geosciences during the last years, too. For an overview of rel-
evant trends the reader is referred e.g. to R. KLEES, R. HAAGMANS (2000)
and the references therein. In particular, spherical wavelets, which are ad-
equately applicable to problems concerned with geomagnetics or Earth’s
gravitation have been developed by W. FREEDEN, U. WINDHEUSER (1996)
and W. FREEDEN, M. SCHREINER (1998). A detailed discussion of spheri-
cal wavelets and their applications in potential theory can be found e.g. in
W. FREEDEN et al. (1998) and W. FREEDEN (1999), respectively. More
general approaches to wavelets on geoscientifically relevant domains like el-
lipsoid, geoid, (regular) Earth’s surface etc, are due to W. FREEDEN, F.
SCHNEIDER (1998). Wavelets on a ball and its outer space, respectively,
which are of significance in geophysics, geodesy and Earth’s seismology, and
their applications to a class of inverse problems are introduced and discussed
by V. MICHEL (1998, 1999, 2000).

Yet, the construction of spherical orthogonal wavelets has been restricted
to the bandlimited case. However, as motivated by the uncertainty prin-
ciple (see W. FREEDEN, V. MICHEL (1999)) orthogonal non-bandlimited
wavelets have several advantages in constructive approximation, for exam-
ple, fast convergence, strong space localization properties etc. This paper
fills the gap of realizing orthogonal non-bandlimited wavelets on the sphere.
The idea of constructing orthogonal wavelets on the sphere, as proposed
here, is to have a closer look at the index set

N ={(n,k):n=0,1,...;k=—n,...,+n}

characterizing degree n and order k of the system {Yy, x}(nrjen C L£3()
of the spherical harmonics Y}, , (with © being the unit sphere in R>). We
essentially distinguish two cases:
(i) The Shannon wavelets have an orthogonal bandlimited kernel (cf. W.
FREEDEN, M. SCHREINER (1998)), where the finite-dimensional detail spa-
ces

Wy =span{Y, :k=—n,...,n}; n=0,1,...;

are constructed in accordance with a ’horizontal’ partition (cf. Fig. 1)
My ={(n,k)eN:k=-n,....,n}; n=0,1,...;

i.e. in the standard way a function is being approximated by a truncated
Fourier series in terms of spherical harmonics

N—oo
n=0k=-—n

N n 2
lim (F(g) =Y (R Yn,k)ﬁ2(Q)Yn,k(§)> dw(§) =0,
Q
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where dw denotes the surface element on 2.
(ii) Non-bandlimited Shannon wavelets can be based on ‘vertical® partitions

B ={(n,k),(n,—k) e N :n=kk+1,...}; k=0,1,...

(cf. Fig. 2). They even have better convergence properties than the stan-
dard horizontal systems. Moreover, as already mentioned, the uncertainty
principle implies that non-bandlimited wavelet kernels (such as defined by
a vertical subdivision) show much stronger space localization than their
bandlimited counterparts. Since the wavelets and scaling functions are in
the vertical case reproducing kernels of infinite-dimensional detail and scale
spaces, respectively, the price to be paid is to use the topologies of a certain
class of Sobolev spaces (in order to guarantee the existence of the occuring
kernels).

Altogether, forming orthogonal bases the sequence of non—bandlimited wave-
lets allows representations of signals (functions) in non-redundant form and
automatically adapted amount of localization in space and frequency. On
the other hand, orthogonal wavelets as proposed in this paper, cannot be
expected to be obtained by discretizing a ‘generic’ continuous frame. In fact,
they are constructed in discrete way corresponding to an a priori chosen par-
tition, from which the non-bandlimited (vertical) variant can be regarded as
being a fast realization of a coverage of A/. This advantage is compensated
by the fact that much more efforts must be made to convert the infinite series
expansions into expressions in terms of elementary functions. A ‘horizontal’
partition generates radially symmetric kernels (i.e. radial basis functions on
the sphere) due to the addition theorem of spherical harmonics, i.e., the
wavelets admit as simplest realization the representation

s 2n + 3
Ua(6m) = Y Yy k() Ynrrk(n) = = Ppia (€0 m),

k=—n—1

(¢,m) € Q2, where P, is the Legendre polynomial of degree n + 1. Con-
sequently, such kernels can be interpreted as univariate functions and are
easy to evaluate in numerical calculations. By contrast, a ‘vertical’ partition
yields wavelets of the form

Te&on) = D Yars1(©)Yngsr(n),
n=k+1

(¢,m) € Q2. These product kernels are by far more difficult to evaluate.
Usually, a truncation of the series is the only possible way to determine
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the values of the kernel function at least approximately. One of the main
objectives of this paper, however, is to show that explicit series—free rep-
resentations of non-bandlimited wavelets can be given on the sphere, if a
particular example of such a wavelet is taken into account.

The layout of the paper is as follows: Section 2 is concerned with the dis-
cussion of spherical harmonics, the introduction of Sobolev spaces, and the
definition of product kernels. Section 3 presents the theory of orthogonal
wavelets in terms of bandlimited as well as non—bandlimited product ker-
nels. It is shown that a particular example of a bandlimited orthogonal
wavelet kernel can be generated by the (axisymmetric) Green function cor-
responding to the iterated Beltrami—operator. Finally, in Section 4, explicit
representations of non-bandlimited orthogonal wavelets are developed for
the series expansions of the Green function corresponding to the iterated
Legendre—operator on the interval [—1,+1].

2 Preliminaries

For all x € R3, & = (w1, x9,23)", different from the origin 0, we let z = r¢,

r = |z| = \/7? + 23 + 22, where £ = (£1,&2,&3)T is the uniquely determined
directional unit vector of z € R®. The unit sphere in R? is denoted by .
If the vectors €', €2, e® form the canonical orthonormal basis in R?, we may

represent the points & € {2 by

¢ = teed +,/1— tz (cos pee! +sinpee?) |

tg = COS’I9§,’I9§ € [0,7T],<,0§ € [0, 27(]

(J¢: latitude, ¢ : longitude, t¢: polar distance).
By convention, a sum E;:k with | < k is always assumed to be zero.

2.1 Spherical Harmonics

The spherical harmonics Y, of degree n are defined as the everywhere on
the unit sphere €2 twice continuously differentiable eigenfunctions of the Bel-
trami operator A* corresponding to the eigenvalues (A*)"(n) = —n(n + 1),
n =0,1,.... The Legendre polynomials P, are the only everywhere on the
interval [—1,+1] infinitely differentiable eigenfunctions of the Legendre op-
erator Ly = (1 — t?)(d/dt)? — 2t(d/dt) which in t = 1 satisfy P,(1) = 1.
Apart from a multiplicative constant, the ’e3-Legendre function’ P, (e3) :
€ Py(e3-¢), € € Q, is the only spherical harmonic of degree n which
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is invariant under orthogonal transformations leaving &3 fixed. The lin-
ear space Harm, of all spherical harmonics of order n has the dimension
dim(Harm,,) = 2n+ 1. Thus, there exist 2n + 1 linearly independent spher-
ical harmonics Y, _y,...,Y}, ». Throughout the remainder of this paper we
assume this system to be orthonormalized in the sense of the £2(£2)-inner
product. Harmy,.. , = ®,_ Harm,, m > 0, denotes the space of all spher-
ical harmonics of degree < m. Clearly, dim(Harmg,. m) = > o(2n+1) =
(m + 1)2

An outstanding result of the theory of spherical harmonics is the addition
theorem

2n+1
> Yar(©)Yar(n) = o Dnl&em), (Em) €Qx Q.

The addition theorem, therefore, relates the spherical harmonics on € to
a univariate function, viz. the Legendre polynomial defined on the interval
—1,1].

As is well-known, an upper bound of the C'(£2)-norm of the functions Y7, 4;
n=20,1,...; k = —n,...,n; can be given by

2n+1
Wkl < 1/

A function G(L;-,-) is called Green’s function with respect to the Leg-
endre operator L, if it satisfies the following properties (cf. W. FREEDEN
(1980)):

(i) (differential equation) for every s € [—1,1], G(L;s,-) is a continuous
function on [—1,1] that fulfills the boundedness conditions

|G(L; s, £1)| < +o0.

For every s € [—1,1], t — G(L; s, t) is twice continuously differentiable
on the set {t € [-1,1] : ¢ # s}, and

2n+1 2n +1
5 Py(s)Py(t) = — 5

Lt G(L7 Sat) = -

(ii) (characteristic singularity) for every s € [—1,1]

d t=s4+0
(1—s%) EG(L;S,IS) =-1.
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(iii) (symmetry) for all s,t € [—1,1]

G(L;t,s) = G(L; s,t) .

(iv) (normalization) for every s € [—1,1]

1
/G(L; s, t)Pu(t)dt =0 .

-1

Green’s function G(L;-,-) is uniquely determined by the conditions (i)-(iv).
G(L;-,-) has the following bilinear expansion in terms of Legendre polyno-

mials P,: .
1 2n+1
G(L;s,t) = Z oD 2 P, (t)P,(s).
k=1

The bilinear expansion admits a representation in terms of elementary func-
tions (see e.g. W. MAGNUS, F. OBERHETTINGER (1948))

G(L;s,t) = _% (202 — 1 —In((1 — $)(1 + 1)),

—1 < s <t < 1. The Legendre polynomials P, of degree n are the eigen-
functions of the Green function with respect to L in the sense of the integral

equation
1

P,(t) = —n(n + 1)/G(L;t,u)Pn(u) du,
1

n=12 .. Let G (LQ; : ) be introduced by the convolution

1
G(L2;3,t) = /G(L;s,u)G(L;u,t) du.

-1

Then G (LQ; : ) is the Green function with respect to the iterated opera-
tor L?. G (LQ; s,t), (s,t) € [=1,1]?, has the uniformly convergent bilinear
expansion in terms of Legendre polynomials

G (L233’t) = Z (n(n :_ 1))2 2”;‘ ! Po(s) Py (t).

n=1
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The standard system of £2(€2)-orthonormal spherical harmonics used in
all geosciences reads as follows (see e.g. W. MAGNUS, F. OBERHETTINGER
(1948)):

Yn,O(ﬁ) = Cpo Pn(tﬁ) (1)
and
Yn,k(f) = Cpk Pn,k(tﬁ) COS(kgOg), (2)
Yo, k(§) = cur Pog(te) sin(kepg), (3)
where
2n+1
n0 = 4
w =\ (@
and
22n +1) (n —k)!
= 5
Cnk \/ it (n+k)! (5)
n=12,...; k=1,...,n. The so—called associated Legendre functions are
given by

k
P(t) = (1= #)*72 (%) Pu(t) -

Furthermore, for t € (—1,+1), we have (cf. W. MAGNUs, F. OBERHET-
TINGER (1948))

1 1

_ g (n+k)! 2\ —k/2 k

Ppi(t) = (—1) m(l —t%) o | Pu(s)(ds)" .
t t

The associated Legendre functions change their sign n — k times in the

interval (—1,+1). The functions ¢ — cos(ky), ¢ — sin(ky), ¢ € [0,2n)

have 2k zeros in [0, 27).

The geometrical representation of this system of spherical harmonics is
useful: Y, . with £ = 0 divide the sphere into zones, hence, they are called
zonal harmonics; Yp ) with £ # 0 divide the sphere into components in
which they are alternately positive and negative, they are called tesseral
harmonics. In particular, for £ = n, they degenerate into functions that
divide the sphere into positive and negative sectors, hence, they are called
sectorial harmonics.

The close connection between the orthogonal invariance and the addition
theorem is established by the Funke-Hecke formula for H € L£[—1,+1]

/Q H(E 1) Pa(C - 1) dw(n) = (LT)(H)(n) Pa(€ -C),
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where the Legendre transform (LT)(H) is given by
1
L)) = 2x [ HOP d,
-1
n=0,1,... (dw denotes the surface element on ). For more details about

the theory of spherical harmonics the reader is referred, for example, to C.
MULLER (1966) and W. FREEDEN ET AL. (1998).

We let X(€2) stand either for the space C'(Q2) or LP(2), 1 < p < oo (with
corresponding norm || - ||x(q)). In what follows we are mainly interested,
however, in results for the Hilbert space (£*(), (-,-)2(q)). Any function of
the form He : Q@ — R, n = He(n) = H(n), n € Q, is called £—zonal function
on €. Zonal functions are constant on the set of all n € Q with & -n = h
for a fixed h € [—1,+1]. The set of {—zonal functions is isomorphic to the
set of functions H : [—1,+1] — R. This gives rise to interpret the spaces
C[—1,+1] and £P[—1,+1] with norms defined correspondingly as subspaces
of C(2) and LP(Q2). We let X[—1, +1] stand either for the space C[—1,+1]
or LP[—1,+1] (with corresponding norm || - || x{—1,41])- In other words,

1H |xei-1,411 = 1H ()l

for all £ € Q. The spherical Fourier transform H — (FT)(H), H € X(Q),
is given by

(PT) (H)) (1) = (H. Vo) ooy = [ HODYaaln) datn)
Q

(FT) forms a mapping from L£2(Q) into the space [>(N) of all sequences

{Hp 1} satisfying
Z H?lk < 00,
(n,k)eN
where
N =A{(n,k) |n=0,1,...;k=—n,...,+n} .

An example of a zonal function is the Green function G (A*;-,-) with respect
to the Beltrami operator A*. G (A*;-, ) is uniquely defined by the following
properties (cf. W. FREEDEN (1979)):

(i) (differential equation) for every & € Q, n — G (A*;¢&,n) is twice con-
tinuously differentiable on the set {n € 2 : -1 <¢-n < 1}, and
1

* *, _ _L . - =
AnG (A 75?77) T 4n Pﬂ(f 77) i
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—1 < ¢-n <1, where A} means that the operator A* is applied to
the variable 7.

(ii) (characteristic singularity) for every & € €2,

. 1
ner GA%En) — — In(l = &)
s
is continuously differentiable on €.
(iii) (rotational symmetry) for all orthogonal transformations t,

G (A8, t1) = G (A% 67).
(iv) (normalization) for every & € )

/luAﬁammAmz&
Q

An easy calculation (c¢f. W. FREEDEN (1979)) shows that

1 1 1
*, - = _c. - =
C:(A 75777) - A1 lIl(]_ 5 77) + A1 A ln27
—1 < ¢&-n < 1, satisfies all the defining properties (i)-(iv) of Green’s function
with respect to A*. Furthermore, G (A*;£,n) admits the following bilinear

expansion in terms of spherical harmonics

e 2041 1 .

—1 <& -n < 1. The spherical harmonics of degree n, i.e. the eigenfunctions
of the Beltrami operator A* with respect to the eigenvalues (A*)" (n) =
—n(n + 1), n = 0,1,..., are the eigenfunctions of Green’s function in the
sense of the integral equation

—n(n+

Vo = 0D 6% 6 Yarta) do),
Q

n=12,.. Let G ((A*)2 P ) be defined by the convolution

6 ((a%6m) = [ G(A%60) G (A% ¢m) do(C).
Q
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Then G ((A*)2 P ) is the Green function with respect to the iterated Bel-

trami operator (A*)2. G ((A*)2 P ) allows a uniformly convergent bilinear
expansion in terms of spherical harmonics
o0

¢ ((A*)2;§,77> - Z 2”4: 1 (n(n}i- 1))? P& m),

n=1

(&m) € Q2

2.2 Sobolev Spaces

Next we consider the linear space A consisting of all sequences { Ay k }(n kyen
of real numbers A, ;, n = 0,1,...; k = —n,...,+n. For simplicity, the
notation {Ap}(, kyen € A is understood to be equivalent to { Ay k } (. kyen €
A with A, , = Ay, for k = —n, ..., +n.

DEFINITION 2.1. Let A = {A,x}nren € A be a sequence. We split N
into two parts such that

N = NOygND,
0 = NOAND,

N (1) always being assumed to be non-void), where

NO = f(nk)eN: A, =0},
NO = f(nk) e N: A,y # 0}

The sequence A = { Ay, i} (nk)en 18 called summable (with respect to N,
briefly N'V)—summable, if
1/2

sp [ 3 - sl©)?] <o

2\ mpenm Tk

A summable sequence A = {Ap .} (nk)en With respect to N is simply called
summable.

For a given sequence A = {A; k}(n k)en; consider the linear space EA(Q) of
all functions F € C(*)(Q) such that (F, Yok)c2() = 0 for all (n, k) € N©)
and
Yo An k(B Yng) g < oo (6)
(n,k)eN @)
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On £4(9) we introduce an inner product by letting

(F,G)uaqy = Y. Ay (F.Ynr) 20 (G, Yuk) 20
(n,k)eN®

and define the space H*(Q2) to be the completion of £4(Q) with respect to
the topology (-,)34(q). Then we end up with a Hilbert space:

1A Q) = g

It is obvious that {1} (Q) = £2(Q).

Sobolev spaces equipped with a reproducing kernel structure are of impor-
tance for our considerations. In fact, the Hilbert space H“(£2) corresponding
to an N')-summable sequence A := { Ak} (nk)en POssesses a reproducing
kernel Ky4(g)(+, ), since the evaluation functional F' — F(¢), F € HARQ),
is continuous for every ¢ € Q (cf. ARONSzAJIN (1950)). It can be easily
seen that K4 (-, -) admits an absolutely and uniformly convergent series
representation of the form

K?-lA(Q) (fﬂ?) = Z Ynl?k(f)ynl?k(n)a (5377) € x Qa
(n,k)eN ™)

where

YA = —Y,0(6), e (7)

2.3 Product Kernels

Suppose that A = {Ap k}nk)en € A is summable (with respect to N,
Any function I' : Q© x @ — R of the form

F(f, 77) = Z F/\A (na k) Ynl?k (g)YnI?k (n)a (fa 77) € 927 (8)
(n,k)eN®)

where "4 (n, k) € R for (n,k) € N, is called an HA(Q) product kernel
(briefly, H4(Q) kernel) if

2
sup Z (F/\A(n,k)Yn‘?k(f)) <00 .
8 kyen

In this case the symbol {I'* (n, k)} nyen is called HA(Q)-admissible.
HA(Q)-convolutions will be introduced in the following way.
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DEFINITION 2.2. Let F be of class H4(R2), and let I' be an H*(Q2)-kernel
of the form (8) with H“(Q)-admissible symbol {T"4 (n, k)}ngyen- Then
the convolution of I' against F' is defined by

Cxa F) () = (I'(&), Fyaq

= Y MM )M (k)Y (9,
(n,k)eN @)

where

F/\A (na k) = (Fa Ynf}k)q_{A ) (n7 k) € N(l) . (9)

()
Moreover, the convolution of %4 (Q) kernels I'; and T'y with H*()-admis-
sible symbols {T'}4(n, )} nyeary and {154 (n, k)} niyen, respectively,
is defined by

(T'1*a T2) (&) = (T xa (T2, ) (€);

§;n e
From (9) we immediately see that
(F *A F)/\A (na k) =T/ (na k)FAA (na k)

for all (n,k) € N(I). The convolution of two H*(£2)-product kernels with
HA(Q)-admissible symbols leads us to the following result.

THEOREM 2.3. Let Ty and Ty be HA(Q)-kernels with HA(Q)-admissible
symbols {Fi\A (nuk)}(n,k)e/\f(l) and {Fé\“(n, k)}(n,k)EN(1)7 respectively. Then

Trxals) (€n) = (Fu(€, ), Da(m)paq)
= ) MR (k)Y (OY, ()
(n,k)eN @)

for all (£,m) € Q2 x Q, and {(L'y x4 2)" (n, k)} nyen, given by
(Fl *A FZ)/\A (na k) = Fi\A (na k)F;\A (na k)a (10)

constitutes an HA(Q)-admissible symbol of the HA () kernel Ty * T'y.
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3 Orthogonal Wavelets

Throughout this chapter we simply assume that A1) consists of all pairs
(n,k) € N, ie. NV = N. Furthermore, A = {Ank}mpyen is always
assumed to be summable:

1/2

sup (Ynfl (f))2 < oo . (11)
| 2, i

After having explained the convolution between H(£2)—kernels with H(£2)—
admissible symbols (H(Q) = #4(Q)) we are now interested in developing
countable families {I'j};en, of H(€)-product kernels I'; which will be un-
derstood as scaling functions in our theory of orthogonal wavelets on the
sphere.

As a preparation we first introduce a dilation operator acting on a family
{T'j}jen, of H(Q)-product kernels in the following way: Let I'; be a member
of this family. Then the dilation operator Dy, k € Ny, is defined by DyI'; =
I'jig. In particular, we have I'; = D;I'g. Thus, we refer to I'y as the
'mother kernel’. Moreover, we define a rotation operator Re, § € Q, by
Ry =T5(&, ), j € Ny. In doing so we consequently get by composition of
the operators I';(¢,-) = ReD;T for all £ € 2 and all j € Ny. Note that all
kernels T'; are symmetric, so that I';(§, 1) = I'j(n,§) for all (§,1) € Q x Q
and all j € Ny.

Moreover, we call a subdivision P = { M, },cn, of non-empty subsets M;
of the index set N a partition of N, if the following properties are satisfied:

UMl = Na
1eNy
MinM, = 0, 1#k .

For brevity we set

[
Ne={JM,, 1eN, . (12)

r=0
Simple examples of partitions P of N are given as follows:

(i) horizontal partition P (briefly: H-partition)
M, ={(n,k) eN :k=—n,...,+n}, n € Ny (see Figure 1).

(ii) vertical partition P (briefly: V-partition)
Bi ={(n,k),(n,—k) e N:n=kk+1,...}, k€ Ny (see Figure 2).
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Figure 1: Horizontal partition: the detail space of scale k is the span of all
spherical harmonics Yy _, ..., Y ; in the triangle representing the index set
N the multiresolution refers to a horizontal partition.

scales k 3210123 k

Figure 2: Vertical partition: here, the detail space of scale k is spanned by
the infinite system {Y;, _x, Yy, x : n = k,k=+1,...}; in the triangle representing
the index set A the multiresolution refers to a vertical partition.

But also non—standard partitions may be selected for our wavelet approach.
An example is illustrated by Figure 3.
3.1 Scaling Function

We are now in position to introduce the so—called Shannon #(2)-scaling
function.

DEFINITION 3.1. Assume that P is a partition of A/. Let the sequence
{®74(n, k) }nryens § € No, be defined by

Aa . 1 , ('I’L,k)GN
®; (”’k)_{o , (n,k)e/\/j\/\/j.
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Figure 3: Any arbitrary countable partition of the index set N generates
orthogonal detail spaces.

Then {CD;-\A (12, k) }(nk)en 1 called the generating function of the P—Shannon
H(Q)-scaling function. The family of H(£2)-kernels {®;};en,, given by

i6m) = > YEROYLRMm, (&n) e
(n,k)EN;

is called the P-Shannon H(Q)-scaling function.

From the results of the previous section it follows that ®;(¢,-) € H().
A remarkable property is that ®; coincides with its iteration ®; = ®; x4 ®;.

THEOREM 3.2. Let {®;};cn, be a P-Shannon H(Q)-scaling function. Then
Jim [ = Fylly) =0
holds for all F € H(SY), where Fy, given by
Fy=®;%4F, (13)
is said to be the J-level approzimation of F € H ().

Proof. We introduce the operator Ly : H(2) — H(2), J € Ny, by F; =
L;F = ®; x4 F. From the definition of the convolution it follows that

LiF= Y FM(nkY/, .
(n,k)EN
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But this shows us that

1/2
ILJF = Flly) = ST (FMk)?
(n,k)EN\NJ
1/2
< | X (P k)
(n,k)eN
= [Pl

for every J € Ny. We obtain

li L;F - F
Jl_g)lo” J “’H(Q)

This is the desired result. O

According to our construction, for any F € H(Q), each L;F as defined
above provides an approximation of F' at scale J. In terms of filtering ®;
may be interpreted as low—pass filter. L is the convolution operator of this
low—pass filter. Accordingly we understand the scale spaces Vj to be the
image of H(Q2) under the operator L:

VJ:LJ(H(Q)):{CI)J*AF:FEH} .

3.2 Wavelets

In order to start with the definition of wavelets we introduce a ‘refinement
(scaling) equation’.

DEFINITION 3.3. Let {CD;-\A (17, k) }n,kyens 7 € No, be the generating func-
tion of the P—Shannon H(2)-scaling function. Then the generating symbol
{\IJ;-\A (7, k) Ynkyenss § € No, of the associated P-Shannon H(S2)-wavelet is
defined via the refinement equation

34 (n, k) = ®7 (n, k) — 874 (n, k)

The family {¥;};en, of H(2)-kernels given by

(n,k)eEN
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is called the P-Shannon H(§2)-wavelet associated to the P—Shannon H(£2)-
scaling function {®;};en,. The corresponding mother wavelet is denoted by
Py.

Obviously we are able to define the dilation and rotation operator in the
same way as we did before. In other words, any member of the family
{¥;}jen, can be interpreted as a dilated and rotated copy of the corre-
sponding mother wavelet like (&, ) = R¢D; .
We easily derive from the refinement equation that
AA _ I (na k) € Mj+1
v (”’k)—{ 0 . (nk) € N\Msr -

Therefore, we see that

J
)4 (n k) = 24 (n, k) + > Th4(n, k)
j=0

for all (n,k) € N. Similar to the definition of the operators L; we are now
led to convolution operators B; : H(€2) — H(€2), given by
BjF:\I/j*AF, FEH(Q) .

Thus, the identity
J

Qyp1sa F=Qoug F+ Y Wjsy F (14)
j=0

can be written in operator formulation as follows:
J
Liga=Lo+ ) Bj .
§=0

The convolution operators B; characterize the ‘detail information’ of F' at
scale j. In terms of filtering, B;, j € Ny, may be interpreted as a band-pass
filter convolution operator. This fact immediately gives rise to introduce the
detail spaces as follows:

Wj = B](H(Q)) = {\I/j s F:F e H(Q)} .

W; contains the ‘detail information’ needed to go from an approximation
at level j to an approximation at level 5 + 1. In other words, the ‘partial
reconstruction® B;F' is nothing else than the ‘difference of two smoothings’
at two consecutive scales: ByF = Ly 1 F — L;F.
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THEOREM 3.4. Assume that L; and Bj, respectively, are the low-pass and
band—pass filter convolution operators as defined above. Then the scale spaces
V; and the detail spaces W satisfy the properties:

(i) V()C...CVjCVj+1C...CH(Q)

(iii) () Vj= span {Y4
JENy (n.k)eMao 7

(iv) Vi1 =V; ®W; (® means orthogonal direct sum).

Proof. Clearly we have

Vj = span {Yn“}k}, jENy,

(n,k)EN;
and
W; = span {YA} jeN .
(nk)em;
This proves Theorem 3.4. |

If a collection of subspaces V; of H(§2) satisfies the conditions of Theorem
3.4 we call them a P-Shannon H(Q)-multiresolution analysis.

The main result of our P-Shannon H(Q2)-wavelet theory now reads as
follows.

THEOREM 3.5. Let {@;-\A (7, k) }npyen> § € No, be the generating symbol
of the P-Shannon H(Q)-scaling function. Suppose that F is of class H(L2).

Then
J—1

Fy=®xaF+)» Tjss F
j=0

is the J—-level approzimation of F satisfying

J—00
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3.3 H-Shannon #({2)—wavelets

The horizontal partition is the usual subdivision of N in rotational invariant
wavelet theory (cf. W. FREEDEN (1999)). In the standard case that A, =
A, for all n € Ny and &k = —n,...,+n, the addition theorem of spherical
harmonics allows to represent the H-Shannon H({2)-scaling functions in
univariate form:

i1 9 L,
®;(&,n) = Az n4: W(E0m),  (&m) eQ? .
n=0

Correspondingly, we find
1 2543

I

Ffj-l-l(f : 77)7 (5777) € 0.

All scale spaces and detail spaces are finite—dimensional. More precisely, we
have

J
Vi = @ Harmy,

W; = Harmjy.

Consequently, dim V; = (j + 1)? and dim W; = 2j + 1.

Numerous examples of H-Shannon #(2)- Wavelets can be given, since a
large class of expansions in Legendre polynomials is well-known (see e.g.
W. FREEDEN ET AL. (1998)).

Example 3.6.
a) (modified Green’s function with respect to (A*)*) A, = m; n =
.y A() =1:
1 *\2 ,
lim @j(6n) = =+ G ((A36m),
where
J
2n + 1 9
D, Q
i(& nzl n+1 o Da(&em), (&m) €,
and
1 25 +3
‘Ijj(faﬂ) = Pj+1(§ ’ 77)7 (5777) € Q2.

(G+1)2(+2)? 4r
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b) (Abel-Poisson kernel) A, = h™"/? for some fized h € (0,1):
1 1-h?
A (Ly(€- )32’

2 1
lim @;(¢,n) = Zh” B Paem) =

j—r00
where
" 2n—l—1
Zh Py(&-m), (&m) €,
127+ 3
(& m) = BT Pia(€em), (&) €97,
and

Ly(€-m) =1 +h* = 2h(& - ).
c¢) (Singularity kernel) A,, = \/7?% h="2 for some fized h € (0,1):
1 1
™ (L (& m)H*
d) (Logarithmic kernel) A,, = (2n+1)(n+1)h="/2 for some fized h € (0,1):

hm Q;(&,n) =

1 2h
lim @, = —1In|(l .
Jim, @56 = g In ( N h)
O
Other types of kernel functions can be found e.g. in W. FREEDEN ET AL.
(1998).
3.4 V-Shannon #(2)—wavelets

The vertical partition leads us to the Shannon H(2)-scaling function

] o0
Z P, 1 (te) Py 1 (ty) cos(kg) cos(kpy)
k=0 n=F n k
Jj o 2
+3 Z Py js(te) P s (t) sin(kepe) sin(kepy)
k=1 n*k

and the H(§2)-wavelet
© 2

o Cn,j+1 . .
i) = Y o Pniri(te) Pugei(ty) cos (7 + 1)ge) cos((7 + 1)en)
n= j-|—1 ,j+1

Ly

n=j+1 :]+1

P 1 (te) Pojra(ty) sin((5 + 1)ge) sin((7 + 1gpy)-
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Such kernels can be evaluated numerically by truncating the series. Series—
free representations can only be derived for exceptional cases. An example
of such a kernel function is discussed in the next section.

4 Calculation of a V-Shannon H({2)-wavelet

This section is concerned with the calculation of a series in P, P, j, which
can be used as a V-Shannon #((2)-wavelet.

4.1 From a series in P, P, to a series in P, P,

Using the connection between P, and P, via integration and differentia-
tion, respectively, we find for t¢, ¢, € (—1,1)

oo

Z

Py (te) Py i (ty) cos (ke )cos (koy)

w1 220 +1) (n—k)! (n+k)! —k/2

= TECAW o ) oy ) T
1 1 L
/---/Pn(s)(ds)k (1—t772)k/2 (0%) Py, (ty)cos (kg )cos (kpy)
te e

k/2 oo

1 1
1 —t,? 1 2n+1
= 92(—1)k n //p k.
() S h . (5)(ds)
n= ¢ te

)
3

(i) ‘ Py (ty)cos (kpe)cos (ko)

dt,

ok (Lt ’“°°2n+1 K

- 2 (1) / / (dtn) > dray PR (0)
cos (kpe)cos (key), (15)

if A, # 0 for every n, k. The last step is allowed, if

A= 0 (n124) (1)
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for some ¢ > 0, since this implies the uniform convergence of a series like

(0 €{0,1})

2t fr ()
An A, g nis)es dt,) "
=k Tt

o0

o 2n+1 (n—1—o0)! (I+0)/2
= ()7 Z47TAnk (n+1+0)! (L~1%) Frirolte) Pay(ty) -
n=~k ’

(1-6,2)7"",

o <1+ o <k, for the following reason. Eq. (87bis) of Ch. V in L. ROBIN

(1958) says that

Pastt)] < B!

for every t € [-1,1] and £k =0,1,...; n = k,k + 1, ... Hence, it follows that

X241 (n—1—o0)
PTZ g t Pn t
Z47TAn7k (n+ [ +O’)' I+ ( 5) ,l( 77)

N 1/2 / o e
Z:,;;t) ) (Z <%> (P”’l+”(t§)Pn,l(tn))2>

n=Fk

1/2

) (e ()
/

IN
[~
N N

)
;:
S|+
El
N——

)

o] 2 00 1/2
2n+1 1 (n+10)---(n+1) 2
< —
- Z:‘L 47TAn,k> (Z:‘;n? ((n—l)"'(n—l—o—i—l)
< 400,
ifo=1.

Eq. (35) of Ch. IX in L. ROBIN (1959), which says that there exists a
constant a¢ > 0, such that

(n—1)!
(n+1)!

| P (t) Pra(s)] < NG
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for every s,t € [-1,1] and [ = 0,1,...; n =[,l 4+ 1,..., helps us to treat the
case 0 = 0, since then

2 2n+1 (n—1—o0)
_k47TAn,k (n+1+0)!

< (B
(e

(

(i

Pn,l—l—a (tﬁ)Pn,l (tTl)

k

S
| I

9 1/2
) (Pn,l+a(t§)Pn,l(tTl))2n_6>

M8

(n:k
00 1/2 7 oo 9 1/2
_ 2n+1 (n—1)! .
- (Z i, ) ) (Z (G busetc ) » )
) 1/2 7 o 1/2
2n+1 a?
<

Hence, we can use kernels of order k = 0, i.e. series expansions in P, P, ,
where k = 0, to develop kernels for general £k =0, 1, ....
Note that

d \ = 2n+1 d\F & 2 +1
() T2 nenm - (5) ¥ 2 ren
n n=~k ’ n n=p )

for every p =0, ..., k.

We now discuss a particular series of order £ = 0.

The point of departure is the Green function G(L;-,-) with respect to the
Legendre operator L. For brevity we set

F(Satn) =2 G(L;Satﬂ)a
ie.

sty = 22— 1=((L=9)(1+1,), -1 <s<t, <1
DT 22 -1 —In((1 —t,)(1+5)), f—1<t,<s<1

Note that A, ; = n(n + 1) satisfies (16). Obviously,

1 .
= - , if —l<s<t, <1
g, T tn) = +( 1& " +H5tn if —1<t <77 1
n A t,)(lts) — T1=t,> ! n <8<
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More general,

k—1)! .
<i>kF(S t): (—1)]C ((1+tn;'k7 if —1<S<t"<1
dt, o ((1,:;'«’ if —1<t,<s<l

k=1,2,.... Now let ¢, be fixed. If ¢ > ¢,, the first integration yields

1 1
_f&=Dt o k=D
5/ <dtn> St")ds_t! g % = gyt )

The case t¢ < t;, needs more attention. We obtain

1 " 1
d k
t[(d_t"> F(s,t;)ds = Z(_l)k e d3+/ 1_t
1\ *k )
Pk S Gl

+ )
(L +ty)k (1 —tp)ht

k=1,2,.... In the case t¢ > t, we get the further results

1 1-t¢
(k- 1)! VR R R ) [P P
t[(l—tn)k“‘s)d‘sz—tn)kO/ SR
and
1t
(h—1) 1 (h—1) 1 k-1 1
u—%wzf( )d“‘u—mkﬁ/TMT 1 —,)F2.30 1
¢ 0
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k =1,2,...; which can easily be verified by induction.
In the case t¢ < t; we find

J(2) newir
te te

tn

1
- /(—1) (-1 =%, (k=L ds+/u(1—s)ds
tn

(1 +t77) (1 _tn)k_l
te
tnftg

0
(k—1)! 1

F—gr 2!

1= t,)?

1(t, — te)? ty —t :
e R e SR T 22

provided that 2 < k. By induction we are able to show that (I < k)

/1 / (d%)kﬂs,tn)(ds)l
te e
-1

B (k= 1)! (t, — te)! —1)! (tg —te) 7"
= () I 177+t)'f7LZ g+1 (l—j—1) (1n—tn)k*j*1’

since it is easily seen that for [ > 2:
t

1 1 ¢

I B (k—1)! (t, — )L
[ [ () Femas = [ Gy G e o
te te

te

by y_g

—1)! (ty — )71
+/Z J+1 (—j-2) (T{—tn)’“*j*1 @

1
k-1 1 )
S iy

tn

ty—te

B (k—1)! it
= (=Df (1 —1)! / (1+ t)F dr
0
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: i
+]:O ]+1 l—j—2) =t 7 T
-1 1 [
YA -1
d
TU—t)F (-1 /T T
0
-2 —G—
_ (_l)k(k 1) t _tﬁ)l + ) (tﬂ_tﬁ)l J !
I (14t,)k p= g+1 (I—7—=1)! (1 —t,)k-a-1
(k—l) 1 !
STy o
. (k—l) ty— 1) —1! (g —tg) !
= (0 tn)F Z z— — ) (T =ty ki1
b (I+ty)k = J=D(1—tp)

Hence, it is not hard to see that for ¢, <1,

/1/1 (%)kF(s,tn)(ds)k _ (18)
te te
- (_1)]6% (?th)kjl (g+1§k(;i),!j—1)! (tf:ttTf)kjl
- () S (=97)
- () b () () e (=)
_ % ((Jltn)k—ﬁ) (ty — te)F + ]1 <1+ l_tt:>k
() o) o2 (1550

k = 1,2,... . Summarizing our results we obtain in connection with (15),

(17), and (18)

Kil€,m) = 3 s Pk (k) Pty cos (kg cos ()
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( k1 1—t 2 k/? (lft )2 k/2 .
20k () () cos (kpeJoos (). i t 2 1
1+t 1-¢
= atpeos(hpeleos (o) ((-10* ()™ (1552)
1-t,\k/2 1, \ B2\ (4, —te)* .
\ + <<1+t2> - (—1)k (ﬁ) ﬁw , ifte <t
( Lty 1-te\ /2 )
PU%#<1{+f) mg%gmq on), if te >t
1 (14t 1—te _ (tg=te)
= < k (1 tZ) ((1+t5> (1 te? )k/z>
1=, \F/2 (1, —te)* '
()" et i<t
fork=1,2,....

4.2 Iteration for £k =0

In what follows we now calculate the convolution of the investigated kernel
with itself, more precisely we discuss with A,, = n(n + 1) the expression

/ (ZA— V(€ ) (Z + (c>> )

= ZAZ wk(Q); k=0,1,.5

n=k T

where the interchanging of summation and integration is justified by B.
Levi’s Theorem. Note that {A,},=0,1,.. is summable with respect to N\
{(0,0)}. This is the reason why the iterated kernel above can be used as a
V-Shannon #(2)-wavelet.

We have to discuss the case k& = 0 separately, i.e. the Green function
G (LQ; : ) with respect to the iterated Legendre operator L?. Our point
of departure is the Green function with respect to L. For brevity we set

=Y D o Yo O¥aoln)

1 [ 2m2—1—In((1—t)(1+1ty)), if —1<t<t,<1
47 2In2 —1—-In((1 —¢t,)(1 +1te)), if —1<t,<te<l’
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1.e.

K60 = [ KEnKm0 doln) = 56 (Literte)
Q

Without loss of generality, let t¢ < t,. Then (with t = t,)

K§P(€¢)
te
_ i_i (2In2 — 1 —ln((1— ¢)(1 +t¢))) -
1
(2In2 — 1 —In((1 —)(1 +t))) dt
t¢
+421_Z (2Im2—1—In((1 —t)(1+1))-
te
(2In2—1 —In((1 —t)(L +t))) dt
1
+i—77:/(21n2—l—ln((l—tg)(1+t)))'
t

(2In2 —1—In((1 —t)(1+1¢))) dt
= %(1 —2In2)(In(1 +t¢) +In(1 +t¢) +1 —21In2)(te + 1)
te
1
+ 3 /(1 —2In2)2In(l —¢)dt
“1
1 i
+3 /(ln(l — 1)) + (In(1 + t¢) + In(1 + ¢¢)) In(1 — ¢) dt
“1

5 (1410 In(1 4 £0) (1 +1)
+ %(1 —2In2)(In(1 —t¢) +In(L +t¢) +1 = 21In2)(tc — t¢)
s
+y /(1—21n2)(ln(1+t)+ln(1—t))dt
i
p
+ % /ln(l —t)In(1 +¢) + In(1 — t¢) In(1 — ¢) + In(1 + ¢¢) In(1 + ¢) dt

te
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+—1In (1 —tg) ln(l +t<)(t< —tg)

(1—2n2)(In(1 —t¢) + In(1 — £¢) + 1 — 2In2)(1 — #¢)

1

L\DI»—‘L\Dl’—‘

1
+3 /(1—21n2)21n(1+t)dt

128
1

+% /(ln(l + 1)) + (In(1 — ¢¢) + In(1 — #¢)) In(1 + ¢) dt

128

+% In(1 — te) In(1 — tc)(1 — tc).

By partial integration it follows that

/lnxdx = z(lnz —1),
/(lnx)2dx = z((lnz)* —2lnz +2).

Using these identities and the relation

o0

2j-1 n—l—l
In(l+#)In(l—#) =-)_
j=1

Z , <1,
n=1

(cf. I.S. Gradshteyn, I.M. Ryzhik (1980)), which implies

2

g

l\'J

t
: —1 1)l g2 &

/1n(1+t)1n1—t ZZ 32 +1) |,

te j=1 n=1

we obtain

DN =

KP(6,0) = 22— 1) + =(1 — 2In2)((In(1 + t¢) + In(1 + £0)) (e + 1)
+2(2(In2 — 1) — (1 — t)(In(1 — t) — 1))
+ % (2((In2)? =202 +2) — (1 — t¢)((In(L — £¢))? — 21In(1 — t¢) + 2))

+5 (14 1) (202 — 1) — (1~ t6) (n(1 — ) ~ 1)

+ % In(1 4 #) (202 — 1) — (1 — te)(In(1 — t¢) — 1))
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4 % In(L + t¢) In(L + £0) (t + 1)
45 (1= 2m2)((In(1 — t¢) +In(1+10)) (1 — te)
(L ) (In(L 4 ) — 1) — (14 ) (In(L + t¢) — 1)
+ (1 =teg)(In(l —tg) = 1) = (1 = t)(In(l = t¢) — 1))
0 2j-1 n : ¢
X X O ),
+5 (1~ 1) (1~ £) ({1 — 1) = 1) — (1 — 1) (In(1 — 1) — 1))
5 (L 1) (LF 1) (In(1 4 £6) —1) = (14 £6)(In(1 + 1) — 1))
+% In(1 — t) In(1 + £0)(f¢ — t¢)
45 (1= 2m2)(n(1 — 1) +In(1 — 1)) (1 1)
122(In2 — 1) — (L + £)(In(L + £¢) — 1))
+%@(mmﬁ—2m2+2y41+Qxam1+qn?—mm1+q)+@)
45 (01— 1) +In(1 — £0))(2(n2 — 1) — (14 1) (In(1 + ) — 1))
5 (L~ ) In(1 — £0)(1 ~ 1)
— 2m2-12— %(111(1 ) + (L + £0) + In(1 — t¢) + In(1 — £))
43 (1= 2m2) (1 4+ )t +1— 1~ (1+ 1)
b3 (1= 2m2) (L4 1) (e +1— Lt — e+ L — (1 + 1)
+%(1—2ln2)ln(1—tg)(tg—t§—2(1—t§)+1—t§+1—t<—1)
b5 (1= 2m2) (1 — 1) (~(1 — 1) + (1~ 1) 1)
b5 (- 2m2)(AIn2 — 442~ 2~ 1 —f+ 14t — 14t 41—t

+4In2—4+2+42t)+2((In2)*—2In2+2)
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g (1 1) (~(1 1) (In(1 — tg) — 1) + (1 + 1) In(1 + 1)
(14t (1 +4)

+% In(L + te)(—(1 — te)(In(L — t¢) — 1) + (1 + t¢) In(L + £¢)
—(1+ tc) In(l + tc) +2(1+ tg) — (14 tc) +(1+ tg)
—(1+20)(In(1 —t¢) +In(1 —t¢)) + (t¢ — te) In(1 — t¢))

3 In(1— 1) (~(1 — 1) In(1 — ) +2(1 ) + (1 — 1) In(1 — £¢)
(L=t = (1=t (L — ) + 11—t
(1 —t)In(l — te) + 1 +1)

1 1
+§ ln(l — t()(l + t() + 5 (—2 + 2t§ —2— 2t<)

2j—1 ; t

1 o0 (_1)n+1 t2i+1 3
+ 9 Z Z ) )

2 j=1 n=1 n i +1) te

(2In2 —1)% — % In ((1—t) (L—¢72)) - %(1—21n2)1n(1+t§)

—

(1 -2In2)In(1 —t)

N —

1
t3 (1 —-2In2)t;In(1 +t¢) —

1
——(1—-2In2)In(1 —¢;) +

—~

1-2In2)(8In2 — 4)

N
DN | =

+2((In2)* —2In2+2) + % In(1+te)(In(1 — te)(te — 1) + 1 — t¢)

_l’_

ln(l + tc)(3 + tc — 21n(1 — tg) — (1 + tg) ln(l — tg))

_l’_

1
ln(l — tg) + 5 ln(l — tg)(l + tg) + tg — tc -2
2j—1 2041 |t

(_1)n+1
Z n ](2] + 1) te

n=1

N[~ N wWwN| —

e

+
i

6(In2)®> —8In2+5 — % In ((1 —#2) (1 —t2))
—l—% (1 =2In2)(=In(1 +t¢) +tcIn(l +t¢) —In(1 —t¢) — In(1 —¢¢)

+8In2 —4)

32
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(ln(l + tg) ln(l — tg)(tg — 1) + (1 — tg) ln(l + tg)

L\'J|>—~

+ 3+ tc) In(1 + tc) —2In(1 + tc) In(1 — tg)

— (14 tc) In(1 + tc) In(1 — tg) +3In(l — tg) +(1+ tg) In(1 — tc))

oo 2j-1 )n+1 L2041 |te

1
te —tr — 2
Het-2 3303 5 @i+ ) |,

7j=1 n=1

= —2(In2)? +1— % In ((1 =) (1—1¢2))
+ % (2In2 —1)In ((1 —#%) (1 —t)) + % (1 —2In2)tc In(1 + &)
+g In((1 4 t¢)(1 —te)) + %tg In (1—t2) +In(1 — &)

W e — 1) + % (1 — te) In(l + fe)(L — In(1 — te))

2
—In(1+ tc) In(1 — tg) +te —1¢
2j-1 ’ ¢
1 o0 —_1)n+1 t2i+1 3
iy & o
2 4 n J(27+1) |,

The last summand can only be approximated by a truncated series. We
develop an upper bound of the approximation error. Since it is known that

e -1 n+1
s T e
n

n=1

we obtain

o (HZl (Lt | |
% Z (Z ( 1T)L > j(2j1+ ¥ (1291 — g2+

j=l+1 \n=1
1 & In?2 In2 o= 1
<3 min T X E
< —— 5 -
2 Pyl 725+ 1) 2

The value of the Riemann zeta function at 2 is well-known from classical
trigonometric Fourier theory (cf. e.g. E. ZEIDLER (1996))

2

=1
SH-%

=17
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[ = E =~
10 | 3.3-1072
50 | 6.9-103
100 | 3.4-1073
200 | 1.7-1073
500 | 6.9-104
1000 | 3.5-107*
5000 | 6.9-107°
10000 | 3.5-107°

Table 1: Upper bound of the approximation error for different truncations

Table 1 shows the upper bound
In2 1
B=% 2 &

of the approximation error in dependence of some values of [.
The obtained iterated kernel is the scaling function of scale 0.

<

K (6,0 = 20(6,0) = T1(6,0); £, e\ {x)

Note that the derived representations of the wavelets are only valid for
te,tc € (—=1,1). However, the knowledge of the values of the wavelets at
the poles is not needed in our approach. For our considerations we simply
have to know that the series also converges within this 'boundary’, which is
certainly true here.

o0 o0

1 2n + 1
Y i T OYar©)| < 3 i <o

4.3 Iteration for k£ # 0

Now we can start calculating the iterated kernels for k # 0. We can represent
our kernel in the form

o0

K(€m) = 3 Yokl €)Vak(n)

n=k "
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as

1
Ki(¢,m) = 5 Gilte, t)cos (kpe)oos (kepy),

if £ > 0, where G denotes the part of K depending on the polar distances
te and t,. The determination of the convolution yields (¢ := ¢y, t :=t;)

/ Ky (&, 1) Ki (1, ) dw (1)
Q

2
_ ( o ) / cos (kipe)cos (ipy)cos (kipg)cos (ki) dpy -

0
1

/ Gilte, O)Gi(t, o) dt

-1

1

1 \2

= (ﬂ) cos (kp¢)cos (k:gog)w/Gk(tg,t)Gk(t,tg)dt.
1

Analogously, we have to discuss the series involving spherical harmonics Yy,
with negative order k, where we find

/ Ky (&, 1) Ki (1, ) dw (1)
Q

LN [ . . .
= (ﬂ) /sm(lmpg)sm (kpp)sin (koy)sin (ke¢) dpy, -
0

1

/ Gulte, Gy (t, 1) dt

-1

1

1

2

- (ﬂ) sin(kwg)sin(ksoc)ﬂ/Gk(tévt)Gk(t’tC)dt'
]

The part G, representing the dependence of the kernel Kj on the polar
distance, is identical for Y},  and Y, _, such that the following calculations
are valid in both cases.
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Without loss of generality, let ¢, < £,. Then we get

1
/ Glte )Ga(t, 1) dt

21
te

B /(—1)’“ 14+t 1—1\*/? 1y (Lt RIZ 1 — g\ M2
B 1—t 14t 1—t; 1+t
1

1—tc\ 72 L+t \F2\  (tc —t)*
+<<1+t<> _(_1)k<1—t<> (- ) @

1=t \*2 /146, \*2\ /1=t \F2 (1, —t\F
. (_I)k< <> _(+<> ( £> (c >dt
l—i—tc 1—t< 1+t§ 1—¢
11—t 1 k/2
/ ¢ L+1¢
+ - > __ >
(1+t§1—tc>
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1= 1o\ M2 o Lot P2 e\ M2 (=)
1+t§ 1+t§ 1—t€ 1—1¢

L AL el _ (¢ —
amimg) (0 (5) - -ew

1—tc k/Z_(_l)k 14\ */? 1 ‘
1+t 1t (1 — te2)k/?

l—i-tg l—tc 1 —t< (1 t§2)k/2
t¢
(A==t
(( o (B2 (6 tg)* )
= L+ 1L+ 1.

We have to discuss the appearing types of integrals. Let a,b,c,d € R. Then

we get by partial integration
b b
/ c—t\" P S Gt ”+/ B fe—tft
1—t k=1 (1—t)k-1, E—1(1—t)k-1 7
a a
— kit b

B u k (c
S LGNt -0

j=1 ¢ a

for 1 <p <k — 1. Thus it follows that

c—t\* kot k (c— kJ‘H
/<ﬁ> dt:Z(k—jH)(k—j) (1—t'” ’

k (c — tyk=at1)’
k—j+1)(k—j) (1—-t)k a+k(6_1)ln

b
/c—t

[1—al
10|

+ (b — a)k,
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provided that a,b # 1. Hence, the first integral reads as follows

(1—te)(1+ 1)\ "
(—w ) ety

(o (52 () ()
(kzl - ((tc_tg)kjﬂ

_l’_

= -7+ 1 (1 — tg)kfj

(tC + l)kf]+1
_ T

2
)—I—k(tc—l)lnl

Every further non—trivial integral belongs to the type

b k
jenays

a

which can be seen by taking into account that

j (50) e /(%)d

For n € N, n < k, partial integration yields

b
/7tn — i b+/ no M
/ (1+1t)k kE—1 (L+t)k1t|, / k—1 (1+4¢t)kt
_ _z”: nl (k—2-jt g
B =R VR ] 8
b
Ik —2—p)! n—p—1
+/ nl(k —2 —p)! t n
(n—p—1Dl(k—1)! (1+¢)k-1-p

_ /“(((—o) —17)75(7—@ —r))k o

+ (tg + l)k) .

38
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provided that 0 <p <n —1, i.e.

b .
" - 2 —g)
da = - .
/ (141t)* ]Z (n—j)! -1 (L40k1=7,
. =
(k—n—1) [ 10
—n—1)! t
! dt
R ) / TR
a
A
= (n—g! (k=11 (Q+e)k1-7],
(k—n—1)!
!
+n 1) v,
where we have used the abbreviation
1 1 .
y = Fen=1 \TraF==T = [139) —1> , fk—n>1
In “1+Z‘|, ifk—n=1
If n > k, we analogously find
b k—2 i b
k—1—j
/ (1+t ]:0 1) (1+t) J a
b tnfk+1
dt.
/ m—k+1)(E-1! 1+t
For a,b > —1 we get
b
tn k+1 ol b i
dt=t"""HIn|l +¢t|| — [(n—k+1)t" "In|l +¢t|dt
1+t a
a a
b 1+b
= "l 4t —(n—k+1) / (r—1)" *lnrdr
a
1+a
R 1+t - (n— k4 1) Z( ) " kp/TplanT
‘ p=0 1+a

b
"R I |1+ ¢
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-kt 1)%( ; ) (—1)m ke (Tp“ (phrl - (pjn?))

p=0

1+b

)

1+a

where the last integration can be performed by partial integration. Conse-
quently, it follows that

b _ .
/ (1+t)k = (n—j)! 1). (14 ¢t)k=1=7 |,

+< . ) (t"k+11n

~(n—k+1 nif( ) "’CP<TP+1<;TI_(Z,J:1)2>>

p=0

1+b
1+a

Consequently,

_ Xk: i ( ’; > ( 7’; >ck—ldk—m(—1)l+m/b(lti77:)k dt

a

_Z ( l; ) ( T’Z >Ck—ldk—m(_1)l+m+1_
(“ml C+m) (k—2—j)  ttmi

Z (I+m—g) (=11 (14t)k1=7|,

=0

1 1
(k—1—m—2)! <(1 FaF Cm 1T (14 b)klml)

k—2
k k k=l d+1, k=17 |1+ 0]
+ (l)(k—l—l)c dm(-1) ln|1+a|

|1+ b
|1+ al

+ked®(—1)* "t n
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k—1

85 (1) ()i

[=0 m=k—

I+m—g)t (k=1! (L+e)k 177,

R Em) (k2 g
=

k—1

Hik<l T) (=n)frmi <+ (plnfl % : 1>2>>

+(l+m>(tl+m k+lln|1+t|‘ (l+m—k+1)-

1+b
1+a

b

2 (k+m)! (k—2—j)!  ¢ktmi
(+m—j)(k =1 (L+pk=1=7],

- ( IZJ:T ) (tm+1ln1+t (m+1)-

(") (7 G -mem)

p=0
=: Fy(a,b,c,d).

1+b
1+a
This result allows us to calculate the integrals I and I3, where we use the
introduced abbreviation Fy. The V-Shannon H(2)-wavelet of scale k — 1,

k > 1, with A, = n(n + 1) can, therefore, be represented by (t¢,t; €

(=1,1))

- k2 (cos (kpe)cos (ko) + sin(kpe) sin(kee)) -

Tp-1(&,
1 —te)(1 +t<)>k/2

Q)=
(
<2<(1+t§ 1—t§)
1—t< k/2 l-l-tg k/2 l—tg k/2
' 1+t<> _<1—t<> <1+t§> '



REFERENCES 42

kil k —(te + 1)k_j+1
2 G ANE=) P

2
+k@§—1ﬂn1_Q-+@§+lm>

1+ b 1 k41
(o) (At - -
(1% W2—G¢V 14t \ 2 I
L+t 1—t¢ (1 — te2)k/2
((_1)ka(t§7tht§7tC) - Fk(_th —te, —l¢, _tC)> ) )

provided that t¢ < ¢;. The representation of W;_;(&,() in the case t¢ > ¢
is obtained by interchanging #¢ and #; in the above result.

The corresponding scaling function is determined by summation of the
wavelets. In other words,

j—1
D;(¢,0) = Y Tk, Q).

k=-1
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