Appl. Comput. Harmon. Anal. 44 (2018) 59-88

Contents lists available at ScienceDirect

Applied and
Computational
Harmonic Analysis

Applied and Computational Harmonic Analysis

www.elsevier.com/locate/acha

Localisation of directional scale-discretised wavelets on the sphere @ CossMark

Jason D. McEwen ®*' Claudio Durastanti ™?, Yves Wiaux ¢

Mullard Space Science Laboratory, University College London, Surrey RH5 6NT, UK
University of Tor Vergata, Rome, Italy
Ruhr University, Bochum, Germany

b
c
4 Institute of Sensors, Signals, and Systems, Heriot-Watt University, Edinburgh EH14 4AS, UK

ARTICLE INFO ABSTRACT
Article history: Scale-discretised wavelets yield a directional wavelet framework on the sphere where
Received 15 August 2015 a signal can be probed not only in scale and position but also in orientation.

Received in revised form 12
February 2016

Accepted 17 March 2016
Available online 8 April 2016

Furthermore, a signal can be synthesised from its wavelet coefficients exactly, in
theory and practice (to machine precision). Scale-discretised wavelets are closely
related to spherical needlets (both were developed independently at about the

Communicated by W.R. Madych same time) but relax the axisymmetric property of needlets so that directional
signal content can be probed. Needlets have been shown to satisfy important quasi-
Keywords: exponential localisation and asymptotic uncorrelation properties. We show that
Wavelets these properties also hold for directional scale-discretised wavelets on the sphere
Needlets and derive similar localisation and uncorrelation bounds in both the scalar and spin
Harmonic analysis on the sphere settings. Scale-discretised wavelets can thus be considered as directional needlets.
Cosmic microwave background © 2016 The Authors. Published by Elsevier Inc. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Wavelet methodologies on the sphere are not only of considerable theoretical interest in their own right
but also have important practical application. For example, wavelets analyses on the sphere have led to many
insightful scientific studies in the fields of planetary science (e.g. [4,5]), geophysics (e.g. [13,34,68,69]) and
cosmology, in particular for the analysis of the cosmic microwave background (CMB) (e.g. [7,9,15,30,40-43,
49,53,59-63,66,75-77,82,83]) (for a somewhat dated review see [50]), among others. Of particular importance
in such applications is the scale-space trade-off of the wavelets adopted, which arises from the extension of
the familiar (Euclidean) Fourier uncertainly principle to the sphere [56]. Consequently, characterising the
localisation properties of wavelets on the sphere is of considerable interest.
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Many early attempts to extend wavelet transforms to the sphere differ primarily in the manner in which
dilations are defined on the sphere [2,3,14,19,29,39,56,64,65,73]. The construction of Freeden & Windheuser
[19] is based on singular integrals on the sphere, while Antoine and Vandergheynst [2,3] follow a group
theoretic approach. In the latter construction dilation is defined via the stereographic projection of the
sphere to the plane, leading to a consistent framework that reduces locally to the usual continuous wavelet
transform in the Euclidean limit. An implementation and technique to approximate functions on the sphere
has been developed for this approach [1]. This construction is revisited in [78], independently of the original
group theoretic formalism, and fast algorithms are developed in [79,80].

Initial wavelet constructions were essentially based on continuous methodologies, which, although in-
sightful, limited practical application to problems where the exact synthesis of a function from its wavelet
coefficients is not required. Early discrete constructions [7,67,72] (and subsequently [47,52]) that support
exact synthesis were built on particular pixelisations of the sphere and do not necessarily lead to stable bases
[72]. Half-continuous and fully discrete frames based on the continuous framework of [2,3] were constructed
by [10,11] and polynomial frames were constructed by [54]. More recently, a number of exact discrete wavelet
frameworks on the sphere have been developed, with underlying continuous representations and fast imple-
mentations that have been made available publicly, including: needlets [6,36,55]; directional scale-discretised
wavelets [33,48,81]; and the isotropic undecimated and pyramidal wavelet transforms [71]. Each approach
has also been extended to analyse spin functions on the sphere [21-24,37,46,70] and functions defined on
the three-dimensional ball formed by augmenting the sphere with the radial line [17,31,32,45].

1.1. Contribution

Needlets [6,36,55] and directional scale-discretised wavelets [33,48,81] on the sphere were developed
independently, about the same time, but share many similarities. Both are essentially constructed by a
Meyer-type tiling of the line defined by spherical harmonic degree ¢. Directional scale-discretised wavelets
in addition include a directional component in the wavelet kernel, yielding a directional wavelet analysis
so that signal content can be probed not only in scale and position but also in orientation. Needlets have
been shown to satisfy important quasi-exponential localisation and asymptotic uncorrelation properties [6,
21,23,24,36,55,58]. In this article we show that these properties also hold for directional scale-discretised
wavelets. We derive equivalent localisation and uncorrelation bounds, in both the scalar and spin settings,
and show that directional scale-discretised wavelets are characterised by excellent localisation properties in
the spatial domain.

More precisely, we prove that for any ¢ € R}, there exist strictly positive constants Cy,Cy € R, such
that the directional scale-discretised wavelet ¥ € L2(S?), defined on the sphere S? and centred on the North
pole, satisfies the localisation bound:

Cq

“1’(97@‘ < ma

(1)

where (6, ) € S? denote spherical coordinates, with colatitude 6 € [0, 7] and longitude ¢ € [0,2). Fur-
thermore, we prove that for Gaussian random fields on the sphere, directional scale-discretised wavelet
coefficients are asymptotically uncorrelated. The correlation of wavelet coefficients corresponding to wavelets
at scales j, 7' € N and centred on Euler angles p1, p2 € SO(3), respectively, parameterising the rotation group
SO(3), is denoted U3 (py, py). We show that for any j,j/ € N such that |j — j/| < 2 and for any € € R},
& > 2N (where N is the azimuthal band-limit of the wavelet), there exists Cy ), C;j ) e R such that the
directional wavelet correlation satisfies the bound:
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(2)
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where 5 € [0,7) is an angular separation between p; and ps. For |j — j'| > 2, wavelet coefficients are
exactly uncorrelated, i.e. 207 l)(pl, p2) = 0. We present an overview of these results here only; precise
definitions of the quantities involved and more specific bounds, showing the dependence on the param-
eterisation of the scale-discretised wavelet construction, are presented and derived in the main body of the
article.

The characterisation of the localisation properties of directional scale-discretised wavelets presented is
of considerable importance for applications, in particular for the analysis of the CMB, which to very good
approximation is a realisation of a Gaussian random field on the sphere. Directional wavelets are useful
for the analysis of the CMB, since, although the CMB is globally isotropic, its peaks are predicted to be
elongated [12]. Furthermore, weak anisotropic signals with strong directional features are embedded in raw
CMB observations (e.g. due to foreground contamination; [60]). Numerical experiments using simulated
CMB observations are presented to demonstrate both the localisation and uncorrelation properties of scale-
discretised wavelets. All results are also extended to spin scale-discretised wavelets [46] and so are applicable
not only to CMB temperature observations (a scalar signal on the sphere) but also to observations of CMB
polarisation (a spin £2 signal on the sphere). In addition to the derivation of the results summarised above,
which constitute the main contributions of this article, for the first time, we also explicitly show that scale-
discretised wavelets form a tight frame on the sphere and present the detailed derivation of their directional
construction. Since directional scale-discretised wavelets satisfy similar localisation and uncorrelation prop-
erties to needlets, and follow a similar construction but extended to a directional analysis, they can thus be
considered as directional needlets.

1.2. Outline

The remainder of this article is structured as follows. In Section 2 the directional scale-discretised wavelet
transform on the sphere is reviewed and we show explicitly that scale-discretised wavelets form a tight
frame. The construction of scale-discretised wavelets is reviewed in Section 3, where the detailed derivation
of their directional construction is elaborated for the first time; their directional correlation and steer-
ability properties are also reviewed. The main contributions of this article are presented in Section 4 and
Section 5, where the quasi-exponential localisation and asymptotic uncorrelation properties of directional
scale-discretised wavelets are proved, respectively. Technical results and additional mathematical back-
ground are deferred to Appendix A. Appendix A.1l reviews harmonic analysis on the sphere S? and rotation
group SO(3) concisely, focusing on definitions and approximations of relevant special functions and their
properties, which are used throughout the article. The remaining appendices (Appendix A.2-Appendix A.4)
present calculations on which the proofs of Section 4 and Section 5 rely. Numerical experiments demon-
strating the localisation and uncorrelation properties of directional scale-discretised wavelets are performed
in Section 6.

2. Scale-discretised wavelet transform

The directional scale-discretised wavelet transform supports the analysis of oriented spatially localised,
scale-dependent features in signals on the sphere. In this section we review the scale-discretised wavelet
framework on the sphere [33,48,81], following closely the presentation of [48], describing wavelet analysis
and synthesis, and admissibility and tight frame properties. For clarity we present the scalar setting only,
however the scale discretised wavelet transform on the sphere has been extended recently to support spin
signals [46]. The concentration properties of scale-discretised wavelets derived in subsequent sections of this
article hold in both the scalar and spin settings.
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2.1. Analysis

The scale-discretised wavelet transform of a function f € L*(S?) on the sphere S? is defined by the
directional convolution of f with the wavelet W) € L2(S?). The wavelet coefficients we? e L2(SO(3))
thus read

W\P(j)(p) =(f® \p(j))(p) = (f, Rp‘ll(j)> = / dQ(w)f(w)(Rp‘I/(j))*(w) ) (3)
S2

where w = (0, ) € S? denotes spherical coordinates with colatitude 6 € [0, 7] and longitude ¢ € [0, 27),
dQ(w) = sin 6 df dy is the usual rotation invariant measure on the sphere, and -* denotes complex conjuga-
tion. The inner product of functions on the sphere is denoted (-, -), while the operator ® denotes directional
convolution on the sphere. The rotation operator is defined by

(R, ¥V (w) =R, D), (4)

where R, is the three-dimensional rotation matrix corresponding to R, and & denotes the Cartesian vector
corresponding to w. Rotations are specified by elements of the rotation group SO(3), parameterised by the
Euler angles p = (o, 8,7) € SO(3), with a € [0,27), 8 € [0,7] and v € [0,27). The wavelet transform of
Eq. (3) thus probes directional structure in the signal of interest f, where v can be viewed as the orientation
about each point on the sphere (6, ) = (3, «). The wavelet scale j € N encodes the angular localisation of
W) as discussed in more detail subsequently. Note that the wavelet scales j are discrete (hence the name
scale-discretised wavelets), which affords the exact synthesis of a function from its wavelet (and scaling)
coefficients.

The wavelet coefficients encode only the detail-information contained in the signal f; scaling coefficients
must be introduced to represent the approximation-information of the signal, i.e. low-frequency signal
content. The scaling coefficients W® € L2(S?) are given by the convolution of f with the axisymmetric
scaling function ® € L?(S?) and read

W) = (£ 0 9)w) = (1. Rud) = [ d0W)F)(RuE) (). (5)
S2
where Ry, = R(,,0,0) and the operator ©® denotes axisymmetric convolution on the sphere. Note that the

scaling coefficients live on the sphere, and not the rotation group SO(3), since directional structure of the
approximation-information of f is not typically of interest.

2.2. Synthesis

The signal f can be synthesised perfectly from its wavelet and scaling coefficients by

J _ ‘
flw) = / AW )W (W) (R ®)(w) + Y / do()W™ (p)(R, W) (w) , (6)

§2 7=050(3)

where do(p) = sin fdadfdy is the usual invariant measure on SO(3) and 0 and J are the minimum and
maximum wavelet scales considered, respectively. We adopt the same convention as [81] for the wavelet
scales j, with increasing j corresponding to larger angular scales, 4.e. lower frequency content.’

3 Note that this differs to the convention adopted in [33,46] where increasing j corresponds to smaller angular scales but higher
frequency content.
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Typically, we consider band-limited functions, 7.e. functions such that their spherical harmonic coefficients
fem = 0, V¢ > L, where fo, = (f, Yom) and Yy, € L2(S?) are the spherical harmonics (defined in
Appendix A.1) with £ € N and m € Z, such that |m| < ¢. In practice, for band-limited functions, wavelet
analysis and synthesis can be computed exactly (to machine precision), since one may appeal to sampling
theorems and corresponding exact quadrature rules for the computation of integrals [38,51], and efficiently
by developing fast algorithms [44,46,48,79,80], which scale to very large data-sets containing tens of millions
of samples on the sphere.

2.3. Admissibility

The wavelet admissibility condition under which a function f can be synthesised perfectly from its wavelet
and scaling coefficients through Eq. (6) is given by the following resolution of the identity:

2
2£+1| wl + %HZ Z v, ve, (7)

j=0m=—¢

where P00 = (P, Yor) and \IIEQ = (V0U), Yy,,) are the spherical harmonic coefficients of ® and W),
respectively, where §;; for 4, j € Z denotes the Kronecker delta.

2.4. Parseval frame

Scale-discretised wavelets on the sphere satisfy the following Parseval frame property:

All£II? S/ Qw)[(f, Ru®) \2+Z / OI(f. Ry¥D)? < B|If?, (8)

s2 7=0505(3)

with A = B € R, for any band-limited f € L?(S?), and where || -||> = (-, -). We adopt a shorthand integral
notation in Eq. (8), although by appealing to exact quadrature rules [38,51] these integrals may be replaced
by finite sums. We prove the Parseval frame property as follows. Firstly, note the harmonic representation
of the wavelet and scaling coefficients given by (see e.g. [44])

14 14

) ‘ L—-1 ]
W () = (f, Ra¥) =37 ST N £, 00 DL (p) 9)

=0 m=—Cln=—/4

and

W (w) = (f, Ru®) Z Z %Hfzm%wM w), (10)

=0 m=

respectively, where the Wigner D-functions Df;m are the matrix elements of the irreducible unitary repre-
sentation of the rotation group SO(3) (defined in Appendix A.1). Substituting these harmonic expressions
and noting the orthogonality of the spherical harmonics given by Eq. (A.4) and of the Wigner D-functions
given by Eq. (A.7), it is straightforward to show that the term of Eq. (8) bounded between inequalities may
be written

L—-1

— J — 14 4
Z Z 2€+1|f€m| | 40\2—1-22 Z Z
{=0 m=—¢ =

=0 £=0 m=—f n=—

Ifemll @ =12, (11)
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where the equality of Eq. (11) follows by the admissibility property Eq. (7). Thus, scale-discretised wavelets
indeed constitute a Parseval frame with A = B = 1, implying the energy of f is conserved in wavelet space.

3. Wavelet construction

Scale-discretised wavelets are constructed to ensure the admissibility criterion Eq. (7) is satisfied, while
also carefully controlling their angular and directional spatial localisation, in additional to their harmonic
localisation. Wavelets are defined in harmonic space in the factorised form:

\I/(j) _ 20+ 1

Im ]2 H(])(é) C@m y (12)

in order to control their angular and directional localisation separately, respectively through the kernel
xU) € L2(R*) and directionality component ¢ € L2(S?), with harmonic coefficients (s = (¢, Yom) (k)
and ¢ are defined explicitly in Section 3.1 and Section 3.3, respectively). Without loss of generality, the
directionality component is normalised to impose

L

> lCml* =1, (13)

m=—/

for all values of ¢ for which (s, are non-zero for at least one value of m. The angular localisation properties
of the wavelet U(9) are then controlled by the kernel x(9), while the directionality component ¢ controls
the directional properties of the wavelet (i.e. the behaviour of the wavelet with respect to the azimuthal
variable ¢, when centred on the North pole). In the remainder of this section we describe the construction
of the wavelet kernel, the wavelet steerability property, and, for the first time, the explicit construction of
the directionality component.

3.1. Kernel construction

The kernel x9)(t) is a positive real function, with argument ¢t € R*, although x()(t) is evaluated only
for natural arguments ¢ = ¢ in Eq. (12). The kernel controls the angular localisation of the wavelet and
is constructed to be a smooth function with compact support, as follows. Consider the smooth, infinitely
differentiable (Schwartz) function with compact support ¢t € [A~1, 1], for dilation parameter A € R}, A > 1:

exp(—(1 —2)~1 —
S,\(t):s()\2—_)\1(t—)\1)—1), with s(t):{ O,p( (=7, i;%iﬂ (14)

Define the smoothly decreasing function ky by
Lat oy
sy (T
ka(t) = =+ A()

77
f,\—l %Si(t/)

which is unity for ¢ < A™1, zero for ¢t > 1, and is smoothly decreasing from unity to zero for ¢ € [A\71,1].

(15)

Define the wavelet kernel generating function by

H)\(t) = \/k‘)\()\_lt) — k‘)\(t) , (16)

which has compact support ¢t € [A71, \] and reaches a peak of unity at ¢t = 1. The scale-discretised wavelet
kernel for scale j is then defined by
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Dy K kYO K KA H(0)

Amplitude

1 2 4 8 16 32 64 128

Fig. 1. Scale-discretised wavelet tiling in harmonic space (L = 128, A =2, N =3, J = 5).

KD (0) = k(MWL) (17)

which has compact support on ¢ € [L/\_(H‘j)LJ, [Al_jLﬂ, where |-| and [-] are the floor and ceiling
functions respectively, and reaches a peak of unity at A=/ L. With this construction the kernel functions tile
the harmonic line, as illustrated in Fig. 1. Note that needlets are constructed by a similar Meyer-like tiling
of the line defined by spherical harmonic degree ¢ [6,36,55], where the function s(t) of Eq. (14) is also used
but minor differences in the kernel construction mean that the needlet and scale-discretised wavelet kernels
differ slightly (see [33, Fig. 1]).

The maximum possible wavelet scale Jp, () is given by the lowest integer j for which the kernel peak
occurs at or below £ = 1, i.e. by the lowest integer value such that A\=/:(MN L < 1, yielding Jy,()\) = [log, (L)].
All wavelets for j > Jp(\) would be identically null as their kernel would have compact support in ¢ € (0, 1).
The maximum scale to be probed by the wavelets J can be chosen within the range 0 < J < Jp()\). For
J = Jr(A\) the wavelets probe the entire frequency content of the signal of interest f except its mean,
encoded in foo and incorporated in the scaling coefficients.

To represent the signal content not probed by the wavelets the scaling function ® is required, as discussed
previously. Recall that the scaling function ® is chosen to be axisymmetric; hence, we define the harmonic
coeflicients of the scaling function by

@i = 2 s VL0 (18)
™

in order to ensure the scaling function probes the signal content not probed by the wavelets.

For the wavelets, scaling function and wavelet scale parameter ranges outlined above, the admissibility
criterion Eq. (7) is satisfied. Although the precise construction of the directionality component has not yet
been defined, provided it is normalised according to Eq. (13), admissibility holds.

3.2. Steerability

A function on the sphere is steerable if an azimuthal rotation of the function can be written as a linear
combination of weighted basis functions. By imposing an azimuthal band-limit N on the directionality
component such that (p, = 0, V€, m with |m| > N, we recover wavelets that are steerable [20,81]. Moreover,
if T € N of the harmonic coefficients (s, are non-zero for a given m for at least one ¢, then the number
of basis functions M € N required to steer the wavelet directionality component satisfies M > T and the
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optimal number M = T can be chosen. Furthermore, if ¢ exhibits an azimuthal band-limit, then it can be
steered using basis functions that are in fact rotations of itself:

M—-1

Gw) =D 27 =) &, (W) (19)

g=0

which extends to the wavelets W) also, where ¢y = R(0,0,1)¢ and g € N. The rotation angles v, € [0, 27)
and interpolating function z € L2(R) are defined subsequently. Note that the interpolating function is
independent of the directionality component ¢ of the wavelet. Due to the linearity of the wavelet transform,
the steerability property is transferred to the wavelet coefficients themselves, yielding

M-1

WY (0, 8,7) = Y 20y —g) W (0, B,7,) - (20)
9=0

Before proving the steerability property of Eq. (19), we consider additional azimuthal symmetries that
the directionality component, and thus wavelets, are designed to satisfy. For N — 1 odd (even), the wavelets
are constructed to exhibit odd (even) symmetry under a reflection of ¢:

C(@, _90) = (_1)N_1 <(97 90) ) (21)

which for real functions on the sphere implies the harmonic coefficients (s, are purely real for N — 1 even
and purely imaginary for N — 1 odd. In addition, for N — 1 odd (even), the wavelets are constructed to
exhibit odd (even) symmetry under an azimuthal rotation by 7:

C(@,Lp—i—ﬂ') = (_I)N_l C(&g@) ) (22)

which implies the harmonic coefficients (s, are zero for m odd when N — 1 is even and zero for m even
when N — 1 is odd. This symmetry is exploited to optimise the number of basis functions required to steer
the wavelet to M = N.

Returning to the steerability relation of Eq. (19), we prove this expression by proving the equivalent
harmonic space representation:

K ¢ M-1
(Gem =D D 2z expl(im'y) dy, (0) Gon Y exp(=i(m' +n)yy) (23)
m'=—Kn=—/¢ g=0

where z,, are the Fourier coefficients of the interpolating function, K € N is the (as yet unconstrained)
band-limit of the interpolating function, and d’,, are the Wigner d-functions (defined in Appendix A.1).
Performing a rotation in harmonic space of the left-hand-side of Eq. (23), and noting the orthogonality
of the final summation of Eq. (23) for the equiangular sampling v, = gr/M, with m’,n < |M], and thus
K = | M]—1, one finds that the steerability relation is satisfied provided z,, = 1/M = 1/N over the domain
where (g, is non-zero and zero elsewhere, where we have exploited the symmetry relation of Eq. (22).

A steered wavelet for NV = 3 and its basis functions, given by rotated versions of the wavelet, are plotted
in Fig. 2. The wavelet can be steered to any continuous orientation v by taking weighted sums of its three
basis functions.

3.3. Directional construction

The directionality component is constructed to carefully control the directional localisation of the wavelet,
while steerability is achieved by imposing an azimuthal band-limit N (as described above). Directional
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(a) v0 =0° (b) 71 = 60° ) v2 = 120° (d) Steered to v = 30°

-6 -4 -2 0 2 4 6

T T T
Fig. 2. Demonstration of wavelet steerability property (L = 256, A\ = 2, N = 3, j = 5). The wavelet in panel (d) is steered by
constructed from a weighted sum of the wavelets shown in panels (a)—(c) through Eq. (19).

localisation is controlled by imposing a specific form for the directional auto-correlation of the wavelet,
where the directional auto-correlation is defined by

min(N—1,¢)
IO (Ay =4 —~) = (B9, ¥19) = ZW S [Cem|” explimAy) (24)
m=—min(N—1,¢)

W) = R(O,Oﬁ)\l’(j ). The peakedness of the directional auto-correlation function can be considered as

where Uy
a measure of the directionality of the wavelet: the more peaked the directional auto-correlation, the more
directional the wavelet [78,81]. To control the directional localisation of the wavelet precisely, we seek a

directional auto-correlation function of the form:
r9(Ay) = Z |m(3 cosp(Afy) . (25)

The directionality component of the wavelet is then defined to satisfy

min(N—1,¢)

cosP (Avy) = Z ]Qm|2 exp(imA~y), (26)
m=—min(N—1,¢)

for p € N, where it is apparent that the modulus squared of the spherical harmonic coefficients of the
directionality component identifies with the Fourier coefficients of cos?(A~). By noting Euler’s formula and
performing a binomial expansion, cos™(¢) can be written

n 1 n
cos" ()= 3 3 () explitn ~ 2m)a). (27)
for ¢ € [0,27), from which we recover the following Fourier series expansions for even and odd exponents,
respectively:
SR n
2n _ :
w0) =g 3 [, Tnya) emo) (28)

and
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1 2ol m4+1
oD = g D (n ~(m - 1)/2> o). 2
e

Associating the Fourier coefficients of cosine raised to a power with the harmonic coefficients of the direc-
tionality component of the wavelet, the following coherent expression is recovered for both even and odd

exponents:
1 P
_ = 30
<€m 777)\/2p<(p_m)/2)7 ( )
where
)1, if N—1even (31)
T7h N —10dd
0, if N+
v=[l- -V g LT (32)
1, if N+ m odd
and

min(N —1,£—1), if N+{even

(33)
min(N — 1,¢), if N+ ¢ odd

p=min{N — 1,0 [1+ (-1)N*1/2} = {

The factors n and v are introduced to ensure the symmetries given by Eq. (21) and Eq. (22), respectively,
are satisfied. The exponent p is defined to achieve the greatest directionality supported by the azimuthal
band-limit available at a given £. For wavelets with support within £ > N, i.e. j < Jy = |logy(L/N) — 1]
(which is usually the case since N is typically chosen to be relatively small and the scaling function is
used to represent the approximation-information of the signal), the parameter p is given by N — 1 and
becomes independent of ¢. Note that the directional component normalisation of Eq. (13) is satisfied since
ok (Z) = 2". Example wavelets are plotted in Fig. 3, while directional auto-correlation functions are plotted
in Fig. 4.

4. Localisation properties

We show in this section that directional scale-discretised wavelets W) are characterised by an excellent
localisation property in the spatial domain. More precisely, for any & € R, there exists strictly positive
Ce N € R, such that the local concentration of a directional wavelet centred on the North pole reads:

(L)\ij)2+NC§7N

(@, )| < L T2
.ol (1+ Lr-i6)*

(34)

For the sake of simplicity, we present here the outline of the proof of this property; all the mathematical
technicalities are extensively described in Appendix A.

Firstly, observe the following decomposition of directional scale-discretised wavelets in terms of spherical
harmonics:
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Fig. 3. Directional scale-discretised wavelets (L = 256, A = 2, J = 8). Wavelet scale j varies across columns, while azimuthal
band-limit N values across rows.

0o 4
VW) =3 3 6D (0) Com 2ty ). (35)
£

82
=0 m=—

For our purposes, we recall a general result in mathematical analysis, namely Theorem 2.2 of [25], which
states that the spatial concentration properties of such wavelet constructions are conserved under the action
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Fig. 4. Directional auto-correlation for even and odd N — 1. As N increases the directional auto-correlation function becomes more
peaked and the associated wavelet more directional.

of C*°-differential operators, up to a polynomial term depending on the degree of the operator. A full
statement of the theorem can be found in Appendix A.2. In order to apply this result, we rewrite directional
wavelets in terms of some proper differential operator.

Let us start by assuming, for the sake of simplicity, that (s, does not depend on the multipole £ but just
on the azimuthal angle. For wavelet scales j < Jy = |logy(L/N) — 1] such that the harmonic support of
the wavelet lies within £ > N (the standard setting), this assumption is satisfied directly (as discussed in
Section 3.3). For £ < N, straightforward calculations lead to:

Com < (%) <1, for{>1. (36)

Consequently, from now on we will write (, = (o .-
Let us define the following C'°°-differential operator on 6 of order m on the sphere:

T = (sin @)™ 0059 Z aj, sin 9 (37)

Following Eq. (A.3) in Appendix A.1, we can rewrite the wavelet as

LAY
. 20+ 1 £ —m)!
LG ZN G explimp) (41" > )n“)(ﬁ) T Eg+m§; TuPi(cost) . (38)
m= L=+ vm

where Py(-) are the Legendre polynomials (defined in Appendix A.1) and we have adopted the shorthand
notation a V b = max(a,b). Straightforward manipulations lead to the following bound, for any ¢:

|"I’(j)(9a<ﬂ)| < (2N + 1) _max |Cm‘ ‘Q (cos®)|, (39)
where
LI
i . 20+1
Q%) (COS 9) = Z /ﬂ)(])(g) W Y4 TmP[(COS 9) . (40)

O=(LA—(+) vm)

We have employed the bound of Eq. (A.32) above, which is derived in Appendix A.3.
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For the sake of simplicity, let ¢; = ML~" and define the function by, ., mapping R to R as
b, (2) = K9 (z) 2™, for 2 > 0. (41)

As in [55], we extend this function to the negative axis simply by taking by, ., (—|z[) = bm,, (|z|). Further-
more, because the function x() assumes the value 0 in the interval (=2~ (1+7 )L7 A~ (s )L), it also holds that
b, () = 0 for z € (—A~UHD L, 0) U (0, A\~ L). Moreover, we extend for continuity byp,,e, (0) = 0.

We then obtain:

QY (cos ) = )5/2 TmUY) (cos 6) , (42)
where
LA
U (cos ) = Z b, (£) <£ + )PZ(COS 0) . (43)

f=(LA= 1+ vm)

As proved in Appendix A.4, for any £ € R, there exists C¢ € R such that Uy(nj)(cos 0) is bounded above:

|Ur(,f)(cos 0)| < — = (44)

According to Eq. (A.30) of Appendix A.2 it follows that

(L/\_j)2+mC§

QY (cos 0)| < ¢ (45)
(14 LA-70)
and, therefore, we obtain
) LA—7)2+N
[0, 0)] < (2N +1) max _|(nl ()705 (46)
m==N,...N (1 + L>\_39)
—7\2+N

(1 + LA~ 19)

as claimed.
If we consider spin scale-discretised wavelets [46], denoted by ,¥U)(w), w € S?, the following decomposi-
tion in terms of spin spherical harmonics Yz, (w) holds:

2 1
A=Y K0 G A Yin(w). (48)
{=0 m=—¢

Details and properties concerning spin spherical harmonics are extensively discussed in Appendix A.1.
Considering s > 0, and using Eq. (A.19), we obtain

AR VE
AW =3 T A0 e {%} 0 Yim () - (19)

=0 m=—¢
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Observe that [(¢ — s)!/(¢+ s)!] "2 is bounded by ¢7°, as given by Eq. (A.32) and shown in Appendix A.3.
Noting Eq. (A.1), Eq. (A.2) and Eq. (A.3), straightforward calculations, entirely analogous to the scalar
case and therefore omitted for the sake of brevity, lead to the following inequality:

|s\If(j)(9,90)| < (2N +1) _max |Cm| \sQ%)(COSQ)} ) (50)
where
LAY
‘ ) 2041 (his) ms
SQ%)(COS 6) = Z K(J)(f) 25 g~ (m+s) g T Pe(cos ) . (51)

Z:(L)\—(1+.i)vm)

Similar manipulations of %)(cos ) to those presented above (see again Appendix A.2), lead to the fol-

lowing result. For any ¢ € R, there exists a strictly positive C¢ v s € R} such that

(LA_j)2+N+SC§7N’S

S\I;(j) 0,¢)| <
02 (14 LA-96)°

(52)

5. Stochastic properties
We study in this section the stochastic properties of zero-mean homogeneous and isotropic Gaussian
random fields on the sphere f when decomposed by directional scale-discretised wavelets. The stochastic
field f is characterised by its power spectrum Cy, with
E(fem frm:) = Ce SeprOmm (53)
and

E(fem)=0. (54)

Specifically, we study the correlation of directional scale-discretised wavelet coefficients given by

E [W‘I’(j) (p1) W\I,(j’) % (pg)]

=07 (p1, p2) = - — (55)
\/E UW\I/(J') (,01)’ :| \/E UW\I/(J’/) (pz)‘ ]
For notational convenience, we also introduce the covariance
i ) (G7) 4
€9 (p1,p2) = E[W (p)) W ()] (56)
such that
(43")

5 (pla p2) (57)

=@is") = '
(p1,p2) \/g(jj)(ph p1) €U (pa, p2)

Recall the harmonic representation of the scale-discretised wavelet transform of Eq. (9). Noting this
expansion, the wavelet covariance may be written
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00 4 14
SN cewp g Z D (p1) Dby (p2) (58)
{=0n=—ln'=—¢ m=—/{
D
£=0

> Cevl i) Do) (59)

where the second line follows from Eq. (A.13) and R, = R, 'R, (see Appendix A.1 for further details).
For the case where p; = po and j' = j, the covariance reduces to

o0 4

€90, 0) =3 3" v, (60)

{=0 n=—/¢

by Eq. (A.15) of Appendix A.1 (as also shown in [49]).
Expressing the wavelet by its kernel and directionality component, the wavelet covariance reads:

[e'S) 14 l

9 (prp2) =% D G 2£+1 K9 (£) 59(0) Cen Conr Dl (p) (61)

{=0n=——4n'=—¢

Furthermore, using Eq. (A.3), we obtain

€930 (1, pa) = g(” Yp1,p2) + €70 (p1, p2), (62)

where

0o £
. 20+1
f((f))(phm) => Y Y Wﬁm( VK9 (€)CenCon

X (—1)"\/% exp(i(—na + n'y)) o' T, P, 0 (cos B) (63)

and

20+ 1
& (1) =33 Z Cr 573572 (O (0)CenCon

{=0n=——4n'=—¢

" \/((f ; |Zf/||>)!!((f T 5/);! exp(i(—na +n'y)) 3" T, Pe(cos ), (64)

where in Eq. (63) we applied Eq. (A.22), while in Eq. (64) we applied Eq. (A.23). In both those formulas
and henceforth, g is the Euler angle associated to the resultant rotation p = (a, 8, 7), as stated above. These
expressions show that, up to a complex exponential factor, both {ff) (p1, p2) and §Eij)l)(p1, p2) depend on
the absolute value of n'.

Following, for instance, [6], we introduce some mild regulamty condmons on C (see also [35]). Assume

there exists R € N, o € R, a > 2 and a sequence of functions { gj } such that we can rewrite
_p—a (N yjr—1
Cy=1""g; (NL™) >0, (65)

for ¢ € [[A=UHIL],[A1=IL]] and for j € N, 0 < gj(»’\) < oo, while for » = 1,..., R, there exists ¢, € R
such that
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Japey ‘
sup sup g (u)] <ep. 66
jeN we[La-1, | du”? () (66)

These conditions guarantee the boundedness and smoothness of Cy and are useful in the context of practical
applications. For instance, these conditions encompass standard cosmological models describing the CMB,
where the CMB is modelled as a realisation of a Gaussian random field on the sphere and where Cy
can be modelled approximately by inverse polynomials (c¢f. [16]). Note also that, as stated in [6], the
sequence { gj(-/\)(~)} belongs to the Sobolev space W Because it follows immediately that there should
exist g1, g2, € R, a > 2, such that 17 < C, < g1£™%, for the sake of the simplicity and without losing
any generality, we assume henceforth Cy = g1~ (see, again, [6]).

Consider now the variance: in order to compute its lower bound, observe that, for ¢ sufficiently large, the
following integral approximation holds

o0 =91
STVLT) T (VLY e+ 1) (kD) = Y (WL T WL (204 1) (ma(W L)
£=0 L= 2A—0+)L|
A
~2 / i (/‘6,\($))2dl‘, (67)
A1

where 0 < (7 < 2f/\/\_1x1’0‘ (/m(x))2dx < 0y < o0, and C1,0y € RT (¢f. Lemma 3 in [6]). Recalling

Zi:_ e’gf = 1, straightforward manipulations lead us to the following inequality:

(KD (0)* > Cy (LA, (68)

As far as the correlation €077 (p;, po) is concerned, observe that k) (£)sU") (¢) = 0 if |j — j/] > 1, so that
€U (py, po) is different from 0 only if j/ = j or if j/ = j + 1.

Let us consider j = j’ and define a sequence of functions qb(J) given by <Z>(j (u) = (/@(j) (u))Zgj(-)‘) (w)yu="n=""
Assuming again that (p, = (,, we have

20+ 1 =
79 (pr. p2) Zchcn 227/2+5/2 0) () ' Ty Pu(cos B) - (69)

A similar result is attained as far as f((ij))(ph p2) is concerned. Recalling that both n and n’ are bounded

by N, we apply again the same techniques used to achieve localisation in Section 4, where ¢E\j )1(6) plays
the same role as by, ; (£) in Eq. (42), here omitted for the sake of brevity. These considerations lead to the
following result. For any ¢’ € R*, & > 2(1 + N), there exists C¢ ps such that

(L)\ij)2(1+N)7aC§/7N
(1+12-98)°

€99 (py, po) < (70)

Combining Eq. (75) and Eq. (70), we attain the following bound. For any &’ € Rt £” > 2N, there exists
Ce¢r v such that

(1+LA=3B)""

IN

=209 (py, pa) (71)
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Likewise, let us suppose j' = j -1, remarking that the case j° = j + 1 is entirely analogous. Let us
define a sequence of functions (;5 given by qu/\ 1( ) = n(j)(u)m(j’l)(u)gj(/\) (w)u=*""=""_ Again recalling
that (g, = ¢, we have

17 (o1, p2) <chn<n Z%“ {(0) 3T, Py(cos B). (72)

l

Straightforward calculations, similar to the case 7 = j/, provide an identical bound for E(j’j/)(pl, p2)-
Therefore, for the sake of the clarity, we state directly the final result: for any j,7' € N such that
|7 — j'| <2 and for any & € R, { > 2N, there exists C¢, p such that

(L>‘7j)2NC£07N

:(jj')(
= p1,p2) < - .
(1+LA=38)%

(73)

As far as spin scale-discretised wavelets are concerned [46], consider an isotropic spin s random field
sf €S? and its corresponding spherical harmonic coefficients s fr, = (fs,sYem). As proved in Theorem
7.2 of [23], it holds that E(sfemsfiim) = Cedeebmms, where C; is the spin power spectrum, which is
invariant with respect to the choice of the system of coordinates over S? (see also [24]). Therefore, the
upper bound established for the correlation between spin directional scale-discretised wavelet coefficients is
entirely analogous to the one developed for the scalar case. Indeed, the spin wavelet correlation becomes

[e%) L 4
L9 p102) =D > oy D wi) Dl(p), (74)
{=0n=—fn'=—¢
and the wavelet variance is bounded as
2041 2 i(2-a
E9(p,p) = 3" Co S (kD(0)" 2 (LA, (75)
=0

because anzf ¢ 5Yem (W) Yy, (w) = 2EL for any w € S2. Straightforward calculations lead to the following

result. For any 7, j/ € N such that |j — j'| < 2 and for any & € R, & > 2N, there exists C¢; 3 such that

(L)\ij)zNC&th

:(jj’)(
s p1,p2) < —
(1+ LA=iB)%

(76)

6. Numerical experiments

We perform numerical experiments to study the localisation and correlation properties of directional
scale-discretised wavelet coeflicients of simulations of homogeneous and isotropic Gaussian random fields on
the sphere. Specifically, we simulate realisations of the CMB, which, in the standard Lambda Cold Dark
Matter (ACDM) cosmological model, is assumed to be a realisation of a Gaussian random field on the sphere.
We assume a power spectrum Cy specified by the ACDM cosmological model that best fits observations of
the CMB made by NASA’s Wilkinson Microwave Anisotropy Probe (WMAP) [28] (combined with other
cosmological data: we adopt the full 9-year WMAP+BAO+HO best-fit 6 parameter ACDM model).* Our
Milky Way galaxy obscures our view of the CMB, hence real observations are made over incomplete sky
coverage. We study statistical properties of wavelet coefficients in the presence of incomplete coverage on the
sphere, adopting the WMAP KQ75 mask [8] (see Fig. 5). To compute directional scale-discretised wavelet

4 Available at: http://lambda.gsfc.nasa.gov.
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Fig. 5. Binary (WMAP9 KQ75) mask plotted using the Mollweide projection showing regions of the sky where the CMB is accurately
observable (ones of mask) and unobservable (zeros of mask).

(c) v =120°

0 0.02 0.04 0.06 0.08 0.1

Fig. 6. Localisation statistic A(j)(p), plotted using a Mollweide projection for each orientation -, computed from Monte Carlo
simulations (L = 128, A =2, N =3, j = 2).

transforms on the sphere we use the S2LET® code [33,46], which in turn relies on the s03° [38] and ssHT’
[51] codes, all of which are open-source and publicly available.

6.1. Localisation

To study localisation properties in the context of incomplete coverage we compute the following locali-
sation statistic:

5 http://www.s2let.org.
8 http://www.sothree.org.
7 http://www.spinsht.org.
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Fig. 7. Localisation statistic A(j)(p), plotted using a Mollweide projection for each orientation ~, computed from Monte Carlo
simulations (L = 256, A =2, N =3, j = 2).

. B{ [T ()~ W )]
AV (p) = ]E|:’W‘I’(J)(p)‘2:| J (77)

where ™ denotes a quantity observed over incomplete coverage (adopting the WMAP KQT75 mask illustrated
in Fig. 5). The localisation statistic AY)(p) computed from Monte Carlo simulations is shown in Fig. 6
and Fig. 7 for different wavelet parameters. Notice that A (p) is close to zero over the majority of the
sphere and only deviates significantly from zero along the mask boundaries, highlighting the excellent spatial
localisation properties of scale-discretised wavelets. As expected, deviations from zero in AU)(p) are induced
when the size of the gap in coverage is of a comparable or greater size than the wavelet considered. For
example, small point source regions of the mask have a minimal impact in Fig. 6 but a more significant
impact in Fig. 7, where the size of the wavelet is smaller.

6.2. Correlation

To study the correlation properties of scale-discretised wavelets we compute the expected correlation
E(jj/)(p7 p) defined by Eq. (55). The correlation is computed empirically from Monte Carlo simulations, for
both complete and incomplete coverage (adopting the WMAP KQ75 mask illustrated in Fig. 5), and also
analytically by noting
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Fig. 8. Correlation E("j’)(p7 p) computed analytically and empirically (from Monte Carlo simulations) in the absence and presence
of a mask (L = 256, A =2, N = 3).

L-1

€9 (p,p) =3 Z Couui). (78)

=0 m=—¢

Computed correlation values are illustrated in Fig. 8. Notice that the analytic calculation is in close agree-
ment with the empirical calculation for both complete and incomplete coverage. Since the implementation
of the scale-discretised wavelet transform is built on exact quadrature [38,51] and any errors in computed
wavelet transforms are of the order of machine precision [33,46], differences between analytic and empirical
computations are due to statistical noise (100 Monte Carlo simulations were computed). As expected the
correlation is essentially zero for |j — j/| > 1.
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Appendix A. Auxiliary results

In this appendix we collect some useful technical results. In the first subsection we recall well-known
results related to spherical harmonics, spin spherical harmonics, Wigner D-functions and some related
properties. The latter subsections include results pivotal for the exhaustive proofs of the localisation of the
directional scale-discretised wavelets W) and the upper bound of the covariance between W‘I’(‘j)(pl) and
W‘w/) (p2). This appendix should be read in conjunction with the main text, where symbols and expressions
introduced already are defined explicitly.

A.1. Spherical harmonics and Wigner D-functions

We succinctly recall the main definitions and properties of the spherical harmonic functions and the
Wigner D-functions, which we make use of throughout the article. For further details and proofs we refer
the reader to [35,74].

The scalar spherical harmonic functions are explicitly defined by

Vinl6.9) = (1) 2L 0 Py cos) explimg). (A1)

for natural £ € N and integer m € Z, |m| < ¢, where P;"(-) are the associated Legendre functions, which

can be related to the Legendre polynomials Pp(-) by

P/ (cosf) = (sinf)™ 3 d Py(cos ) . (A.2)

(cosO)™
Recall the definition of the C*° differential operator 7, specified by Eq. (37): it can be readily noted that
P (cos @) = T Pi(cosb). (A.3)

Note that here we adopt the Condon—Shortley phase convention, with the (—1)™ phase factor included in
Eq. (A.1) above. The orthogonality and completeness relations for the spherical harmonics read, respectively,

<§/€m7 }/Z’m’> = / dQ(07 @) 1/ZWL(ev Lp) }/Z’ﬂm’ (97 (P) = 6“’ 6mm’ (A4>
S2
and
0o 4
Do Yem(0,9) Y5 (0',¢) = 6(cos 0 — cos0) 6(p — ¢') (A.5)
=0 m=—¢

where d;; is the Kronecker delta symbol and §(x) is the one-dimensional Dirac delta function.
The Wigner D-function D!, for integer m,n € Z, |m|, |n| < £, may be decomposed, in terms of Euler

mn?

angles, by
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Dy, B,7) = e dy,,, () €77 (A.6)
The orthogonality and completeness relations for the Wigner D-functions read, respectively,

82

<D£nn7 Dn/z’n’> = / dQ(p) Dfnn(p) Dfr,;’sn/ (p) = %—Haﬂ/émm/énn’ ) (A7)

SO(3)
and
Z Z Z Dt y) D& (o, ,7") = 6(a — ') §(cos B — cos ) 6(y — ') , (A.8)
L=0 m=—fn=—{

where (-, -) is used to denote inner products over both the sphere and the rotation group (the case adopted
can be inferred from the context).
We note the additive property of the D-functions is given by

De CY ﬁ ’Y Z D 041751771) Din(a2762572)7 (Ag)
k=—¢

where p = («, 8,7) describes the rotation formed by composing the rotations described by p; = (a1, 51,71)
and ps = (a2, B2,72), i.e. R, = R, R,,. The Euler angles may be related explicitly by

Sinﬁg
tla — ag) = t(ar + 72) + cot B ————— | A.10
cot(a — ap) = cos ffa cot(ai + v2) + co 513111(0414—72) ( )
cos B = cos f31 cos B3 — sin f1 sin Bz cos(aq + 72), (A.11)
and
cot( ) = cos B cot(ag + y2) + cot B __sinfr (A.12)
T—") = 1 1T 72 QSln(aH—w) .
Thus
¢
Z Dﬁj—n(a1761?,}/1) Dﬁn(a2752a72) = Dfn,n(a7677) ) (A13)

k=—t

where now p = (a, 8,7) describes the rotation formed by composing the inverse of the rotation described
by p1 = (a1, 1,71 ) and the rotation described by pa = (a2, £2,72), t.e. R, = R;llsz, since

Dmn(a7 ﬁa ) Df:;n( 757 70‘) . (A14)
For the case p; = pa,

L

Z Dﬁtn(al,ﬂl,’}’l) Din(alaﬂh’yl) = dmn - (A].5)
k=—1¢

Finally, we note that one can relate the Wigner D-functions and the spherical harmonics (for further
details and discussion we refer to [35,57]):
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Yo (0, 6) = ,/%4; LDt (5.0,0). (A.16)

The Wigner D-functions may also be related to the spin spherical harmonics [57], ,, Yz, € L%(S?), which can
be constructed from the scalar harmonics through repeated action of the differential spin raising/lowering
operators. When applied to a spin-n function, the spin raising and lowering operators are defined by

0 i o0\ . _,
8——8111 0(89—’—@%) Sin 0 (Al?)
and
- . 0 i 0 Cn
0= —sin 9<% — sin@@) sin™ @, (A.18)

respectively. The spin-n spherical harmonics can hence be expressed in terms of the scalar (spin-zero)
harmonics by

(¢—n)2
nnm(&@) = |: T ':| 0 }/@7n(07§0)7 (Alg)
for 0 < n </, and by

(£ +n)!
(£ —n)!

1/2
Yom(0,0) = <—1>"[ ] 5" Yo (6,) . (4.20)

for —¢ < n < 0. Spin spherical harmonics are related to the Wigner D-functions by [26]

WYin(0:) = (<1 2L DL (0.0.0). (a.21)

Expressing the spin harmonics as spin raised or lower scalar harmonics, it follows that

4 dm (E_n)' 1/2777, * .
Dhnl0s8i) = 57 (| 3" Yin(5h) explinn). (A22)
for 0 <n </, and
4 ¢+ )2
D@ 87) = (<" 375 [ngz;] 07"Y;,,(8, ) exp(in) (A.23)

for -4 <n <0.

Before concluding this subsection, let us introduce the Mehler—Dirichlet approximation for Legendre
polynomials. Further details can be found in [55]. Let us start from Eq. (32) in [18, p. 177], concerning the
integral representation of the Gegenbauer polynomiaIS' as well-known in the literature, Legendre polynomials
correspond to Gegenbauer of parameter =, so that we obtain

0

0
! cos( + 3)¢ V2
Py(cosf) = Cp(cosb) = / d¢ = 7/ COb(b - dd). (A.24)
0

7T2£|F % cowb—cos
0

As suggested in [18], we replace ¢ and 6 with m — ¢ and 7 — 6 respectively, to get
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Py(cos(m — de . (A.25)

f/cos C%e — ¢ +3))

\/cos@ — cos

On one hand, recall that

cos(<€+%)7r—€(¢+%>> (- )sm( (¢+ )) (A.26)

On the other hand, using the symmetry property of Legendre polynomials, we have
Py(cos(m — 0)) = Py(—cos(0)) = (—1)" Py(cos(6)) . (A.27)

Combining together all these results, we obtain
Py(cos(9)) = i_ / d(;b. (A.28)
T V/cos@ — cos ¢ 0 — Cos ¢
[

A.2. A general result on localisation over compact manifolds

Here we recall the general result established in [25] as Theorem 2.2, properly adapted to the sphere S2.
Let g € C*(R) and let {\¢} be the set of eigenvalues associated to the Beltrami-Laplacian operator over
S2. Let A(x,vy,t;g) be given by

oo £
Awr,wa tig) =Y Y gtV Ae) Yam(@1) Vi (w2) - (A.29)

=0 m=—¢

For t € R, for any function g € C°°(R), for every pair of differential operators on the unit sphere S?, T}
and Ty, depending respectively on w; € S? and wy € S?, and defined such that deg T} = iy, deg Ty = i3, and
for every non-negative integer 7 € N, there exists a constant C, € R} such that

—2—i1—12
G TR At e RY
(1 + d(wlth))

|T1 T2 A(w17w27t;g)| é % W1,W2 € SQ 9 (A30)

where d(w1,ws) = arccos(@y - @z) denotes the geodesic distance between w,ws € S2. In the framework of
directional wavelets, we have:

A9 (z,y) = M, y, VL7 69 (0)) (A.31)

A.3. Upper bound of \/(£ —m)!/(€ + m)!

As far as the behaviour of /(¢ — m)!/(¢£ + m)! is concerned, we make use of the following approximation,
which we show here:

ST < pem (A.32)

Stirling’s approximation leads to
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s ( ) (A.33)
(L+m)t (L4 m)z (L +m)Hmexp(—(£+m))
L 1
-\ 0=t
= {"?Mexp(2m n‘; L A.34
( )<(1+7) (1+ %)zt (434
Consider now the positive function h € C°, defined on the support (—1,1) as
1—2 3 1
= . A.
W) (1+x> 1—22)m (A.35)

Its first derivative is given by 4 h(r) = (1)~ (m+3) (1—z)~(m+2) (2ma—1), so that we have d%ch(x) = 0 for
x = (2m)~1. The function h is therefore monotonically decreasing in the interval (—1,1/2m) and increasing
for x € (1/2m,1). Consider x = m/{: because m = —M, ..., M, it follows that |m/¢| < |M/¢|. Hence we
obtain

M
Slei=s 122 >0, (A.36)
l L
Therefore, we have that, for any ¢,
m
h(z) < +00. (A.37)
On the other hand, h attains its minimum for ¢ = 2m?2, where
1 2m —1 4m?
—_— = . A.
h<2m> <2m+1> <4m21) >0 (A.38)

Because £ > (LA~(%9) v m) and limy_, h(%) = 1, we have that

=

(-

ﬁ < mex(10( (g ) ) (4.39)

SEINE

Furthermore, for large ¢, it can be easily seen that
= exp(—2m) . (A.40)

Consequently, the approxnnatlon specified above holds for large ¢. On the other hand, for small ¢, let us
define Fy ,,, = exp(2m) EHm)g We must prove that Fy ,, < 1. Let us compute

log Fypm = 2m + e(log(l - %) ~log(1 + %)) . (A.41)

Now, because log(l +z) =z — %2 + % + O(x*) and log(1 — z) = —x — % - % + O(x*), we have

m  1m? 1m> m 1m?2 1m

IOgFfm—zm”< 7 e 3E Tl 3@3*0((04))’ (A-42)

so that
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2 4
log Frm = — m* o(m ) <. (A.43)

Thus, F;,», <1, and consequently the approximation specified above also holds for small £.
A.4. Upper bound of Ur(r{)(cos 0)

As far as the kernel UY )(cos 0), defined in Eq. (43), is concerned, we obtain the following upper bound:
there exists & € RT such that

|Ur(,{)(cos 0)| < = (A.44)

The construction of this bound strictly follows the procedure used to establish the localisation prop-
erty for the so-called spherical standard needlets developed in [55]. First of all, observe that for large ¢,
bin,e; (€j ((+3)) = bim,e, (5 (£)). Furthermore, using the Meher—Dirichlet formula for Legendre polynomi-
als Eq. (A.28), we obtain

U9 (cos 0) i brne; (E—i— )<€+ )Pg(cose) (A.45)
=0

—

== Gmey( — S da, A.46
2 \/cosﬁ—cosa “ ( )

where
Gm,e, ( Z be, (€4 5 )(f-&—%)sin(a(f—i—%)). (A.47)
{=—o00

Observe that by, ., (z)zsin(ax) is an even function. We now compute the Fourier transform, here denoted
F[], of Gy e; (), considering three different cases depending on the sign of m:

1. m = 0. In this case, the proof is trivially equivalent to [55].
2. m < 0. In this case, we have

Thm.e () = K9 () (2) ™ = gy (g52) () ™IFL (A.48)

For any integrable function g, let its Fourier transform be denoted by F[f ()] (v), v € R. Furthermore
we define & (v) = F [k (2)] (v). Therefore, we obtain

Flabm(ejo)](v) = Flal™*1rx(e2))(v) (A.49)

jIml+
— Z_g(lm\ﬂ) (1) , (A.50)
€5 €5

%}"[KA(JU)](-). Hence, we have

/bm,E (x + %) (x + %) sin(@(m + %))exp(—iux) dz = %exp(ig) iln;iﬁ('m‘*l) (61) ,  (A.51)

J J
R

where we adopt the notation here R(I™I+1D(.) =
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which, by Poisson summation formula and some simplifications, leads to

+oo
S Almi (“_”)‘ , (A.52)
€5

V=—00

m,e; 0) < —
Gim,e,; (cos )_27“€

Now, following [55], standard Fourier properties yield

dT‘
d [ﬁ(w“m'mw)] (v) = RIMHY () (A.53)
x
Hence, we obtain
‘9 2] gt (222 < L) 4 vt (0)) (A.51)
8j €j dz” 1
Therefore, for any given £ > M, if
d” il
= +|m
Vers = O<r<§ dx’"( Fa()) o (A.55)
we have
+o0
1 2Ve n /€5
G, (6) < 2 /€5 (A.56)
], 2 e
The remainder of the proof is equivalent to [55].
3. m > 0. By construction, by, ., (-) fulfils all the conditions necessary for boundedness as in [55].
In all the three cases, we have therefore
Verr [ 1 d
|U(3) cos ) ] < 5'“2/ ¢ (A.57)
472 1+|2 @ |5 V/cosf — cos ¢
According to [55], we obtain
. 05/62-
U (cos )| < —2L— . (A.58)
| | (1 + |%|)§
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