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Notation and convention

Notation
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Ce(X)
Co(X)
Co(X)
I Moo
leH
B(Vi;Va)

B(H) = B(H; H)

Bi(H)
Ba(H)
U(H)

7| = (T°1)"/?
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17|

image of a map ¢

kernel of a homomorphism ¢

transpose of a matrix A

inverse transposed matrix

characteristic function of a measurable set

essential supremum of a measurable set,
esssup E = inf {b € R|{z € E | z > b} is a null set}

space of compactly supported continuous functions
space of continuous functions vanishing at infinity
space of bounded continuous functions

uniform norm (supremum norm)

identity operator on a Hilbert space H

space of bounded linear operators from a Banach space V;

to a Banach space V5

space of bounded linear operators on a Hilbert space H
(defined via functional calculus)

space of trace-class operators on a Hilbert space H
space of Hilbert-Schmidt operators on a Hilbert space H
space of unitary operators on H

absolute value of an operator T: H — H,

trace norm of an operator T: H — H

Hilbert-Schmidt norm of an operator T: H — H



vi Notation

Ag modular function of a locally compact group G
Ag left regular representation of a locally compact group G
[Tte. Plancherel measure of a locally compact group G

No=1{0,1,2,---} natural numbers including 0
N=1{1,2,3,---} natural numbers without 0

N=NU{co} countable cardinalities without 0

Convention

Jan €27k:2) f(z)da Fourier transform of a function f € L'(R™),
Plancherel transform of a function f € L*(R™) N L?(R")

(-,) (complex) scalar product,

antilinear in the first argument, linear in the second argument

Je f(a)da integration against the left Haar measure

of a locally compact group G

H<G H is closed subgroup of a locally compact group G

Terminology

e neighborhood of a point: a subset of a topological space containing the point

in its interior (not necessarily open)
» action: left action

e representation: strongly continuous unitary representation



CHAPTER 1

Introduction

Wayvelet transformation is a tool coming from data analysis. Roughly speaking, it has its
origin in analyzing seismic measurements in geophysics and goes back to Goupillaud,
Grossmann, and Morlet. In [38], they discussed the problem of reconstructing and
resolving underground structures in order to find reservoirs of oil and gas. The data used
for that purpose consists of a superposition of seismic waves, which are backscattered
by the different layers in the ground and are measured over time. Since information
about the thicknesses and impedances of different layers are encoded in frequencies
and timings, it is important to keep track of both. The straightforward approach
uses windowed or short-time Fourier analysis, which means that the measured signal is

decomposed into “elementary wavelets” of the form

Ua(t) = € p(t —b), (1.1)
where v is a window function, which is typically chosen to be a Gaussian of width T,

w(t) = \/271TW 3T (1.2)

This method goes back to Gabor [36]. Goupillaud, Grossmann, and Morlet demonstrate

that because of the fixed width of the window, the timing resolution for high frequencies
drops and results in a loss of information. Instead, they propose to use a family of waves
which scale not only in frequency but also in timing. They decompose the signal into

wavelets of the form
dra(t) = la| ™2 g(a™"(t = b)), (1.3)
where ¢ can be chosen, for example, as
p(t) =V2 e 1 — e 217, (1.4)

The different shapes are illustrated in Fig. With this approach Goupillaud, Gross-

mann, and Morlet managed to improve the quality and resolution of the results.

To evaluate the measured signal f, one has to transform it into a function Vjf(b,a)
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Figure 1.1: Comparison of wavelets used for windowed Fourier transformation (WFT)
and continuous wavelet transformation (CWT) at low (a = 3), medium (¢ = 1), and

high frequencies (a = 1/3). ¥4 is defined in eq. (L.1)) and eq. (1.2) with T'= 2. ¢y, is
defined in eq. (1.3)) and eq. (1.4) with 7" = 1.

such that
1
50 = [ [ Vel ) 6na(t) 7 dbda, (15)

stating that f is a superposition of the functions {¢pq}. In order to do that they noted
that for suitable ¢ the operator V,: L2(R) — L?(R x Ry, a% dbda),

V,f(ba) = /R Pra() f(£) dt, (1.6)

is an isometry. Hence, its adjoint operator V' L2(R x R, a% dbda) — L*(R),

1
VIF(t) = / / F(b,a) - p.alt) — dbda,
R JR a
has the desired property
f=ViVsf

and V, defined in eq. (1.6) fulfills the relation in eq. (1.5). Goupillaud, Grossmann,
and Morlet called the operator V, the voice transformation. Today, it is known as
(classical) continuous wavelet transformation.

In [39], Grossmann, Morlet, and Paul showed that it is no coincidence that Vy is



an isometry. They stated that the map m(b,a): ¢ — ¢y, is an irreducible unitary

representation of the affine group of the real line
Gaﬂ‘(R) =R x R¢0 = {(b, a) | a < R#o, be R}

with the group law (b,a)- (V/,a") = (ab’ + b, aa’). Because of its action (b,a).z = ax +b,
for z € R, Gag(R) is also known as the ax + b-group. It turns out that the operator V,
is an intertwiner L?(R) — L?(Gag(R)) between 7 and the left regular representation
of Gag(R). The measure a% dbda is nothing but the Haar measure of G,g(R).

This observation opened the field to pure mathematics including representation theory
of locally compact groups and abstract harmonic analysis. During the last decades the
idea developed and led to the following definition (cf. Fithr [33, Chp. 2.3]).

Definition 1.1. Let G be a locally compact group and 7 a (strongly continuous) unitary

representation on a complex Hilbert space H. Let v € H be a fixed, nonzero vector.

(i) Denote by Vi the possibly unbounded (not even densely defined) operator H —
L*(G) given by Vy f(a) = (n(a)y, f).

(1t) If Vi is an isometry, then it is called a (generalized) continuous wavelet transform.

In that case v is called an admissible vector.

Here, we use the physics convention for the scaler product. That is, (-,-) is anti-linear
in the first and linear in the second argument. Questions which arise naturally from

the definition, are the following.
e Under which conditions does a given representation m have admissible vectors?
e How can admissible vectors be identified?

Among other things, those are the questions Fiithr discusses in [33]. As a first result the
author states that the continuous wavelet transformation is an intertwiner between m
and the left regular representation A\g of a locally compact group GG. As a consequence
of Def. [I.1] a representation 7 admits a continuous wavelet transformation only if it is

a subrepresentation of A\q.

Proposition 1.2. Let G be a locally compact group and let w be unitary representation
of G. If ™ has an admissible vector then w is a subrepresentation of the left reqular

representation of G (1 < \g).

Another useful observation is that admissible vectors of a representation can be used

to construct admissible vectors of subrepresentations.

Proposition 1.3. Let G be a locally compact group and let p and 7 be unitary represen-
tations of G on the Hilbert spaces Hy and H,, respectively, such that there is a unitary
intertwiner T': H, — Hr. In other words, p is assumed to be a subrepresentation of .

If ™ has an admissible vector ¢ € Hy then Ty € H, is an admissible vector for p.
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Suppose for a moment that A\g has an admissible vector, hence, admits a continuous
wavelet transformation. Then, Prop. and Prop. show that 7w has admissible
vectors if and only if 7 is a subrepresentation of Ag. In one of his main results, Fiihr

proves that this is actually true for nonunimodular groups.

Theorem 1.4. Let G be a second countable locally compact group. Suppose that G is
nonunimodular and type I.
Then the left reqular representation Ag has an admissible vector. A unitary represen-

tation m of G has admissible vectors if and only if it is a subrepresentation of Aq.

Using methods from abstract harmonic analysis (i.e., central decomposition of rep-
resentations) one can explicitly check whether a given representation is or is not a
subrepresentation of another one.

If G is unimodular the situation is more complicated.

Theorem 1.5. Let G be a locally compact group. Suppose that G is unimodular. Then,

A has an admissible vector if and only if G is discrete.

Nevertheless, Fiithr gives an explicit necessary and sufficient criterion for the existence
of admissible vectors for representations of unimodular groups of type I in the general
case. (Details will be given in Chp. ) Again, this criterion is formulated in term of
abstract harmonic analysis.

Using the criterion found by Fiihr one can determine whether a given representation
admits a continuous wavelet transformation. Among those which do not admit a con-
tinuous wavelet transformation there are many representations which play an important
role, for instance in quantum mechanics, quantum optics, and particle physics. One of
the most prominent examples are the Schrodinger representations of the Heisenberg-
Weyl group together with the Wigner-Weyl transformation. During the last century,
physicists developed methods which look very similar to the continuous wavelet trans-
formation defined in Def. which are known as coherent state transformations. The
notion “coherent state” goes back to Glauber [37] and comes from quantum optics.
Coherent state transformations can essentially be summarized as follows (cf. Fiihr [33,
Chp. 2.2]).

Definition 1.6. Let G be a locally compact group and m a unitary representation on a
Hilbert space H. Let (M, p) be a measure space and let q: M — G be measurable. Let
¥ € H be a fived, nonzero vector.

The family ¥ = {7 (q(m))¢}men is called a coherent state system if for all f € H

[ Vatm)) 1) 2 autm) = 113

In that case the operator Wy: H — L*(M), Wy f(m) = (m(q(m)), f), is called a

coherent state transformation.



If M = G, p is the left Haar measure of G, and ¢ is the identity map, then Def. [I.6] goes
over into Def. In that sense, the continuous wavelet transformation is an instance of
coherent state transformations. Due to the additional degrees of freedom (i.e., a suitable
choice of M, u, and q), it is possible to construct coherent state transformations even if
a given representation does not admit a continuous wavelet transformation. However,

because of this degree of freedom a systematical examination is very challenging.

It turns out that the representations of interest are usually defined on homogeneous
spaces. Let X be a homogeneous G-space and suppose that there exists a nonzero,

locally finite, G-invariant measure p on X. One can check that
[7(a)fl(z) = f(a™'.x) Ve L*(X,u),a € G,z €X,

defines a representation of GG. Indeed, 7 is a example of so-called induced representa-
tions. Those representations often appear when constructing all irreducible representa-
tions of a group, for instance when using Mackey’s machine (see, for example, Folland
[31]) or Kirillov’s orbit method (see Kirillov [46]). Moreover, induced representations
frequently appear in physics, where X is a physical system (position space) and G is
the group of motions acting transitively on X.

The aim of this thesis is to extend the notion of continuous wavelet transformation given
in Def. and develop generalizations. In order to do that, it is important to compile
the necessary conditions for the existence of admissible vectors from Fiihr [33]. After
identifying the reasons why a given representation does not admit a continuous wavelet
transformation we start to develop strategies to bypass those problems. The main focus
is on representations defined on homogeneous spaces or, in other words, on induced
representations. The motivation for this topic comes from physics, where the group G
is usually a Lie group. However, since we will make use of the differential structure only
in a few cases, G is often assumed to be a second countable locally compact group. In
fact, in representation theory most abstract statements which are true for Lie groups
also work for second countable locally compact groups and most problems occurring
for second countable locally compact groups also appear in representation theory of Lie
groups. The differential structure of Lie groups comes in handy when doing explicit

constructions like Kirillov’s orbit method.

The thesis is structured as follows. The theoretical basics which will be used later
are presented in Chp. 2] This includes the main results on locally compact spaces
and groups, their representation theory and the fundamentals of abstract harmonic
analysis. Moreover, the idea of Lie group contractions, which will be used in Chp. [3.]]
and Chp. [4.4] is sketched in Chp.

Chp. [3] gives an overview of the known facts on continuous wavelet transformations.
In Chp. we will see the constructions and generalizations which will be relevant for
this thesis. The presented ideas are just a selected collection and Chp. [3.1] is far from

being a complete discourse. A more extensive picture can be found in the textbook [3]
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by Ali, Antoine, and Gazeau and the references therein. The knowledge on continuous
wavelet transformations developed by Fiihr is summarized in Chp.

Chp. [ contains the main part of this thesis. As explained above unimodular and
nonunimodular groups behave differently. In some sense, this discrepancy is resolved in
Chp.[£.2] In Chp.[d.3]we will see a generalized continuous wavelet transformation which
belongs to the class of coherent state transformations. The idea presented therein is
an extension and further development of de Biévre [20]. In Chp. the approach by
Antoine and Vandergheynst [5] and [6] is discussed. We will see that this approach has
some limitations one should be aware of when using it.

The results are summarized in Chp.



CHAPTER 2

Basics

The aim of this chapter is to explain the notions and notations which will be used later.
The focus is on second countable locally compact groups, including their homogeneous
spaces, integration theory, and representation theory. The books [31] by Folland, [33]
by Fiihr, [44] by Kaniuth and Taylor, and [2I] by Dixmier severed as an orientation for
this chapter. Many of these results can also be found in the Bourbaki series General
Topology [13], [14] and Integration [15], [16].

2.1 Locally compact groups

This section is dedicated to locally compact groups and their homogeneous spaces. To
work out why second countability is important we start with general locally compact
groups and indicate what can go wrong if they are not second countable. The results
and examples presented here are mostly taken from Folland [31, Chp. 2], and Kaniuth
and Taylor [44, Chp. 1]. In Chp. some notions about measures on locally compact
spaces are clarified in order to avoid confusions. The results given in this section are
taken from Rudin [56, Chp. 2] and the textbook [27] by Elstrodt served as supplemental
material. In Chp. we address standard Borel spaces which are briefly discussed in
Folland [3I] and Fiihr [33]. Many of the results presented there seem to be well-known,
however, it is hard to find any direct references. Therefore, the statements which will

be used later are deduced from the original paper [51] by Mackey.

2.1.1 Topological groups

A topological group is a nonempty topological space G with a continuous group
structure. That means that the multiplication G x G — G, (a,b) — ab and the

1 are continuous maps. The identity element of G will be

inversion G — G, a — a~
denoted by eg or simply by e. Every group (in the algebraic sense) can be considered
as a topological group endowed with the discrete topology. Those groups are called
discrete groups. Provided that the topology is Hausdorff, it basically describes when
infinite products of group elements are well-defined and converge. For instance, one
can easily verify that for discrete groups an infinite product is well-defined if and only

if all but finitely many factors are trivial. Some authors include the Hausdorff property
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in the definition of a topological group. However, as we will see in Cor. 2.3 below, it is
always possible to pass from a topological group to a Hausdorff topological group by
identifying elements which cannot be separated.

In this thesis, we follow the notions of Bourbaki [I3]. A (subset of a) topological space
is called quasi-compact if every open cover has a finite subcover. It is called compact
if it is quasi-compact and Hausdorff. A topological space is called locally compact
if it is Hausdorff and every point has a compact neighborhood. A locally compact
topological group is called a locally compact group. As we will see in Chp.
and Chp. 2.1.4] locally compact spaces have a nice integration theory which comes in
handy when studying unitary representations of locally compact groups. This is the
key to abstract harmonic analysis.

Topological groups have the following properties which are well-known and often used

without mentioning them.
Proposition 2.1. Let G be a topological group.
(i) Inversion and left and right translations are homeomorphisms.

(ii) If H is a (normal) subgroup of G, then its closure H is a (normal) subgroup, as

well.
(iii) Every open subgroup of G is closed.

(iv) If G1 and Go are topological groups, then G1 x G is a topological group. If Gy
and Go are locally compact, then so is G1 X Ga.

Let G be a topological group and H a subgroup. Then the quotient space G/H =
{aH | a € G} is the space of left cosets endowed with the quotient topology induced
from the canonical quotient map p: G — G/H, a — aH. The following proposi-
tion shows that forming quotients is a well-behaved process in the category of locally

compact groups as long as the subgroup is closed.

Proposition 2.2. Let G be a topological group and H a subgroup.
(i) The natural action G x G/H — G/H, (a,bH) — (ab)H, is continuous.
(i) The quotient map p: G — G/H is an open map.

(iii) G/H 1is Hausdorff if and only if H is closed.

(iv) If H is closed and G is locally compact, then H and G/H are locally compact, as

well.
(v) If H is normal, then G/H is a topological group.

In the following we will write H < G if H is a closed subgroup and H < G if H is
closed and normal.
A direct consequence of Prop. and Prop. is the following result.
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Corollary 2.3. Let G be a topological group.
(i) G is Hausdorff if and only if {e} is closed.

(ii) {e} is a normal subgroup and G /{e} is Hausdorff.

Hence, the Hausdorff property can be easily obtained whenever one can work with the

quotient group G /@ instead.

2.1.2 Homogeneous spaces of locally compact groups

Let G be a locally compact group and X a topological space. An action of G on X is
a continuous map G x X — X, (a,z) — ax, such that

(i) the map X — X, x + ax, is a homeomorphism for all a € G,
(ii) and aq(agx) = (ajaz)z for all aj,a9 € G and x € X.

If for every z,y € X there exists an element a € G such that y = ax, then the action is
called transitive and X is called a homogeneous G-space (or shortly a homogeneous

space).

Remark 2.4. Here, the notion “action” means left action. In contrast to left actions

one can define right actions which have the property that
(ii’) ai(agzx) = (agai)x for all aj,az € G and x € X

instead of . Right actions often appear as actions on spaces of right cosets. If H is

a closed subgroup of a locally compact group G, then
G x H\G — H\G, (a, Hb) — Hba,

defines a right action.
Both, left and right actions, are in one-to-one correspondence. If GXx X — X, (a,z) —

1

az, is a right action, then G x X — X, (a,x) — a~ "z is a left action.

Throughout this thesis only left actions will appear and are referred to as actions.

An important class of homogeneous spaces are quotient spaces, introduced in Chp.
From the algebraic point of view any homogeneous space is (G-equivariant) isomorphic
to a quotient space. In the category of locally compact groups the situation is more
complicated.

Let G be a locally compact group and X a homogeneous space. For a fixed element
x € X let

Gy :={a€G|ax =1z}

be the stabilizer of x. By the universal property of quotient spaces the map f,: G —
X, a — ax, factors through the canonical quotient map p,: G — G/G,, i.e., there

exists a unique continuous map F,: G/G, — X such that the diagram
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commutes. F} is bijective and G-equivariant. Since p, is open, F, is a homeomorphism
if and only if f, is open. However, f, is not necessarily open as the following example

shows.

Example 2.5. Let Ry be the set of real numbers endowed with the discrete topology
and let R be endowed with the standard topology (induced from its Euclidean norm,).
The map

Ry xR — R, (a,z) = a+ x,
is an action, which is free and transitive. The map
Rq — R, a—a+0,

is continuous and bijective. However, it is not open and therefore not a homeomor-

phism.
By specifying requirements on the topology of G we can get the following result.

Proposition 2.6. Let G be a o-compact locally compact group and let X be a homo-
geneous G-space. Then X is homeomorphic to G/H, where H is the stabilizer of some

point in X.

2.1.3 Measures on locally compact spaces

Locally compact groups, or in general all locally compact spaces, have the pleasant
property that it is possible to define a nice integration theory. There are essentially
two ways to define integrals. On the one hand, an integral on a measurable space (for
instance a topological space endowed with the Borel o-algebra) can be directly con-
structed from a measure on its o-algebra. This procedure is standard and can be found
in any introductory textbook on analysis (see Rudin [56] for example). On the other
hand, every integral defines a (positive) linear functional from a vector space of func-
tions to the complex numbers. Therefore, it seems legit to interpret a (positive) linear
functional on a suitable vector space of functions (for example the space of compactly
supported functions) as an integral. For locally compact spaces both approaches are
closely related and enjoy several convenient properties.

Let X be a topological Hausdorff space. The o-algebra generated by its open subsets
is called Borel g-algebra. A subset of X is called a Borel set if it is contained in the

Borel o-algebra. A Borel measure is a measure defined on the Borel o-algebra.
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Definition 2.7. Let X be a topological space and let u be a Borel measure on X.

(i) A Borel set E C X is called inner regular if

w(E) =sup{u(K) | K C E, K compact}.

(ii) A Borel set E C X s called outer regular if

w(E) =inf{u(U) | U D E, U open}.

(iii) p is called inner (respectively outer) regular if every Borel set is inner (re-
spectively outer) reqular. If p is both, inner and outer regular, then w is called

regular.
(iv) w is called inner regular on open sets if every open set is inner regular.

(v) w is called locally finite if every point of X has an open neighborhood U such
that pu(U) < 0.

(vi) w is called a Radon measure if it is inner reqular on open sets, outer regular,

and locally finite.

(vii) p is called o-finite if there exists a countable family (Ey)nen of Borel sets with
pw(En) < oo foralln € N and U, ey En = X.

This terminology is not uniformly used in all textbooks. In particular, the definition
of Borel and Radon measure can differ. The notions used here are consistent with
Folland [31] and Kaniuth and Taylor [44]. Indeed, at least in Chp. 1 of Kaniuth and
Taylor [44] there seems to be some confusion. The authors use the Riesz-Markov-
Kakutani Representation Theorem (see Thm. below) to construct a regular Borel
measure. However, the Riesz-Markov-Kakutani Theorem only guaranties the existence
of a Radon measure, which is not necessarily regular. Anyhow, this seems be some
inconsistency in notions rather than conceptional discrepancy. The aim of this section
is to avoid this kind of confusion.

The properties of Borel measures depend on the topology of the underlying space.
Among others they have the following features, which are direct consequences of the

respective definitions.
Proposition 2.8. Let u be a Borel measure on a topological Hausdorff space X.
(i) If p is locally finite, then p is finite on compact sets.

(ii) If X is locally compact, then u is locally finite if and only if p is finite on compact

sets.

(iii) If X is o-compact and p is locally finite, then p is o-finite.
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Let C.(X) = C.(X; C) be the space of continuous, compactly supported complex-valued
functions on X. For any Radon measure p on X the map A,: C(X) — C,

Au(ep) = /X pdu,

defines a linear functional. A, is positive, i.e., if p(x) > 0 for all € X then \,(¢) > 0.
The Riesz-Markov-Kakutani Representation Theorem states that every positive linear

functional comes from a Radon measure.

Theorem 2.9 (Riesz-Markov-Kakutani Representation Theorem).
Let X be a locally compact space and let \ be a positive linear functional. Then there

exists a unique Radon measure i on X such that

A = [ ) dute).
X
If X is o-compact, then u is reqular.

The detailed proof can be found in Rudin [56, Chp. 2].

Regular Radon measures are preferable since they behave — from the topological point
of view — as one would expect. For example every Borel set E which is locally null is
a null set. (Locally null means that for every Borel set F' C X of finite measure the
intersection F N F' is a null set.) If p is a regular Borel measure and F is locally null
then, in particular, p(K) = 0 for every compact K C E and hence by inner regularity
it follows that u(E) = 0. For nonregular Radon measures this is, in general, not true

as the following example shows.

Example 2.10. Let Ry be the set of real numbers endowed with discrete topology and
let R be the real numbers endowed with standard topology. Denote the Lebesgue measure
of R by u. Then the product space X = R x Ry is locally compact as R and Ry are.
A subset A C X s open, closed, or measurable if and only if AN (R x {y}) is open,
closed, or measurable for all y € Rq. K C X is compact if and only if K N (R x {y})
is compact for all y € Ry and there is a finite subset I C Ry such that K CR x I. Let

v be the Radon measure on X corresponding to the linear functional A: Co(X) — C

)= 2 [ Sy dute).

yERy
Note that the sum is well-defined since only finitely many summands are nonzero.
Consider the closed Borel set E = {0} x Rq. On the one hand, every open set U C
X containing E has infinite measure as any open subset of R has positive Lebesgue

measure. Hence p(E) is infinite by outer reqularity. On the other hand, E is locally
null as every compact set K = {0} x I C E is a null set.

However, such problems do not occur if X is o-compact or even second countable.
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Theorem 2.11. Let X be a locally compact space.
(i) Suppose that X is o-compact. Then every Radon measure is reqular.

(ii) Suppose that X is second countable. Then every locally finite Borel measure is

reqular.

The first statement follows from Thm. 2.9 If x is a Radon measure, then there exists

a unique Radon measure p’ such that
J @ dn@ = [ @)l ¥f € CulX),

which is regular. By uniqueness it follows that u = p/ and hence p is regular. The
proof for the second statement can be found in Elstrodt [27, Chp. VIII, Cor. 1.12].

Another useful result is the Fubini-Tonelli Theorem.

Theorem 2.12 (Fubini-Tonelli). Let p and v be two o-finite measures on locally com-

pact spaces X and Y .

(i) For all nonnegative measurable functions f: X xY — R>q, we have

/X(/Yf(:c,y)du(y)> du(x):/y(/Xf(x,y)d,u(x)> du(y) .

(ii) For all measurable functions f: X x Y — C satisfying

/X (/Y f(a:,y)ldu(y)) du(z) = /Y (/X \f(x,y)]du(x)) du(y) < oo

we have

([ swnat)anw = [ ([ s aue) a).

In the following we will frequently change the order of integration. Fach time we do

so, Thm. 2.12]is applied without mentioning it.

2.1.4 Haar measure

Let G be a locally compact group. A measure p is called left-invariant (respectively
right-invariant) if u(aF) = u(E) (respectively pu(Fa) = p(F)) for all a € G and all
Borel sets E. One of the most important results about locally compact groups is that

they admit a nontrivial left-invariant measure.

Theorem 2.13. Let G be a locally compact group. Then there exists a nontrivial left-
invariant Radon measure p on G, called left Haar measure. It is unique up to scalar

multiples: If v is another left Haar measure then p = c- v for some ¢ € Rsg.
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Thm. [2.13] is proven by constructing a nonzero positive left-invariant functional on
C.(G). Then Thm. guaranties the existence of a Haar measure. Details on the
construction can be found in Folland [31, Chp. 2.2].

If p is left-invariant then y,, defined by ju,(FE) = u(E~1), is right-invariant and called a
right Haar measure. In that way it is always possible to obtain a right Haar measure
from a left Haar measure and vice versa. Therefore, left- and right-invariance play a
symmetric role and it does not matter which one is used to describe integration on G.

In this thesis the convention is to fix a left Haar measure y and to write

| f@aai= [ fa)dpta).

Integration against pu, is denoted by

[ @ am = [ fa@an.

For some b € G the translated measure p;, defined by pp(E) = p(ED), is still left-
invariant. By uniqueness of the left Haar measure there exists a positive constant ¢
such that up = cpp. The function Ag: G — Rsg, Ag(b) = ¢, is called the modular

function of . It has the following properties.

Proposition 2.14. The modular function Ag: G — Rsqg is a continuous homomor-
phism. For f € C.(G) and b € G it satisfies

[ fav)da= 267 | fa)da
| f@da™ = Aga™) [ fl@)da,

If Ag =1, then G is called unimodular.

If G is compact, then Ag(G) is a compact subgroup of R-g. As {1} is the only compact
subgroup of R+, it follows that G is unimodular.

As A is a homomorphism and R+ is commutative, it follows directly that [G,G] < G
lies in the kernel of Ag. By the same argument as before G is unimodular if G/[G, G]

is compact. In particular, simple and semisimple groups are unimodular.

Proposition 2.15. Let G be a connected Lie group. Denote the adjoint action of G
on its Lie algebra g by Ad, the adjoint action of g on itself by ad, and the exponential
map g — G by expy.

Then Ag(a) = det[Ad,-1] and Ag(expy(X)) = exp(— Trladx]).

From Prop. it follows that connected nilpotent Lie groups are unimodular, as by
Engel’s Theorem adx is nilpotent for all X in its Lie algebra and, therefore, its trace
vanishes. Nevertheless, many solvable Lie groups are nonunimodular like the Lie group

of affine transformations x — ax + b on R, for example.
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2.1.5 Function spaces

Let X be a locally compact space. Let C(X) = C(X;C) be the space of complex-
valued continuous functions on X. C(X) is endowed with the topology of locally

uniform convergence. That is the topology induced by the semi-norms
pr(f) = |[f|&ll = sup |f(2)|
zeK

for all compact subsets K C X.
Let Cp(X) = Cy(X;C) be the space of continuous bounded functions on X. Cy(X)

is a linear subspace of C'(X) and it is endowed with topology of uniform convergence,

which is induced by the norm
[flloo := sup [f(x)].
zeX

C.(X) = C.(X;C) is the space of continuous compactly supported functions on X.
For all compact subsets K C X let C.(X, K) be the subset of C.(X) consisting of
all functions f € C.(X) with supp(f) € K. Endowed with the topology of uniform
convergence, each C.(X, K) is a closed subspace of C(X). The space C.(X) is endowed
with the direct limit topology

Ce(X) = lim Co( X, K)

over all compact subsets K C X.

The inclusion C.(X) — Cy(X) C C(X) is continuous, however, C.(X) is not closed in
C(X) unless X is compact. Its closure is denoted by Cp(X) = Cp(X;C) and can be
described as follows. A continuous function f is contained in Cp(X) if and only if the
sets {x € X | |f(z)| > €} are compact for all € > 0. Another description comes from
the one-point compactification X = X U {oo} of X. Cy(X) consists of all f € C(X)

vanishing at co. The functions in Cy(X) are said to vanish at infinity.

Let G be a locally compact group. The left and right translation L, and R; for
b € G are defined by

Lyf(a) = f(b™'a), Ry f(a) = f(ab), Va e G.
Both define actions of G as
Ly. = LyLe, Ry = Ry R, Vb,c e G.
A function f: G — C is called left or right uniformly continuous if

lim [|Lpf = flloc =0 or lim | Ry f — flloo = 0,
b—e b—e
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respectively. Denote the spaces of left and right uniformly continuous functions by
C1(G) and C,,(G), respectively.

Proposition 2.16. Every compactly supported continuous function is left (right) uni-

formly continuous. Every left (right) uniformly continuous function is continuous.
Ce(G) € Cu(G) € C(G)

Proof. The proof for the first inclusion can be found in Folland [31), Prop. 2.6].

For the second part let f € Cj,(G). Let a € G and € > 0. Since f is left uniformly
continuous, there exists an open neighborhood V' C G of e such that || Lyf — flleo < €
for all b € V. Then for all b in the open neighborhood U = V ~!a of a the function f
satisfies |f(b) — f(a)| < €. Therefore f is continuous at any g € G.

For Cy,(G) the proof works analogously. O

Prop. can be used to show the following result.

Proposition 2.17. Let H < G be a closed subgroup and denote the quotient space
G/H by X. For f € C.(G) let fr: G — C be the function given by

fufa)= [ f(ah)an.

(i) For all compact subsets K C G with nonempty interior, there exists a constant
cix > 0 such that

[ felloo < el flloos Vf e C.(G, K).

(ii) fm is continuous for all f € C.(QG).
(iii) There exists a unique function f~ € C.(X) such that fX(aH) = fy(a).
Proof.
(i) The proof of the first part can be found in Kaniuth and Taylor [44, Prop. 1.10].

(ii) Let f € C.(G). By Prop. it is sufficient to show that fgr is left uniformly
continuous. Let € > 0. Let K C G be a compact neighborhood of es and denote
the compact subset K -supp(f) C G by L. Since f is uniformly continuous, there
exists an open neighborhood U C G of eg such that

€
ILof = flloo < —
CL

for all b € U. W.l.o.g. assume that U C K. Then for all b € U the function
Lyf — f lies in C.(G, L) as

supp(Lyf — f) € bsupp(f) Usupp(f) € L.
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Therefore, the function Ly fr — fu = (Lyf — f) g satisfies

HLbe_fHHoo SCLHLbf_fHoo < € Vb e U.

(iii) Let f € C.(G). By the universal property of the quotient space there exists a
continuous map fX: X — C such that fX(aH) = fy(a) for all g € G. Since
the canonical quotient map p: G — X is continuous, the subset p(supp(f)) is
compact. For supp(fX) C p(supp(f)) it follows that fX € C.(X). O

Fix some left Haar measure on G. For 1 < p < oo let LP(G) = LP(G;C) be the space

of equivalence classes of measurable functions f: G — C satisfying

17112 = /G |F(@)” da < oo,

where two measurable functions on G are equivalent if they coincide on a conull subset.
For all 1 < p < 0o, LP(G) is a Banach space. Moreover, L?(G) is a Hilbert space.

L>*(G;C) = L*(G) is the space of measurable functions which are essentially bounded.
That is, there exists a bound B > 0 such that

{f >B}:={acCG||f(a) > B}

is a locally null set. Again, two functions are identified if they coincide on s subset
which has a locally null complement. The norm || f||~ is defined as the infimum of all
bounds B for which {f > B} is locally null.

Let f € LY(G) and let g € LP(G), for 1 < p < co. The convolution f * g € LP(G) of
f and g is defined by

(f * 9)(a) = /G F(B)g(b~"a) db.

2.1.6 Quasi-invariant measures on the quotient space

In Chp. 2.1.4 we saw that every locally compact group G has a left Haar measure. Of
course every closed subgroup H < G has a left Haar measure, as well, and for all a € G

the positive linear functional
fis / f(ah)dh
H

on Cc(aH) — C defines by the Riesz-Markov-Kakutani Representation Theorem (cf.
Thm. a nonzero Radon measure p, g on aH. By left invariance of the Haar measure
on H, it only depends on the left coset a H and not specifically on a.

In this chapter we study the relationship between the Haar measure of G and the

measures gz on its left cosets. In particular, we investigate the existence of a measure
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v on G/H such that
/Gf(a) da = /G/H /bH F(a) dpppr (a) dv(bH) VieC(Q).  (2.1)

Here, we used that f|,g € C.(bH) for any f € C.(G), as bH C G is a closed subset.
The measure v plays an important role. If such a measure exists, then it is necessarily
G-invariant. Conversely, if there exists a nontrivial G-invariant Radon measure one can

show that it satisfies eq. (2.1) up to a constant positive factor.

Let H be a closed subgroup of a locally compact group G. Let X = G/H be the
quotient space of left cosets and denote the canonical quotient map G — X by p. To

begin with let v be a Radon measure on GG/H and define the positive linear functional

A: Ce(G) — C by
= [ [ @) ano@) dvia)
X Jzx

Let uy be the corresponding Radon measure on G and suppose that uy has a continuous
density with respect to the Haar measure, i.e., there is a continuous map p: G — Rx>
such that

/f ) dpua(a /f Vi € Cu(@). (2.2)

For f € C.(G) and h € H, define f;, € C.(G) by fn(a) = Ag(h™1)f(ah™!). When
computing A(fx) we get on the one hand

A fn) = /fh da—/ Ag(h™ ) f(ah™ )p(a)da:/Gf(a)p(ah)da. (2.3)

On the other hand, since f; satisfies
/ fala) dpsr (a / fu(bh')dh' = / Ag(h~ Y f(bh'h=1) dh’

= Ag(h) /bH f(a)dupr(a),

we obtain

Ap(h) / Ag(h)
A = Af) = da. 2.4
() = S\ = [ F(@) 355 pla) da (24)
As eq. (2.3) and eq. (2.4]) hold for all f € C.(G), the function p has the property that

plah) =

pla), Va e G, he H. (2.5)

From eq. (2.2)) and eq. (2.5) it follows that the decomposition in eq. (2.1)) only exist if

Ag|lg = Apg. In general, there does not exist a G-invariant measure on X and, thus,
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we have to work with a weaker class of measures, namely with quasi-invariant ones.

Definition 2.18. Let H < G be locally compact groups and denote G/H by X. Let p

be a Radon measure on X.

e Recall that for a € G the translated measure y, is given by p,(E) = p(aF) for
all Borel sets E C X.

o 1 is called quasi-invariant if p # 0 and p, s equivalent to p for all a € G.

To show that quasi-invariant measures exist we introduce the following auxiliary func-

tions.

Definition 2.19. Let H < G be locally compact groups. Denote G/H by X and the
canonical quotient map G — X by p.

(i) A Bruhat section for (G, H) is a continuous map 3: G — Rxq with the property
that supp(B8) Np~(K) is compact for all compact subsets K C X and

/ B(ah) dh =1 Va e .
H

(i) A rho-function for (G, H) is a measurable function p: G — Rx>q which is locally

integrable, i.e.,

/K,o(a) da < o0

for all compact subsets K C G, and with the property that

plah) = 3o

for locally almost all a € G and all h € H.

Proposition 2.20. Let H < G be locally compact groups. There exists a Bruhat section

and a continuous strictly positive rho-function for (G, H).
Proof.

(i) By Bourbaki [12, Chp. ITI.4.6 Prop. 13], quotient spaces of locally compact groups
are paracompact and, by Bourbaki [I4, Chp. 1X.4.4 Cor. 1], there exists a partition
of unity subordinate to any open cover. Since G and X are locally compact, there
exist partitions of unity {¢;}icr C Co(G) and {¥;}je; C Co(X) of G and X,

respectively, by compactly supported functions. For every j € J there exist

finitely many subsets I; C I such that

supp(¢;) € |J p({a € G | ¢i(a) > 0}).

iEIj
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The function ¥;: G — [0, 1],

U;(a) = ¢;(p(a)) - Y d(a)
iEI]‘
is continuous and compactly supported. Moreover, it satisfies

p(supp(¥;)) = supp(¥;) N |J p({a € G | ¢i(a) > 0}) = supp(¢;).
i€l

The function ¥ = 3. ; V; is well-defined and continuous, since the sum is locally

finite, and supp(¥) N p~1(K) is compact for all compact sets K C X. Moreover,
U: G — Rsq defined by
_ / U(ah) dh
H

is well-defined, continuous and strictly positive. Therefore, the function 5: G —
R>o,

is a Bruhat section.

The function p: G — Ry,

_ [ Ac(h)

B(ah) dh

is a strictly positive rho-function. From the property that supp(8) N p~1(K) is
compact for all compact subsets K C X and by Prop. it follows that p is

continuous. O

Proposition 2.21. If 5 is a Bruhat section, then Bq: b+ B(ab) is a Bruhat section,

as well.

In the discussion at the beginning of this chapter we saw that there is close relation

between measures on X and rho-function. The following proposition makes this con-

nection more precise.

Proposition 2.22. Let H < G be locally compact groups and denote G/H by X. For

every rho-function p there exists a Radon measure v, on X such that

//f ) dpz(b) dvp(x /f Vf € Cu(G), (2.6)
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where pqp ts the measure on aH C G, defined by

| 10) duan®) = [ flahy i,

Proof. Denote the canonical quotient map G — X by p and let 5: G — R>q be a
Bruhat section. Then, for every ¢ € C.(X), the function 3 - (¢ o p) is in C.(G) and is

a nonnegative function whenever ¢ is. Thus, the functional A,: C(X) — C,

- /G B(a)p(aH)p(a) da W € Co(X),

is well-defined and positive, and, therefore, it yields a Radon measure v, such that

/(p x)dvy(x) = Ap( /ﬁ pla)da.

It remains to show eq. (2.6). Let f € C.(G) and f* € C.(X) as in Prop. ie.,
fX(aH) = [, f(ah)dh. Then,

//f ) dppz(a) dvp(x /5 (/Hf(ah)dh> p(a)da

I R
- /H /G B(a) f(ah)p(ah) A (h) da Ay (h~') dh

= [ | sah™) f(@pla)da A (h~) db

//ﬁah p(a)dadh
:/Gfapada

In particular, v, does not depend on the choice of the Bruhat section. ]

Theorem 2.23. Let G be a locally compact group and H < G a closed subgroup and
denote G/H by X. Let p: G — Rsqg be a continuous strictly positive rho-function
for (G, H) (guaranteed by Prop. and let v, be the corresponding Radon measure

corresponding to p (cf. Prop. .

Then v, is quasi-invariant. In particular, there exists a continuous strictly positive
function o: G x H — Ry such that

/ f(z)dv,(ax) / f(z)o(a,z)dv,(z) Vf e C(X). (2.7)

o is given by

o(a, o) = 2L20) Ya,b e G (2.8)
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and satisfies
o(a,b,x) = o(a,bzx)o(b, z) Va,be G, z € X. (2.9)

Proof. Since p is strictly positive and continuous, the function G x G — R+, (a,b) —

pp(&l;) is well-defined, continuous, and strictly positive. For all a,b € G and h € H it

satisfies

p(abh) _ p(ab)

p(bh) — p(b)

and, therefore, there exists a continuous strictly positive function o: G x H — Ry
such that

amﬁﬂ):iﬁ? Va,be G

By construction o satisfies eq. (2.8)) and, therefore, eq. (2.9), which is a direct conse-
quence of eq. ([2.8)).

To show eq. (2.7) let 5 be a Bruhat section for (G, H) and let f € C.(X). Then for all
aeG

[ 1@ dptan) = [ fa @) dvyfa)
= [ B)1(g™ b)) db

where we used that [, B(abh)dh =1 for all a,b € G. In particular, it follows that v,

is quasi-invariant. O

Corollary 2.24. Let H < G be locally compact groups and denote G/H by X. There

exists a G-invariant Radon measure on X if and only if Ag|lg = Apg.

2.1.7 Standard Borel spaces

Given a locally compact group G and a closed subgroup H < G it will turn out to
be very helpful to have a measurable function ¢: G/H — G such that p(q(x)) = =z,
where p: G — G/H denotes the quotient map. If such a function ¢ exists then every
element a € G can be uniquely written as a = ¢(x)h where x = p(a) € G/H and
h = q(p(a))~ta € H. Moreover the map

G xH—G, (2, h) — q(z)h,
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is a measurable isomorphism and we will see that there exists a measure v on G/H
such that

_ Ag(h)
/G f(a)da = /G/H /H Fla(e)h) 3 g AR () Vf € C.(G).

More generally, let X and Y be measurable spaces and let p: X — Y be a measurable

surjective map. A measurable transversal for p is a measurable subset £ C X which
meets each of the sets p~'(y) for y € Y in exactly one point. A measurable cross-
section is a measurable map ¢: Y — X satisfying poq = idy. From the algebraic point
of view there is a one-to-one correspondence between transversals and cross-sections.
However, if one is measurable the other one need not be measurable.

The results presented in this section are mostly due to Mackey [51]. The notions of
measurable transversals and measurable cross-sections, however, are taken from Fiihr
[33] and they are inconsistent with the notions used in [5I]. Note that Mackey as well
as Dixmier and other authors who published during that time use the word “separable”
to refer to second countable topological spaces. Indeed, in |21, B.31] Dixmier states
that a topological space is called “separable” if its topology has a countable base.

To investigate the existence of measurable transversals and cross-sections and their

relation we need the following definitions, which are due to Mackey [51].
Definition 2.25. Let X be a measurable space.

(i) X is called countably separated if there exists a countable family of measurable

subsets (En)nen separating points in X, i.e., every point x € X satisfies

{z} = () En

Z‘EEH

(ii) X is called countably generated if there exists a countable family of measurable

subsets separating points in X and generating the measurable structure of X.

(iii) X is called a standard Borel space if it is measurably isomorphic to a complete

separable metric space endowed with its Borel structure.

Standard Borel spaces can be considered as the Borel spaces coming from a second

countable locally compact space. In fact, an even stronger characterization is true.

Theorem 2.26. Let X be a standard Borel space. Then X is either countable and
endowed with the discrete measurable structure or X is measurably isomorphic to the

interval [0,1] C R endowed with the Borel structure generated by the standard topology
of R.

Thm. is due to Kuratowski [47]. Conversely, there is the following result.

Theorem 2.27. Every second countable locally compact space endowed with its Borel

structure is a standard Borel space.
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Proof. Let X be a second countable locally compact space. By Bourbaki [I4]
Chp. 1X.2.9, Cor. of Prop. 16] X is metrizable and o-compact. Then by Bourbaki |14,
Chp. IX.6.1, Cor. of Prop. 2] X is a separable and completely metrizable space. ]

Theorem 2.28. Let p: X — Y be a surjective measurable map from a standard Borel
space X to a countably separated measurable space Y. Then every countable separating
family of measurable subsets of Y generates the measurable structure of Y. In partic-
ular, the measurable structure of Y coincides with the quotient measurable structure
coming from p: X — Y. Le., a subset E CY is measurable if and only if p~'(E) C X

1s measurable.

Proof. Standard Borel spaces are countably separated as their measurable structure
comes from a second countable Hausdorff topology. By [51, Thm. 3.3] every countable
separating family of measurable subsets of a standard Borel space X generates its
measurable structure. In particular, standard Borel spaces are countably generated.
From [5I, Thm. 5.1] it follows that then Y is countably generated and by [51, Thm. 4.3]
every countable separating family of measurable subsets of Y generates the measurable
structure of Y.

If £ is a countable separating family of measurable subsets of Y then for all £ € £ the
subsets p~1(E) C X are measurable as p is a measurable map. In particular, the sets £
are measurable with respect to the quotient measurable structure. By the first part of
the theorem & generates the measurable structure as well as the quotient measurable

structure of Y. Therefore, both coincide. O

Note that from Thm. it follows in particular that standard Borel spaces are count-
ably generated.

Theorem 2.29. Let p: X — Y be a surjective measurable map from a standard Borel

space X to a countably separated measurable space Y .

(i) If there exists a measurable transversal E C X, then p|g: E — Y is a measurable
isomorphism and Y is standard. In particular ¢ = (p|g)~! is a measurable cross-

section.

(ii) If there exists a measurable cross-section q: Y — X and Y is standard, then

q(Y) C X is measurable. In particular, q is a measurable isomorphism.
This theorem follows from [51, Thm. 3.2], which states the following.

Theorem 2.30. Let p: X — Y be an injective measurable map from a standard Borel
space to a countably generated space. Then p(X) C Y is a measurable subset and
p: X — p(X) is a measurable isomorphism. In particular, p(X) is a standard Borel

space.

Proof of Thm.[2:29,
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(i) We apply Thm. to p|g. By [51, Cor. 1 of Thm. 3.2] a subset of a standard
Borel space is standard if and only if it is a measurable subset. Since X is standard
and F is measurable it follows that F is a standard Borel space. As X is standard
and therefore countably generated, [5l, Thm. 5.1] states that Y is countably
generated. It remains to show that p|g is measurable. Let F' C Y be measurable.
By Thm. p~!(F) is measurable and, therefore, (p|g)~'(F) = p ' (F)N E is

measurable.

(ii) We apply Thm. to ¢. By assumption Y is standard and ¢ is measurable. X

is countably generated as it is standard. O

In [50, Lem. 1.1] Mackey shows that for second countable locally compact groups H < G

there exist measurable transversals for the quotient map G — G/H.

Lemma 2.31. Let G be a second countable locally compact group and H < G a closed
subgroup. Denote G/H by X and the canonical quotient map G — X by p. Then there
exists a Borel set & C G such that E intersects each H-coset in exactly one point and

for each compact subset K C X the closure of ENp~'(K) is compact.
The transversal E in Lem. [2.31]is called a regular transversal.

Corollary 2.32. Let G be a second countable locally compact group and H < G a
closed subgroup. Denote G/H by X and the canonical quotient map G — X by p. Then
there exist measurable transversals and cross-sections. Moreover, for every measurable
transversal E the map (p|g)~' is a measurable cross-section and for every measurable

cross-section q: X — G the set ¢(X) is a measurable transversal.

The measurable cross-section ¢ is called a regular cross-section if ¢(X) is a regular

transversal.

Lemma 2.33. Let G be a second countable locally compact group and H a closed

subgroup. Denote G/H by X and the quotient map G — X by p.

(i) For every reqular cross-section q: X — G there exists a quasi-invariant measure
vg on X such that

_ Ag(h)
Jt@an= [ [ sta@m 3o anduz).

(i) For every continuous strictly positive rho-function o there exists a regular cross-

section q: X — G such that

_ Ag(h)
[ f@raa= [ [ famEE anave().

Proof.
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(i)

(i)

Given a regular Borel cross-section ¢, recall that any element ¢ € G can be
uniquely written as a product a = ¢(x)h, where x = p(a) is in X and h =
q(p(a))~taisin H. Let g be a continuous strictly positive rho-function for (G, H).
Then for any f € C.(G) we obtain

/Gf(a)da:/X/x%dﬂx(a)dyg(x)

o fa@h
= fo S otatemy

— Ag(h) -
- /X /H Fa@MR, Gy dhela@) ™ dvf@).

Let v, be the Radon measure corresponding to the functional

~—

f o /X f(@)o(q(x)) " dv,(x) vf € CulX).

Then

_ Ag(h)
Jf@aa= [ [ stam 3o andu ).

Conversely, we can find a regular Borel cross-section ¢': X — G for p such that

ooq =1and

_ ! AG(h)
Jt@an= [ [ s @m0 dhav(a).

To see that, let pg = Ag/Ag: H — Rs and let Hy = ker pg. Then there exists
a regular cross-section qq: impy — H for pg. Let ¢': X — G be defined by

¢ () = q(x)qo(e(q(x))).

If K C X is compact then the closure go(o(q(K))) C qo (Q(q(K))) is compact
as q(K) is compact and p is continuous. Hence, ¢/(K) is compact for all com-
pact subsets K C X. This implies that ¢’ is a regular Borel cross-section for p.

Moreover, ¢ satisfies

o(d(2)) = o(a(x)q0(e(a()))) = _ola(@) _

By using ¢’ instead of ¢ we can rewrite the left Haar measure by

_ ’ AG(h)
[ f@ran= [ [ s wm g7 nave(a). =
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2.2 Representation theory

This section gives an overview of the basic notions in representation theory with partic-
ular focus on induced representations and their properties. The first part, Chp.
follows Folland [31, Chp. 2]. The second part follows Kaniuth and Taylor |44, Chp. 2].

2.2.1 Unitary representation

Let H be complex Hilbert space. The group of unitary operators on H is denoted
by U(H). Let G be a locally compact group. A strongly continuous unitary
representation 7 of G on H is a homomorphism (of groups) from G to U(H) which

is strongly continuous, meaning that the maps G — H,
a+— m(a)v,

are continuous for all v € H. The scalar product of H is denoted by (-,-) and is
antilinear in the first and linear in the second argument (physics convention).

A strongly continuous unitary representation is not necessarily continuous in the norm
topology. However, as the strong operator topology coincides with the weak operator
topology on U(#H), a unitary representation is strongly continuous if and only if it is

weakly continuous. That is, for all v, w € H the maps G — C,
a— (v, m(a)w),

are continuous. All representations which occur in this thesis will be unitary and
strongly continuous. Therefore, we will often omit the adjectives and simply write
representations. If not otherwise stated, the representation space of 7 is denoted by
H,. To avoid confusions we will use the notation (7, H) when we want to refer to a

certain Hilbert space H.

Each locally compact group admits four important examples of representations.
Definition 2.34. Let G be a locally compact group.

(i) The representation mapping every element of G to 1y, the identity of a Hilbert

space H, is called the trivial representation.

(ii) The left regular representation \g of G on the Hilbert space L*(G) is given
by

A (0)fl(a) = f(b~"a) Vf € L2(G).

(iii) The right regular representation pg of G on the Hilbert space L*(G) is given
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[oc() f1(a) = A(b) f(ab) vf e LX(Q).

(iv) The two-sided regular representation 7 of G x G on the Hilbert space L*(G)

s given by
[rG (b, ¢) f](a) = A(e)? f(b~ ac) vf e L¥(G).

Among the linear mappings between Hilbert spaces, those which are compatible with

the group action play a special role in representation theory.

Definition 2.35. Let G be a locally compact group and let w, m, o be unitary repre-
sentations of G on Hilbert spaces H, Hi, Ha, respectively.

(i) A bounded operator T € B(Hi,H2) is called an intertwiner for m and w2 if it

satisfies

Tm(a) = mo(a)T Va € G.

(ii) The space of all intertwiners is denoted by C(my,m2). It is a closed linear subspace

of B(H1,H2).

(iii) If there exists an isometry T € C(m1,m2) then w1 is called a subrepresentation

of mo and we write m < 9.

(iv) If there exists a unitary operator U € C(my,m2) then mp and mo are called unitarily

equivalent or simply equivalent, and we write w1 = 3.

(v) The space C(w) := C(mw,m) is called the commutant of . It consists of all
operators T € B(H) = B(H,H) which commute with the operators m(a) for all
acG.

One of the main goals of representation theory is to analyze the structure of representa-
tions. In particular, the focus is on the decomposition into atoms, i.e., into irreducible

ones.

Definition 2.36. Let G be a locally compact group and m a unitary representation of
G on a Hilbert space H. Let Hy be closed subspace of H.

(i) Ho is called invariant under m if w(a)Ho C Ho for all a € G.

(ii) If Ho # {0} and Hy is an invariant subspace of H then the restriction of m to H

is a subrepresentation of m and denoted by m|y,.

(iii) 7 is called irreducible if the only invariant subspaces of H are {0} and H. Other-

wise, w s called reducible.
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The following theorem is one of the most important results for checking if a given

representation is irreducible or not.

Theorem 2.37 (Schur’s Lemma).
Let G be a locally compact group.

(i) A unitary representation w of G is irreducible if and only if C(w) = C - 1.

(it) If 11 and o are irreducible unitary representations of G, then m and 7o are equiv-
alent if and only if C(m1,ma) is one-dimensional. If w1 and wo are not equivalent
then C(m1,m2) = {0}.

Definition 2.38. Let G be a locally compact group and m a unitary representation
of G on a Hilbert space H. Denote the dual space of H by H. The contragredient

representation T of ™ on H is given by
m(a)p := ¢m(a”") = ¢m(a)*

foralla € G and ¢ € H.

m and 7 are not necessarily equivalent. By Schur’s Lemma, 7 is irreducible if and only
if 7 is.

Conversely, instead of passing to subrepresentations, one can also construct bigger
representations using direct sums or tensor products. If (Hy, || -|1) and (Ha, || - ||2) are
two Hilbert spaces, then H; @ Ho with the norm

o1 + w213 = [Jval|T + [|vz]l3, Yur € Hi, v2 € Ha,

is a Hilbert space. The tensor product H; ® Ho is the space of all bounded operators
T € B(Ha, H1) with finite norm

T2, == Tx[T*T) = Te[TT*] < oo. (2.10)

Within this picture a decomposable tensor v; ® vo, with v1 € Hi, vo € Ho corresponds

to the map

(v1 ®@w2)(f) = v1 - f(v2), Vf € Ho.

Remark 2.39. Note that this definition of tensor products of Hilbert spaces differs from
the one given in Folland [31, Chp. A.3]. Therein the tensor product of Hilbert spaces
Hi, Ho is the set of all antilinear bounded operators T: Ho — Hy satisfying eq. .
Since there exists an antilinear isomorphism between Ho and Hao, both definitions are

isomorphic.

Definition 2.40. Let G be a locally compact group and let w1, wo be unitary represen-

tations of G on Hilbert spaces Hi, Ha, respectively.
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(i) The direct sum ™ = m & mo of w1 and w2 is the unitary representation of G on
H1 B Ha given by

7(a)(v1 + ve) = mi(a)vy + me(a)ve
for all a € G and v1 € H1, v € Hs.

(ii) The (inner) tensor product m = m ® 79 of m1 and 7o is the unitary represen-
tation of G on Hi ® Ha given by

m(a)(v; ® ve) = mi(a)v; @ ma(a)ve
foralla € G and v1 € Hi, vo € Ha.

(iii) If (w1, H1) and (me, Ha) are representations of two locally compact groups G1 and
Go, then the (outer) tensor product m = m X w9 of M and mwy is the unitary
representation of G1 X Go on Hi ® Hao defined by

m(a1, a2)(v1 ® v2) = mi(a1)vy ® ma(az)ve
for all a1 € G1, az € Gy and v1 € H1, vo € Ho.

Hilbert spaces have the property that every closed subspace has an orthogonal comple-
ment. As a consequence, any proper subrepresentation of a unitary representation has

a complement, as well.

Proposition 2.41. Let G be a locally compact group and w a unitary representation
of G on a Hilbert space H. Let Ho be a nontrivial invariant subspace of H (meaning
{0} € Ho € H). Then the orthogonal complement Hg is a nontrivial invariant subspace
of H and

T =Ty, @ 7T|H(J)_.

2.2.2 Induced representations

The aim of the inducing procedure is to construct a unitary representation (m, H) of
G from a given unitary representation (x,H,) of a closed subgroup H < G. The idea
goes back to Frobenius [32] who developed the concept to obtain irreducible unitary
representations of finite groups from subgroups which are well studied. During the last
century the idea was developed much further and became one of the most important
techniques in representation theory and abstract harmonic analysis. In this section we
follow Kaniuth and Taylor [44].

There are different ways to describe induced representations. In the following let G be

a locally compact group and H be a closed subgroup of GG. Denote the quotient space
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G/H by X and its quotient map G — X by p. Let § = §& = AAG}‘IH : H — Ry and let

x be a unitary representation of H.

Variant 1. The first variant of induced representations, we will use, is the abstract
version. The representation space is constructed as follows.
Let F(G, H, 5%)() be the set of all functions F': G — H,, satisfying

e Fis continuous (with respect to the norm topology on H, ),
o p(supp(F)) is compact in X,
o F(ah)= 5(h_1)%x(h_1)F(a), foralla € G and h € H.

For all F1, F», € F(G, H, 5%)() the function

a— (Fi(a), Fa(a)),

is a rho-function and, therefore, there exists a Radon measure vp, i, on X satisfying

[ e@ dvrr(@) = [ Sa)e(p(@) (Fi(a), Fa(a)), da
X G

for all ¢ € C.(X) and some Bruhat section f: G — R>g. The measure vp g, () is

finite as

v (X) = [ Bla) (Fi(), Fa(a), da

and a — fB(a)(Fi(a), F2(a)), is a compactly supported continuous function. It is
straightforward to check that the bilinear form

(P, Fo) = vy (X) = [ (@) (Fi(0). Fafa)), da

defines an inner product on F(G, H,§ > X), which is independent of the choice of the
Bruhat section. By completing F(G, H ,5%)() we obtain a Hilbert space, which we
denote by L?*(G, H, (5éx). The space L*(G, H, (ﬁx) consists of all functions F': G — H,,
satisfying

o F is measurable and pg: a — [|[F(a)||% is a rho-function,

2
1%
 and the measure v, on X corresponding to the rho-function pp is finite.

The norm of F' is given by

IFIE = oy (X) = [ B@)IF (@) da

for any Bruhat section .
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G acts on L?(G, H,(Séx) by
[m1(@)F)(B) = Fla™b)
for all @ € G and almost all b € G. 71 is a unitary as
Im@F|= [ BeIF@ DI = [ a)Fo)Ed=|F|.

Therefore, 71 is a unitary representation.

Variant 2. The second variant is more natural because it makes directly use of the
measure decomposition of the Haar measure of G over the Haar measure of H and a
quasi-invariant measure on X (see Prop. . However, an additional ingredient is
necessary, namely a fixed rho-function. Moreover, it is not obvious that the resulting
representation does not depend on the choice of this rho-function.

Let p be a continuous strictly positive rho-function for (G, H) and let p, be the cor-
responding quasi-invariant measure on X. Let F,(G, H, x) be the set of all functions

F: G — H, satistying
o F'is continuous (with respect to the norm topology on HX),
o p(supp(F)) is compact in X,
e F(zh)=x(h Y)F(x), forall z € G and h € H.
For all Fy, F» € F,(G, H, x) the function
a > (Fi(a), F2(a)),

is constant on cosets aH C G and, therefore, there exists a compactly supported

continuous function ¢p, g, € Ce(X) such that
or,p(p(a)) = (Fi(a), Fa(a)), Va € G.
The inner product on F,(G, H, x) is defined by
(P Ba), = [ omn(@) dv,@)

and depends on the choice of the rho-function. Let L,%(G, H, x) be the Hilbert space
obtained by completing F,(G, H, x). G acts on L%(G, H,x) by

([ pla”'b) g -
[ﬂp(a)F(b)]—< .5 ) F(a™h
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which is unitary as

Imp@PFI2= [ ola™ a)orr(aa)dvy(a) = [ prr(@)dvyla) = |2,

where we used that

dv,(a~"bH) = o(a~,bH) dv,(bH) = * (Z(_bl)b) dv,(bH)

(ct. Thm. 2.23).

Although, the Hilbert spaces L%(G, H,x) and the representations 7, depend on the
choice of the rho-function p, the representations (7, Lg(G, H, x)) are unitarily equiva-
lent and, in particular, equivalent to 7, constructed in Variant 1. The unitary equiva-
lence L%(G, H, cﬁx) — L,QJ(G, H, y) is induced by the map F(G, H, 5%x) — F,(G,H, x),

Fis p2F

for all F € F(G, H,52).

Variant 3. Suppose that G is second countable. By Cor. there exists a regular
Borel cross-section ¢: X — G of p and by Lem. [2:33] there exists a quasi-invariant

[r@aa= [ [ ra@msmanav)

measure v, such that

for all f € C.(G).

Let Li(X ,X) be the space of measurable functions f: X — #, such that
1712 = [ 17 @I dvye) < o
G acts on Lg(X, X) by
[ma(a) f](x) = 8(g(x) " ag(a™"2)) 2 x(q(x) " ag(a~ x)) f(a~ )
which is unitary as

Ig(a) £115 = /5 “lag(a™))| f(a” )|} dug()

_ [ palaa(a) 2 0
= [y e IR vy

= [ @) @) = 111
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where we used that p,(¢(z)) =1 for all z € X and

-1 1Ny D Laa(a—te pqlq(a'x))
6(q(z)"ag(a™"z)) = d(q(z)” aq( ))7pq(q(x))

=1
An(q(a” z)"'a" q(x)) polala™tx)) _ pgla”lq(x))
Aclgla=tz)~ta"lq(x))  pylq(x)) pela(x))

The representations 7, depend on the choice of g or, to be more precisely, on p,. Again,
they are unitarily equivalent and equivalent to m; defined in Variant 1. The unitary

equivalence is given by, L*(G, H, (ﬁx) — Lg(X, X)s

f=foq.

Since all of these representations are equivalent we define the induced representation

as follows.

Definition 2.42. Let H < G be a closed subgroup of a locally compact group G and
let x be a unitary representation of H.

The representation m constructed in Variant 1 is denoted by
ind% (x).

In application, it will depend on the situation which variant of the induced representa-
tion will be used. Variant 1 is very useful for technical applications and proofs dealing
with groups which are not necessarily second countable. Variant 2 and Variant 3 are
quite handy for explicit computations, in particular when dealing with second count-
able groups. However, they depend on the choice of a quasi-invariant measure on X or

on the choice of a Borel section X — G.

2.2.3 Properties of induced representations

The reason why the inducing procedure is so powerful is that in many cases it behaves
as on would expect. Among others, it has the following properties, which will turn out
to be very helpful. Proofs and details can be found in Kaniuth and Taylor [44].

The first property is that the contragredient of an induced representation is the repre-

sentation induced from the contragredient one.
Lemma 2.43. Let x be a representation of a closed subgroup H of G. Then
ind§ (%) = ind§ ().

The second property is that representations induced from direct sums are direct sums

of representations induced from the individual ones.
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Lemma 2.44. Let H be a closed subgroup of the locally compact group G, and let x;,

1 € 1, be any family of unitary representations of H. Then

ind% (@Xl) = @indg()@).

el el

In particular, if indg (x) is an irreducible representation of G, then x is an irreducible
one of H. The converse is not true.

The next property is called induction in stages. It states the following.

Theorem 2.45. Let H be a closed subgroup of G and let Hy be a closed subgroup of
H. Let xo be a representation of Hy. Then

ind%, (xo) & ind% (indff (xo))-

The last property states that the inducing procedure is compatible with taking outer

tensor products of representations.

Theorem 2.46. Let G1 and Go be locally compact groups and let H1 < G1 and Hy <
G be closed subgroups. Let x1 and x2 be representations of Hy and Hs, respectively.
Then

ind 5% (a1 % x2) 2 indG () x ind§2 (xa).

2.3 The dual and the quasi-dual of a locally compact group

The aim of this section is to describe the decomposition of representations into (mul-
tiples of) irreducible ones. Unfortunately, such a decomposition is not always unique
and in those case it is not expedient to do that. However, we will see that it is always
possible to get a decomposition into so-called primary representations, which are close
to being (multiples of) irreducible ones. Indeed, this decomposition is unique and will
turn out to be more useful.

The results presented here are taken from Folland [31, Chp. 7] and Dixmier [2I], Chp. 5,
Chp. 8]. The notation is mostly taken from Fiihr [33]. The main result of this section
is the Plancherel Theorem. The version for unimodular groups and its proof can be
found in Dixmier [2I, Chp. 18]. The Plancherel Theorem for nonunimodular groups is
taken from Tatsuuma [58] and Duflo and Moore [25].

2.3.1 Von Neumann algebras

There are several types of algebras which play an important role in representation

theory. One of them are von Neumann algebras.
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Definition 2.47. A *-algebra is a C-algebra endowed with a involution. That is a

map a — a* satisfying
(a+b)*=a"+0b", (Aa)* = Aa*, (ab)* =b*a™, (a*)" = a,

foralla,be A, A € C.
A von Neumann algebra is a *-subalgebra of the bounded linear operators B(H) on

some Hilbert space H which contains 1y and is closed in the weak operator topology.

Von Neumann algebras often appear as commutants or bicommutants. Let H be a
Hilbert space and let S C B(#) be a subset. The commutant of S is the set

S' ={T € B(H) | ST = TS}.

Correspondingly, the bicommutant S” of S is the commutant of the commutant of
S, ie., S = (8'). If S is closed under conjugation, i.e., S* = S, then it is an easy
exercise to prove that S’ and S” are von Neumann algebras.

Commutants or bicommutants not only give easy examples of von Neumann algebras.
Via the famous von Neumann Density Theorem they provide a tool to verify that a

given algebra is a von Neumann algebra.

Theorem 2.48 (Von Neumann Density Theorem). Let H be a Hilbert space and let A
be a *-subalgebra of B(H) containing Ly.

Then, the following are equivalent.
e A is a von Neumann algebra.
e A is closed in the strong operator topology.
o A satisfies A= A".
The center of a von Neumann algebra A is the commutative von Neumann algebra
Z(A)=AnA =ANnA"

Commutative von Neumann algebras admit a spectral decomposition (cf. Dixmier [22),
1.7.3 Thm. 1]).

Theorem 2.49. Let H be a separable Hilbert space and let A C B(H) be a commutative
von Neumann algebra. Then there exists a standard Borel space M and a projection-

valued measure P such that the map

£ [ fm)apm)

defines an isometric isomorphism from L (M, u) to A.
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The connection between von Neumann algebras and representation theory can be illus-

trated as follows.

Proposition 2.50. Let (m,H) be a representation of a second countable locally compact
group G on a separable Hilbert space H. Then Z(mw) = C(m)NC(n) = n(G) N7 (G)" is
a commutative von Neumann algebra.

Let P be the projection-valued measure on the standard Borel space M associated to
Z(m) as in Thm. [2.49 For any measurable subset E C M, Py = P(E) is an orthog-
onal projection onto a closed subspace of Hp = Pr(H) C H. In particular, if Hg is

nontrivial, then (ng, HEg) defined by mp(a) = Pr(a)P* is a subrepresentation of m.
From Schur’s Lemma it follows that, for every irreducible representation (o,H) of a
second countable locally compact group G, the algebra Z(o) has the form

Z(0)=C- 1y.

Therefore, M only consists of one point. In fact, this is what we would expect from
Prop. as o has no subrepresentations. The converse is not true. For d € N =

NU {oo} let Hg be the separable Hilbert space of dimension d. To be more precise, we

say that
Hq = C? for d € N, (2.11)
Hoo = I*(N) = {(an)nen € CV| Y Jan|* < 0o} (2.12)
neN
For any representation (7, H) let
d-H=HHg, d-m=1mQ®1y

be the multiple of H and .
Proposition 2.51. Let 7 be a representation of G and d € N. Then Z(n) = Z(d - 7).
This is because

Cd-m)={S®T|Sel(r),TecB(H)},
Cld-m)={S®1;|SeC(r)}.

From Prop. it follows that, if o is irreducible, then Z(d-o) = C- 144 even though
d - 0 is not irreducible. So in some sense Z has information about subrepresentations

of a representation 7w but it does not count multiplicity.

Definition 2.52. Let G be a locally compact group. A representation (w,H) of G is

called a factor representation (or primary representation) if

7(G) N7(G) =C-14.
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Factor representations are those for which the measure space M consists only of one

point.
Definition 2.53.

e Two representations w1 and mwo are disjoint if they have no nontrivial common

subrepresentation.

e Two representations w and wo are quasi-equivalent if there exists no subrepre-
sentation p1 < m such that C(p1,m2) = 0, and no subrepresentation py < my such
that C(p2,m1) = 0.

In that case we write w1 = mo.
Proposition 2.54. Two factor representations are either quasi-equivalent or disjoint.

One might expect or at least hope that a representation is a factor representation if
and only if it is a multiple of an irreducible representation. Unfortunately, this is not

always the case.

Definition 2.55. A factor representation which is quasi-equivalent to an irreducible
representation is called a factor representation of type I. If every factor represen-

tation is type I then G is called type I.

Example 2.56. Abelian locally compact groups and compact groups are type I. More-
over, connected nilpotent, exponential, and semisimple Lie groups are type 1. (See Fiihr
[35, p. 72] for references.)

The Mautner group is a famous example of a solvable Lie group which is not type I

(See Baggett [10] for details of its representation theory.)

The representation theory of groups of type I enjoys the pleasant features known from
abelian locally compact groups and compact groups. For instance, every representation
can be uniquely decomposed (in a generalized sense) into irreducible ones. For non-type
I groups this is, in general, not true. In that case, to get similar results, one has to

restrict attention to type I representations.

Definition 2.57. A representation 7 is called multiplicity-free if C(w) is commuta-

tive. 7 is called type I if it is quasi-equivalent to a multiplicity-free representation.

2.3.2 Direct integral of Hilbert spaces

Let M be a measurable space and let {H,}mens be a family of nonzero separable

Hilbert spaces. Denote the scalar product and norm of H,, by (-,-), and | - ||m,

m

respectively. The vector fields f € [],,caps Hm are considered as functions mapping
m € M to f(m) € Hp,.
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Suppose there exists a countable set {v;};cn such that
o the functions m — (v;(m), vg(m)), are measurable for all j, k,
o and {vj(m)}jen is total in H,, for all m € M.

Then ({Hm }men, {vj}jen) is called a measurable field of Hilbert spaces. A vector
field f is called measurable if m — (vj(m), f(m)), is measurable for all j € N. The
set of measurable vector fields forms a vector space over the complex numbers.

Even if the family {v;};en is chosen very complicated, there exists a family {e;};en

which has a particularly easy form and defines the same measurable structure.
Proposition 2.58. Let ({Hm}men, {vj}jen) be a measurable field of Hilbert spaces.

e There exist measurable vector fields {e;}jen such that

{ej(m)}j=1,...dim#om
is a complete orthonormal system and ej(m) =0 for j > dimH,,.

e {vj}jen and {e;}jen define the same measurable structure on {Hm}men in
the sense that a vector field f is measurable (with respect to {v;};jen) if and only
if m— (ej(m), f(m))m is measurable for all j € N.

e If f,g are measurable vector fields then m — (f(m), g(m)).  is measurable.

m

This result basically follows from the fact that pointwise orthogonalization by the Gram-
Schmidt process can be realized without affecting measurability. A detailed proof can
be found in Folland [31], Prop. 7.19].

Given a measurable field of Hilbert spaces ({Hm }men, {vj}jen) and a o-finite measure
won M the direct integral of the Hilbert spaces H,,, m € M, denoted by

/5 Hon dps(m),

is the set of all measurable vector fields f satisfying

I£11* = /M 1£ (m)II7, dpu(m) < oo, (2.13)

where two measurable vector fields f, g are identified if || f — g|| = 0.

Proposition 2.59. fﬁ; Hy dp(m) is a Hilbert space with respect to the scalar product

(9= [ (s m),glm),, du(m)

forall f,g € fﬁ; Hop dp(m).
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For sure, the space [y H d(m) depends on the choice of {v;};en and one can easily
find another family {w;};cn which defines a different measurable structure. For in-
stance, by changing {v;};en on a subset of M which is not measurable. However, it
can be shown that there exists a unitary isomorphism between the two Hilbert spaces
obtained from {v;};en and {w;};en which respects the direct integral structure. (For
details see Folland [31, Chp. 7.4].) In that sense, it is not important which measurable
structure is used to construct the direct integral of Hilbert spaces. Hence, they are
often used without mentioning a measurable structure.

Next, we focus on operators on [y H,, du(m). A field of operators {T(m)}mens is
called measurable if {T'(m)f(m)}mnen is measurable for all measurable vector fields

f- Measurability can also be characterized as follows.

Proposition 2.60. A field of operators {T'(m)}menr is measurable if and only if m
(vj(m), T(m)vg(m))m is measurable for all j,k € N.

Let p be a o-finite measure on M and let T' = {T'(m)}men be a measurable field of

operators. T is called essentially bounded (i.e., up to null sets) if
[Toc = ess sup [[T'(m)]op < o0,
meM
where || - ||op is the operator norm.

Proposition 2.61. Let T = {T'(m)}men be an essentially bounded measurable field of
operators. The operator [ T(m)du(m) on [y Hm du(m) defined by

(" 7m autm) £ ) 6m) = T} o)

is bounded and Hff; T(m) du(m)H = |7 co-

op
If Ty = {Th(m) }mem and Ty = {To(m)}mens are essentially bounded measurable fields
of operators such that [ Ti(m)du(m) = [ Ta(m)du(m) then Ti(m) = To(m) u-

almost everywhere.

The operator [y T'(m)dpu(m) is called the direct integral of the field of operators 7.

The space of all integral operators is denoted by
5 ®
BE(M,p) = [ B(Hm) du(m)

and forms a von Neumann algebra contained in B ( [ Hm d,u(m)). Its commutant

B®(M, u)' consists of all diagonal operators, i.e., the operators

[ ) dum) € B2
M
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of the form
T(m) =t(m) - 1y, almost everywhere,

for some essentially bounded measurable function ¢t € L (M, p).
For a Hilbert space H, let Bi(#) be the space of trace-class operators and let Ba(H)
be the space of Hilbert-Schmidt operators on H. Denote by

B (M, p) € B(M, )

the Banach space of all direct integrals T' = [,; T'(m) du(m) € B®(M, u) with T(m) €

Bi(H,,) almost everywhere and

Tl 5= [ AT ) o da(m) < .
where || - |lm,1 denotes the trace-norm of Bi(H,,). Likewise, let
B3 (M, ) € B®(M, )

be the direct integral of the Hilbert spaces {Ba(Hm)}menr- That is the Hilbert space of
all operators T = [ T'(m) du(m) € B®(M, p) with T(m) € Ba(H,n) almost everywhere
satisfying

715 = [ 1T, dpm) < oo,

where || - ||;,,2 denotes the Hilbert-Schmidt-norm of Ba(Hy,).
Let G be a second countable locally compact group and let {(m,,, Hm) bmenr be a family
of representations. If for all a € G the fields of operators {m,,(a)}merr are measurable,

then {(mm, Hm) }men is called a measurable field of representations. In that case,

[ 7 dpu(m) given by
([ mmantm)) @ = [ mnla) autm)

defines a unitary representation of G' on [y H,, dp(m). The representation

[ datom)

is called the direct integral of the representations {7, }menr-

2.3.3 Decomposition of representations

The results of Chp. [2.3.1]and Chp. [2.3:2] can be used to decompose a representation as

a direct integral.
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Theorem 2.62. Let G be a second countable locally compact group, ™ a unitary rep-
resentation of G on a separable Hilbert space H, and B a commutative von Neumann
subalgebra of C(m).

There exists a standard Borel space M, a measurable field {H, }mens of Hilbert spaces,
a measurable field {mm}tmen of representations of G, and a unitary map U: H —
[5 Hm dp(m), such that

e Un(a)U™! = [ mm(a)du(m) for alla € G
e and UBU! is the algebra of diagonal operators on ffj Hpn dp(m).

With some extra work Thm. [2.62] can be refined to construct a decomposition into
factor representations.

For d € N, let Hg be the Hilbert space of dimension d defined in eq. (2.11)) and (2.12))
in Chp. Furthermore, let Rep,(G) be the space of all representations of G on the

Hilbert space H4 endowed with the coarsest o-algebra making all functions

7= (f,m(a)g), fora € G, f,g € Ha,

measurable. Let
Rep(G) = | Repy(G)
deN
be the space of all representations of G. A subset E C Rep(G) is measurable if E N
Repy(G) is measurable for all d € N. The set of all factor representations Fac(G) and

the set of all irreducible representations Irr(G) are measurable and the inclusions
Irr(G) — Fac(G) — Rep(G)

are measurable maps (see Dixmier |21} 16.6.1]). The dual G and the quasi-dual G of
G are the spaces

G = Irr(G)/N G = Fac(G)/N
endowed with quotient measurable structure, which is called the Mackey Borel struc-
ture. Clearly, the inclusion G < G is measurable. If G is type I, then all factor
representations are multiples of irreducible representations and G = G. The Mackey
Borel structure separates points, i.e., the sets {[o]} are measurable for all [¢] € G. In

general, G and G are not standard Borel spaces. However, the measures which appear

in this thesis will be of the following class.

Definition 2.63. Let M be a measurable space and p a measure on M. Then i is
called a standard measure if there exists a measurable subset X C M such that X 1is
a standard Borel space and p(M \ X) = 0.

Now, we are prepared to formulate the following theorem.
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Theorem 2.64. Let G be a second countable locally compact group and m a represen-
tation of G on a separable Hilbert space.

There exists a standard measure p on G, a measurable field of Hilbert spaces {’Hp}peé,
a measurable field of representations {ﬂ'p}peé on {Hp}peé with m, € p for p-almost

every p € G, and a unitary map U: H — fée Hpydu(p), such that
e Ur(a)U ! = fé? mp(a) du(p) for alla € G

e and the center UZ(m)U ™! = Z(UC(m)U1) of UC(7)U~! is the algebra of diag-
onal operators on fée Hpdp(p).

If @ and {m,}

equivalent to 77;, for p-almost every p.

& also have these properties, then p is equivalent to poand m, s

The decomposition in Thm. [2.64]is called central decomposition of 7. The measure
i is referred to as the central measure of 7.
If 7 is a representation of type I, then y is supported on G, i.e., u(é \ @) = 0. In that

case, almost all 7, are of the form m(p) - Ho,, where o, € p is irreducible, and

1= [ ma(p) - Ho, dutp), 7= [ o) oy di(e).

The map m,: G — N is measurable and counts the multiplicity of an irreducible
representation in 7. It is defined up to null sets.
The central decomposition provides a useful tool to characterize the relation of repre-

sentations.

Theorem 2.65. Let w1, mo be two representations of G and let

D

T g[ m1p dpa(p),
G
D

ng/é mo,p dpa(p)

be their central decomposition.

o T is quasi-equivalent to a subrepresentation of wo if and only if py is absolutely

continuous with respect to pis.
e w1 and m are disjoint if and only if p1 and po are mutually singular.
If both representations are type I, then one can give an even more precise statement.

Theorem 2.66. Let m, mo be two type I representations of G and let

D
m = /G M, () - op dpa(p),

D
Ty = /G Moy (P) - 0p dpa2(p)
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be their central decomposition. Then, w1 is a subrepresentation of wo if and only if u

is absolutely continuous with respect to p and

My (P) < My (D)

almost everywhere.

2.3.4 Plancherel decomposition

For the left regular representation Thm. [2.64] takes a particular form, which is known as
the Plancherel decomposition. Recall that the left regular representation (\g, L?(G))
and the right regular representation (pg, L?(G)) of G, and the two-sided representation
(¢, L*(@)) of G x G are given by

for f € L%(G).
Let f € LY(G) and let (7,H) a representation of G. Then there exists a bounded
operator, denoted by 7(f) which satisfies

(v, 7(f)w) = /Gf(a) (v, 7(a)w) da Vo, w € H.

The integral

w0 = [ (@) da

is said to be weakly convergent.

If \¢ is type I, then pg, 7 are type I, as well. Moreover, 7¢ is multiplicity-free. (See
Duflo and Moore [25, Chp. 5] for references.) If G is unimodular, then the central de-
composition of 7 yields the following result, which is known as the Plancherel Theorem

for unimodular group.

Theorem 2.67 (Plancherel Theorem (unimodular case)). Let G be a unimodular,
second countable, locally compact group and suppose that Ag is type I. Then there

exists a unique measure ug on G such that

e for pg-almost all o € G and for all ¢ € C.(G) the operator o(p) is a Hilbert-
Schmidt operator ¢(o): He — Ho,

N

e the map ¢ > ¢ extends to a unitary isomorphism L*(G) — BY(G) that inter-

twines the two-sided regular representation g and fé? oc®adug(o).



2.3. The dual and the quasi-dual of a locally compact group 45

Here, we use the convention that for any class p € G we fixed an irreducible represen-

tative (0, H,) € p and use the shorthand notation

52
[ o®odug(o)
G

instead of
@
/ op ® Ty dpc(p)
G
with o, € p. Recall that BS(G) is a direct integral of Hilbert spaces

B3 (G)

R ®
B2(G, pc) = /G Bo(Hy) dpci (o).

Since the tensor product H, ® H, is nothing but Ba(H,), the representation o ® & acts
on Bz(H,) by

[0(b) ® o(c)]T = o(b)To(c)*, Vb,ce G, T € Bo(Hy).

In the nonunimodular case, we have (7(b,c)¢)(a) = Ag(c)/?¢(b'ac) and, therefore
o(7(b,¢)p) = A(e)20(b)o(p)o(c)*. Due to the factor Ag(c)'/?, the map ¢ — (o —
o(p)) has no chance to extend to an intertwiner between 7 and c®a. (In fact, o(¢) even
does not necessarily define a Hilbert-Schmidt operator.) To solve this problem one in-
troduces an operator Dy : H, — H, with the property that o(¢)Dy = Ag(c)/?Dyo(c)

in order to obtain
(7(b,¢)p) Dy = A(c) a(b)o(¢)o(c)* Dy = a(b)o () Doo(c)".

In [25] Duflo and Moore showed that these operators exist and they gave a precise

description.

Lemma 2.68. Let H < ker(Aqg) and assume that (m,H) is a unitary representation
of G induced from H (see Variant 1 in Chp. . Then,

(Drf)(a) = Ac(a)'/f(a)

defines an operator H — H. It is a densely defined, selfadjoint, positive operator with

a densely defined inverse, and satisfies the relation
7(a)* Dpm(a) = Ag(a)'?Dy.

Together with Lem. 2:68] the Plancherel Theorem in the general case can be formulated

as follows.



46 Basics

Theorem 2.69 (Plancherel Theorem (general case)). Let G be a second countable
locally compact group and suppose that Ag is type I. Then, there exists a unique measure

wa on G such that
o p-almost all o € G are induced from a representation of ker Ag,

e for p-almost all ™ and for all ¢ € C.(G) the operator o(v)D, extends to a
Hilbert-Schmidt operator $(o): He — He,

e and the map ¢ v ¢ extends to a unitary isomorphism P: L*(G) — BSG(G) that

intertwines the two-sided regular representation T and fé? o®odu(o).

The measure pg is called the Plancherel measure and the isometric isomorphism
P: L*(G) — BY (@) is called Plancherel transformation. The Plancherel transform
of a functions f € L?(G) is denoted by

P(f)=f.

For f,g € L*(G), the formula

(t.9) = [ F@g(a)da = | Teolf(0)3(0)] dnc(o) (214)

is called Plancherel formula.
If G is unimodular, then D, is (a multiple of) the identity operator. If G is nonuni-
modular, then D, is an unbounded operator as Ag is unbounded. In particular, we

get the following result.

Corollary 2.70. If G is nonunimodular, then pg-almost all irreducible representa-
tions of G are infinite-dimensional. Moreover, the multiplicity my,(c) of almost all

irreducible representations o in the left reqular representation Ag is oco.

Let f € LY(G) N L*(G), g € L*(G) and suppose that §(o)D, € Bi(H,) almost every-

where. Then, the Plancherel transformation P can be written as
P()(e) = flo) = | [ s(@ota)dal D, (215)
and Plancherel inversion P~! can be written as
P@)(a) = [ Tralg(o)Dooa)] dpc(). (2.16)

Eq. (2.15)) follows by definition and eq. (2.16) follows from the Plancherel formula

eq. (2.14).
Another consequence of Thm. is that the von Neumann algebra C(A¢) is isomorphic
to B®(G). In particular, it has the following form.
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Theorem 2.71. With the assumptions of Thm. for all T € C(\g) there exists a
direct integral operator [z T(0)dug(o) € BE(G) such that

The map C(Ag) — B®(G) is an isometric isomorphism.

2.3.5 Remarks on the Plancherel Theorem

On the one hand, in [33, Thm. 3.48] Fiihr requires that G and N = ker A are type I

and N is regularly embedded in the following sense.

Definition 2.72. Let G be a locally compact group and suppose that G is second count-
able. Let N be closed normal subgroup of G.

o Let o be an irreducible representation of N and let a € G. Then a.o, given by
a.0(n) = o(a"'na) Vn € N,

defines an irreducible representation of N. The map G X N = N, (a,0) — a.o,

defines an action of G on N.

. N/G is pn-standard if there exists a conull G-invariant subset X C N such
that X/G endowed with quotient measurable structure is standard. (un is the

Plancherel measure of N.)

e G acts reqularly on N if there exists a conull G-invariant subset X C N and a
countable collection {Ep}nen of G-invariant measurable subsets of N such that

every orbit © in N satisfies
O=({E.|n€eN,OCE,}.

In that case N is said to be reqularly embedded.

On the other hand, Folland requires in [31] only that N = ker A is type I and regularly
embedded in G.

In [25, Thm. 5] Duflo and Moore showed that it is sufficient that Ag is type I. (To be
more precise, they showed the Plancherel Theorem for the type I part of Ag.) The

relation to the statements given by Fiihr and Folland comes from the following results.

Theorem 2.73. Let G be a locally compact group and suppose that G is second count-

able and nonunimodular. Let N = ker Ag. Then the following are equivalent.
(i) A\ is type I and N /G is vy-standard.
(i) Ay is type I and G acts vy -reqularly on N.

(iii) Ag 1is type L
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Proof.

o The implication (i) = (i) follows as standard Borel spaces are countably sepa-

rated.
e (1) = (791) was shown by Tatsuuma in [58, Thm. 5.1].
o (7i1) = (i) is Cor. 1 of Thm. 6 [25] by Duflo and Moore. O

Corollary 2.74. Let G be a locally compact group and suppose that G is second count-
able and nonunimodular. Let N = ker Ag.

FEach of the following conditions is sufficient for g to be type I.
e G is type L
e N is type I and N/G is standard.
o N is type I and G acts regularly on N.

In particular, if one of those conditions is fulfilled then the Plancherel Theorem can be

applied.

However, Thm. only applies to ker(Ag) and not to general normal closed sub-
groups. If G is type I then a closed normal subgroup of G' need not necessarily be
regularly embedded as Auslander and Moore showed in a counterexample represented
in [9, Sec. IIL.5].

2.4 Contractions of Lie algebras, Lie groups, and repre-

sentation

The concept of contraction comes from physics and goes back to Segal [57] and In-
oni and Wigner [42]. The motivation is that it should be possible to recover classical
physics from advanced theories (quantum physics and general relativity) in the so-
called classical limit. In that sense physicists want to obtain the Galilei group, which
is the symmetry group of classical mechanics, as a limit of the Poincaré group, which is
the symmetry group of relativistic mechanics. Furthermore, the Schrodinger represen-
tations, describing quantum mechanics, should be the classical (nonrelativistic) limit
of representations of the Poincaré group, which describe relativistic quantum mechan-
ics. In [42] In6nii and Wigner give a suitable construction to understand this kind of
limit of groups and their representations. In [23] and [24] Dooley and Rice formulated
contraction in a rigorous way.

During the last decade the notion of group contractions developed and many authors
worked on that field. The following is an excerpt of the overview article [I8] by Cahen.

Let G, G be two real Lie groups of the same dimension n and denote their Lie algebras
by (ga ['7 ])7 (907 ['7 ]0)
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Definition 2.75.

o A (Lie algebra) contraction of g to go is a family of linear isomorphisms (¢;)re(0,1)

from go to g such that

lim ¢, ! ([¢;(X), e (Y)]) = [X, Yo, VX,Y € go.

r—0

o A (Lie group) contraction of G to Gy is a family of smooth maps (C)c(0,1) from
an open neighborhood V' of the identity element ey € Gy to G such that
(i) Cr(eo) = e for every r € (0,1];
(i) There exists an open neighborhood W C G of e such that C, is a diffeomor-
phism from C,-Y(W?) to W? for all r € (0,1];
(iii) for each x € V there exists an 1y € (0,1] such that Cr(x) € W for allr < rs;
(iv) and for all z,y € V,

lim C7H(Cr(2)Cr(y)) = zy.

r—0

From the definition of the Lie group contraction it follows that the existence of a
contraction is a local property and it does not depend on the global structure of G and
Go. Hence, it is not very surprising that there is a close relation between Lie group

contractions and the contraction of their Lie algebras.
Lemma 2.76.

o If (Cr)re(o,) 78 a contraction of G to Go then (dC;).¢(o,1) s contraction of g to
go-

e If(¢r)re(0,1) is contraction of g to go and the family (||cr|lop)re(o,1) 95 bounded then
(CT)TE(O,l] defined by

Cy = expg oc, © expéé

is a contraction of G to Gy.

Given a contraction (C.),c(,1) of G to G one can study the relationship between

representations of G and Gy.

Definition 2.77. Let (w,H) be a representation of Go. A family ((mp, Hn))nen of
representations of G contracts to w if there exists a sequence r(n) € (0,1] converging to

0, a family of unitary operators A, : H, — H, and a dense subspace D C H such that

(i) for each f € D there exists ny € N such that for alln > nyg, f € A,(Hn);

(ii) and for all f € D and x €'V,

lim || Ap i (Criny (2)) A f = 7(2) fll3 = 0.

n—oo
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A special case of the contraction procedure defined in Def. [2.75]is the contraction along
a subalgebra or subgroup, respectively (cf. Antoine and Vandergheynst [6]). Let G be
a connected Lie group, H < G a closed subgroup, and denote their Lie algebras by g
and h. Then b is a linear subspace of g and there exists a complementary vector space
v C g such that g =v® bh. For X € g write X = X, + Xy, where X, € v and Xy € b.
The linear maps ¢,: g — g, r € (0, 1],

define a contraction of g to gg, where go = v @ b, defined as a vector space, with the
Lie bracket

[Xo + Xy, Yo + YoJo = ([Xp, Yol + [Xo, Yo])o + [Xp, Yy, (2.18)

where X,,Y; € v, Xy, Yy € b. As can be seen from eq. v is an abelian subalgebra
of gg and b acts on v. Hence, gg is semidirect product of the form gg =t x b.

The simply connected, connected Lie group corresponding to v is (V,+) = (v,+). The
action of h on v can be lifted to an action of H on v and by identifying v with V' (via
the exponential map expy, : b — V') the latter induces an action of H on V. Therefore,
it seems natural to set Gp =V x H and indeed the maps C,: Gy — G, r € (0,1],

Cy(expy (Xyp), h) = expa(rXy)h, expy (Xy) €V, h € H, (2.19)

define a contraction of G to Gj.

Definition 2.78. Let G be a connected Lie group and H a closed subgroup. Denote
their Lie algebras by g and by. Let v be the linear complement of b in g and consider v

as an abelian Lie algebra with simply connected, connected abelian Lie group V.

e The contraction of g along b is the Lie algebra

go=0vxh

with the Lie bracket given by eq. , together with the family of maps (¢, : go —
O)re(o) defined by cq. (ET7).

e The contraction of G along H is the Lie group

G():VXH

together with the family of maps (Cr: Go — G),¢(0,1) defined by eq. .

Here, it becomes apparent why the construction is called contraction. When r goes to
0 the elements of v or, to be more precise, the corresponding structure constants of g,

are contracted and shrink to 0.
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Continuous wavelet transformations and admissibility conditions

The aim of this chapter is to give an overview over the different approaches to (gen-
eralized) continuous wavelet transformations. This includes a collection of different
constructions as well as a systematic analysis with group-theoretical methods. These

constructions will be used as a starting point for new approaches.

3.1 Continuous wavelet transformations and generaliza-

tions

Motivated by the wide field of applications, there is a large number of constructions
which were developed to extend the continuous wavelet transformation. In the fol-
lowing, we select the most important constructions. The approaches which will be
presented within this section are just a small compilation. A more complete list of

references can be found in the textbook [3] by Ali, Antoine, and Gazeau.

3.1.1 Classical continuous wavelet transformation

From Fourier analysis it is known that any function f € L?(R) can be written in terms
of plane waves y(z) = e—2mkr  Tikewise, one can ask whether it is possible to express
f in terms of waves which are similar to a given localized wavelet 1) € L?(R), i.e., by
functions vy, , € L*(R) of the form

Ypa(z) = la] 79 (a" (@ — b))

for a,b € R, a # 0. The parameter a describes the dilation of 1) whereas the parameter

b describes the translation. The factor |a\7% makes sure that ||1pq]l2 = ||2]|2.

The answer to that question is positive. For suitable functions 1 € L?(R) one can show
that the map

Vy: L*(R) = L*(R x R, |a|7? dbda), Vi f(b,a) = ($pa, f),
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is an isometry. Its adjoint V] : L*(R x Ry, la| 72 dbda) — L*(R),

ViF = Vpa - F(b,a) |a|~? dbda,
RxR=0

converging in the weak sense, is surjective and yields the decomposition

f= Voo - Vpf(bya) la] 2dbda.
RXR;EO

The transformation V;; is known as the (classical) continuous wavelet transformation.

It is due to Grossmann, Morlet and Paul [39] who noticed (based on the survey by
Aslaksen and Klauder [7]) that the classical continuous wavelet transformation is deeply

connected to the affine group G.g(R) of the real line, which is given by
Gar(R) =R xRy = {(b,a) | a € Ry, b € R}.
Its group law and inversion are given by
(b,a)(b',a’) = (ab/ + b,ad’), (b,a)' = (=a"'b,a™Y)
for (b,a),(b',d') € Gag(R). As the left and right Haar measure have the form
d(b,a) = |a| "2 da db, d(b,a)"! = |a| ' dadb,

where da, db denotes the Lebesgue measure on R,y C R and R, it is a nonunimodular

group with modular function A(b,a) = |a|. Its action on R, given by
(bya)r =ax+b for (b,a) € Gag(R),z € R,

induces a unitary representation m of Gug(R) on the Hilbert space L?(R), which has

the form

[7(b,a) f)(z) = lal "2 f(a™ (@ — b)) = fra(@).
The coeflicient functions of 7 have the form
Cra(bua) i= (w(b.a)f.g) = [ |a| 4Tl @ =B)g(a) do = (1 +)(b).
where fF € L%(R) is given by

fi(a) = a7 f(—a Tx)
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and the convolution f * g is defined by
(F+9)@) = [ fla- (31)

whenever the integral in eq. (3.1)) is well-defined.

Recall that the Plancherel transform of function f € L'(R) N L?(R) has the form
_ / F(z) 7 vk € R.
R

Using this convention the Plancherel formula and the Plancherel transform of a convo-

lution are given by

1718 = 171 = [ 17 k)P a and Fro=f

Suppose that Crg € L?*(Gag(R)). Then the functions b — Crg(b,a) are in L*(R) for

almost all a # 0 and we can verify that their Plancherel transforms have the form

— A

T v a(k) = Fr(R)a(k) = lal?

)

(ak)g(k),

where f , :’1" , g are the Plancherel transforms of f, fr, g. By applying the Plancherel

Theorem for R we get
Crall3 = [ [ lal\(f: + 9) ) dac
R JR

= [ [ lal 2T < g(0) P dadk
Ro
= [ [ lal ™ Fak)3(k) dadk
R
= [ ]tk F@k)g () k] dadk
R#O

—/ /m Y F(Da(k) 2 di dk
Rso

f
gl [ 3” al. (32)
Ro ‘ ‘
Since by assumption C}g is in L?(Gag(R)), it follows that the function f satisfies
e
/ FOF 4 < . (3.3)
R0 |l|

On the other hand, if we assume that f satisfies ineq. (3.3) then we get

P
lolg- [ R di= eyl
R0 |
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by a calculation analogous to eq. (3.2]).

Remark 3.1. Note that the crucial part in either direction is that for f,g € L*(R) the
convolution f g is in L*(R) if and only if the product fg is in L?(R), and in that case

we have

The proof is not very hard. Since f * g can be considered as a tempered distribution
(f xg € S'(R)) one can compute the Fourier transform Fs/(f * g) in the distributional

sense and show that

Fs/(f *g) = fg.

As the Fourier transform of a Schwartz function coincides with its Plancherel transform
and the Schwartz functions form a dense subspace of L*(R) it follows by duality that
the distributional Fourier transform Fs/(u) of a function u € L*(R) coincides with
its Plancherel transform 4 (see Lem. . Therefore, f* g € L*(R) if and only if
fg € LA(R) and

—

[+xg=Fs(f*g)
in that case.

In summary, it follows that the (possibly unbounded) operator V: L?(R) — L?*(G#(R)),
Vig = Cyg is an isometry if and only if f satisfies

N 2
/}Ri0 ‘f’(;’” dl=1 (3.4)

Eq. is called Calderén condition and goes back to Calderén [19]. Surely, there
exist functions satisfying this condition.

Motivated by this construction, we say that a unitary representation (7, H) of a locally
group is square-integrabl(ﬂ if there exists a nonzero vector f € H such that the

coefficient functions C;g are square-integrable for all g € H, i.e.,
Crg = (x()f,9) € L*(G) Vg € H,
and the operator
Vi H — L*(G), g+ Cyg,

is an isometry. In that case V; is called a continuous wavelet transformation and

!There are different definitions of square-integrable representations. See rem. for a discussion
on this notion.
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f is called an admissible vector (or an admissible function).

3.1.2 Shearlets and semidirect products

The classical continuous wavelet transformation comes from the affine group of the real
line Gag(R) = R x R which acts on R by translation and dilation. It generalizes in

a straightforward way to the n-dimensional similitude group
SIM(n) = R" x (Rso - SO(n)) = {(v,aA) | v € R", a € R5g, A € SO(n)}

acting on R™ by translation, dilation, and rotation. (For details, see Murenzi [54].)

Another way to generalize the classical continuous wavelet transformation are the (gen-
eralized) shearlet transformations, which are related to groups of the form R™ x H with

H = DS, where D is a group of the form

D=<+ O<a

a57l

with 0 < 6, <--- <1 <1 and S is a closed abelian subgroup of
1 8172 e S1,n

sij€Rfor1<i<j<n

Spn—1,n

D corresponds to (anisotropic) dilations whereas S corresponds to shearing. (For de-
tails, see Alberti et al. [I], Kutyniok and Labate [48]).

Both classes are examples of groups of the form
G=R"xH={(v,A) |veR" Aec H},
where H is a closed subgroup of Gl(n). G naturally acts on R™ = G/H by
(v,A)x = v+ Az, for z € R",
which induces a unitary representation 7 of G on L?(R") given by
m(v, A)f () := | det(4)| 72 f(A™ (z — ). (3.5)

When studying the square-integrability of 7, the approach is similar for all groups of
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A

the form G = R"™ x H. By using the Fourier transformation L?(R") — L*(R"), f — f,
f(k) = /n F@)e2™ ) qg, for f € LY(R™) N L*(R"),
the representation 7 can be rewritten as
(v, A) f(k) = | det(A)| 220 f(AE)

and the coeflicient functions take the form

Crg(v, A) i=(m(v, A)f,g) = (#(v, A)f,3)

. det(4 )26 20 F(At) g (k) k.

By the Plancherel Theorem the coeflicient functions satisfy

ICralf = [ dA) (. A)f.g) 2= [ dv [ aA]der(a) ! (n(w, A) )
= [k [ aalfanPlgmP,
R™ H

in the extended sense that the left-hand side is finite if and only if the right-hand side
is and in that case they coincide. In order to get |Crgll2 = gl for all g € L*(R™), f
has to satisfy

/dAmm%Wzl (3.6)
H

almost everywhere. A direct consequence is that the stabilizers Hy, = {A € H | Alk =
k} have to be compact for almost every k € R™ as the integrand in eq. (3.6|) is constant

on the cosets modulo Hy.

For the similitude group and the shearlet groups constructed in [I] almost all stabilizers
are indeed compact. Furthermore, in each of the examples there exists a kg € R™ such
that the orbit O, = {A'ko | A € H} C R"™ is open and co-null with respect to
the Lebesgue measure on R™. As a consequence, the respective representation 7 is
irreducible in both cases (cf. Fihr [34, Cor. 21]). Moreover, one can substitute Ak
with A € H for [ € R and write

1—/deN% /dw Q) (3.7)

where § is the corresponding transformation density (Jacobi determinant) for the sub-
stitution Ako — [. The restriction d|o, is continuous (in fact, it is smooth). By
choosing f € L?(R"™) such that supp f is compact and contained in Ok, we can make
sure that 0 < [gn di6(1)|f(1)]? < co. Hence, by normalizing f in a suitable way we
find a function f € L?(R"™) satisfying condition eq. . Therefore, the representa-

tions obtained from the similitude group and the shearlet groups constructed in [I] are
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square-integrable and admit a continuous wavelet transformation.

In the general case of a group of the form G = R” x H the situation is more challenging,
since the orbit space R"/H = {Oy, | k € R™} can be much more complicated. A rigorous
discussion can be found in Fihr [34]. As mentioned above, for square-integrability it
is necessary that for almost all & € R™ (with respect to the Lebesgue measure) the
stabilizers Hy = {A € H | Ak = k} are compact. Fiihr shows that another necessary
condition is that the orbit space R"/H is sufficiently regular (see [34] for details).
Then there exists a measure 7 on R"/H and a measurable cross-section R"/H — R",

O — ko, such that the Lebesgue measure can be decomposed as

/;gxmdk::éWH/;¢@¥m@5@;hﬁdAdymn, Ve € LY(R™),

for some measurable function J: R™ — R>q, which is positive almost everywhere and
depends on H, 7, and the cross-section O + ko. In that case, a function f € L?(R")

is admissible if and only if
| 1fatko)Paa =1 (3.8)
H

for v-almost all O € R"/H. Fiihr shows that for nonunimodular groups a function
satisfying eq. (3.8]) always exists. For unimodular groups, admissible functions exist if
and only if 7(R"/H) < oo.

3.1.3 Windowed Fourier transformation and coherent state transfor-
mation

Another type of generalized continuous wavelet transformations can be constructed

from the Heisenberg-Weyl group, which is given by

W(n)={(g,p,c) | ¢,p € R", c € R},
(¢:p,¢)(d, 7, C’)=(Q+q p+p.c+d+50qp)—{dp))).
(¢,p,0)7" —c),

where (-,-) is the standard scalar product on R™. The Heisenberg-Weyl group is a

nilpotent Lie group with center
={(0,0,¢) [ c € R}

and quotient group
HW(TL)/Z ~ (R2n, _{_).

HW (n) has two classes of irreducible unitary representations: The 1-dimensional rep-
resentations of HW(n)/Z and the infinite-dimensional Schrédinger representations 7y,

for h € R, which are induced from nontrivial characters of Z. They are defined on
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L?(R™) and have the form

Qﬂih(0+%<q,p>*(x,p>)f(

(g, p,c) f(z) =e T —q).

2mihc

Central elements (0,0, ¢) act by multiplication with a scalar e and, in consequence,

the coefficient functions satisfy the relations

Crg(q,p,c) = (mn(q,p,c)f, g) = e 2™ (m1,(q,p,0) f, ),

|Cra(a,p.c)|* =[(mn(a.p.e)f,g) |> = | (mn(q,p,0)f, g) |*-

Since the modulus of coefficient functions is independent of ¢ € Z and Z is not compact,
the representations 7, are not square-integrable. However, (q,p, c) — |Crg(g,p, ¢)|* can
be considered as a function on HW(n)/Z. Then, using the Fourier transformation and

the Plancherel Theorem, it is straightforward to compute

[ da [ dpiCratape) = 1£13l91

Hence, for all functions f € L*(R") with | f||3 = 1, the maps Ay, By: L*(R") —
L2(R2n),

Apg(g,p) = (mn (a0, 3 (@.0) ) f.9) = /Rn dz TP f oz —q)g (),

Bygla.p) = (mn(a.0.0)f.9) = [ dee™™ (@ —Jq)g(a + o).

are isometries.

Ay is called windowed or short-time Fourier transform. Its discrete version plays an
important role in signal and image processing (see for instance the book [I1] by Blanchet
and Charbit). The idea is due to Gabor [36] who considered the case n = 1 and used

l .
a Gaussian function f(z) = (2?“) 1 p2mi(katc) p—ax?
The map By has applications in quantum mechanics. Here, f is usually chosen to be a
Gaussian function,

1
2™ det C 1 arile kY —(x.C
Fz) = (Fn) (2rilak) o —(w.Ca).

as well. Those functions, which play an important role in quantum mechanics, are called

coherent states (cf. [3]) and the map By is also called coherent state transformation.

The construction presented for the Heisenberg-Weyl group can be generalized to other
locally compact groups G. By Schur’s Lemma it is clear that for any irreducible unitary
representation m central elements z € Z(G) are mapped to multiplication operators
7(z) = ™) 1. Hence, the modulus of a coefficient function | (7(z)f,g) | is constant
on cosets modulo Z(G). In order for m to be square-integrable, it is necessary that
Z(@G) is compact. However, as Z(G) is a normal subgroup of G it seems natural to

consider | (m(x)f,g)| as a function on G/Z(G), instead, and say that f is admissible
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(modulo Z(G)) if

f, lmow)f.g) Py = gl Vg € H,
72(G)

for some Borel section o: G/Z(G) — G. In that case, 7 is called square-integrable
modulo Z(G).

In [55], Perelomov goes even a step further. For a given fy € H, let
H={zeqG|3a)eR: n(z)fy = > fy}.

H is the maximal subgroup of G such that | (7(-)f, g) | is constant on cosets modulo H
for all g € H,. If there exists a G-invariant measure v on X = G/H then an irreducible

representation 7 is said to be square-integrable modulo H if
L, lmow)o.g) P dvly) = gl Vg € H.
VH
By the irreducibility of 7 it is sufficient to check that

L 1o for fo) P dvty) = 1ol
“H

In [55], Perelomov studies the existence of admissible vectors in this generalized sense
for different classes of groups, like nilpotent Lie groups and semisimple Lie groups, and

gives sufficient and necessary conditions for many examples.

3.1.4 Coherent states over coadjoint orbits

The notation square-integrability modulo a subgroup led to more generalizations. Prin-
cipally, one could take any subgroup H < G and a suitable Borel section o: G/H — G

and ask for the existence of an element f € H such that
J, Vrlo )1, * s 0) = ol Vg € H. (39)
H

Certainly, in many cases | (m(o(y))f, g) | will not be constant on cosets modulo H and,
therefore, the existence of an f satisfying condition depends on the choice of o.
If such an f exists then 7 is called square-integrable modulo (H, o) (cf. Ali, Antoine,
and Gazeau [3]).

It turns out that finding suitable H and o for a given representation m is a hard task.
One approach comes from geometric quantization or, to be more precise, from Kirillov’s
orbit method. The basic idea of the orbit method is to associate irreducible unitary
representations of a Lie group with its coadjoint orbits (cf. Kirillov [45], [46], Auslander
and Kostant [8]). If for example G is a nilpotent, simply connected, connected Lie group

then there is a one-to-one correspondence between the coadjoint orbits O € g*/ Ad*(G)
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and the irreducible unitary representations n € G of G. Suppose that the orbit O =
G/H is an affine subspace of g*. Then the representation (7o, Ho) corresponding to
O is square-integrable modulo H (cf. Moscovici [53, Thm. 3.1]). Moreover, there exists

a continuous homomorphism «: H — R such that
To(h)f = 2o f

for all h € H and f € Ho (cf. Perelomov [55, Chp. 10]). Indeed, the Heisenberg-Weyl
group HW(n) discussed in Chp. is an example for this.

Unfortunately, in many cases there is no f € H satisfying the assumptions of Perelo-
mov’s construction. Nevertheless, it is possible to find a cross-section o0: G/H = O — G
such that 7o is square-integrable modulo (H, o). For example, in [20] de Bievre studies
irreducible representations of semidirect products G = R x H with H < Gl(n). Given
an irreducible representation 7, the author constructs such a cross-section and shows
that under certain conditions 7 is square-integrable modulo (H, o). De Biévre states
that the construction works for several groups, for example, for the Euclidean group

R™ % SO(n), the Galilei group and the Poincaré group in 1 + 1 dimensions.

3.1.5 Continuous wavelet transformations on manifolds

In [5] and [6], Antoine and Vandergheynst discuss the generalization of the usual con-
tinuous wavelet transformation coming from the similitude group (see Chp. [3.1.2)) to
manifolds like the n-sphere or the two-sheet hyperboloid.

They consider a manifold M together with a group which acts transitively on M and
contains some kind of local dilations. Motivated by Holschneider [40] they want to
construct a continuous wavelet transformation which — in terms of group contractions

(cf. [2.4) — reduces locally to the usual continuous wavelet transformation on R".

In [6] Antoine and Vandergheynst, present an explicit construction for the 2-sphere.
As its symmetry group SO(3) does not contain any local dilations they extend it to
the conformal group and consider SOg(3,1), the connected component of the identity
of SO(3,1). The easiest way to describe the conformal transformations is to represent

the 2-sphere as a subset of the 3-dimensional projective space P(R?*)

I

S2={RrR|" € P(RY)| o] + a3 + 235 = r?

L3

r
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It is the image of the set S = {x € R3 | ||z||> = 1} under the embedding R?® — P(R%),

X

x1

2 | R (3.10)
T3

X

s 1

The group G = PSO(3,1) = SO((3,1) acts on S? by matrix-vector multiplication.
Locally the group SOg(3,1) = PSO(3,1) acts on S? by translation, rotations and
dilation, which can be described as follows. There are two different geometric pictures

we want to use.

0

0

e One is stereographic projection. Let s = R (_1> and write the analogue of the

1
stereographic projection ®: 52\ {s} — R? by

T 4y
2 4
o:R|7| <‘“> : 1. <y1> — R e
x3 3+ 1 \x2 Y2 4 — (yi +v3)
r 44 (yf + v3)

Then it is straightforward to verify that elements D, € PSO(3, 1) of the form

a € Rsg, (3.11)

act on R? by

(I)oDao(I’_lz <y1> —a <y1> .
Y2 Y2

The stereographic projection can be interpreted as a projection of a neighborhood
of s onto the tangent space of S? at s. In that picture the D, € PSO(3,1) can

be interpreted as dilations on a small neighborhood of s.

o The other one is group contraction (see Chp. . The basic idea is to increase the
radius R of the sphere and watch how the group action in a small neighborhood
of some point p € S? changes as R goes to infinity. Speaking in terms of Def.
we are describing the contraction of G = PSO(3,1) along the stabilizer H of p,

where the parameter r = % goes to 0. The subgroup H is isomorphic to

H = R? x (Rsg-SO(2)) = N x (Rsg - SO(2))
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and the contracted group Gy is isomorphic to

Go 2 R?* x (R? x (Rxg - SO(2))) =V x (N x (Rsg - SO(2))).
H acts on V = R? by

(xz,aA)v = aAv, x € N,a€Rsg, A€ SO2),veV.

Therefore, the elements (v, x, aA) of the group Gy = V x H act on V by translation
by v, rotation by A, and dilation by a.

The representation Antoine and Vandergheynst study in [6] is the quasi-regular repre-

sentation 7 on L2(S?). It is given by
T(A)f(w) = MA,w)2 f(A ),  for f € L2(S?), A € PSO(3,1), w € S2,

where

d(A~1w)

AMA,w) = W

is the Radon-Nikodym derivative with respect to the SO(3)-invariant measure on S2.

7 is an irreducible, unitary representation of PSO(3, 1), which is not square-integrable.

Antoine and Vandergheynst show that 7 contracts to the representation my of Gy on
L?(V) given by

mo(v, z,aA) f(w) = a  f(a A (w —v)), (v,z,a4) €V x (N x (Rs0S0(2))).

The kernel of mp is N < Gy and Gy /N is isomorphic to SIM(2). As shown in Chp.
7o is square-integrable with respect to the group SIM(2) and in that sense it is square-
integrable modulo N (with respect to Gg). Therefore, it seems plausible to investigate
whether 7 is square-integrable modulo (N, o) for some Borel section o: G/N — G.
The image of the section o chosen in [6] is X = SO(3) x {D, | a € Rs¢}, which
contains the motions SO(3) on S? (embedded in PSO(3,1) via eq. (3.10)) and the
dilations D, defined by eq. . Antoine and Vandergheynst conjecture that there
is still no function which is admissible in the sense defined in Chp. and say that
a function f € L%*(S?) is a continuous frame modulo (N,o) if there exist constants
0 <m < M < oo such that

da
mllg|3 < / dA — [ (m(ADa) f,9) P < M|jgl13,
SO(3) Rso @

where dA %aa% is the pushforward (with respect to o) of the G-invariant measure on
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G/N. For a continuous frame f the map Vy: L?(S%) — L*(X),
Vi (4, a) = (m(AD.)f,9)

is bounded and V;V;: L?(S?) — L?(S?) has a bounded inverse. However, it is an
isometry only if m and M can be chosen to be equal. In general, T := Vf* Vr will not
be (a multiple of) the identity of L?(S?) and, therefore, the reconstruction formula has
to be corrected by TflVf*: L2(X) — L?(S?),

da

F— dA —
a

F(A,a)T; '7(AD,)f.
SO(3) Rso

In the construction of Antoine and Vandergheynst, the operator Ty turns out to be
SO(3)-invariant. Hence, the continuous wavelet transformation constructed in [6] re-

spects the SO(3)-symmetry of the sphere.

3.1.6 Continuous diffusion wavelet transformations

The definition of a suitable set of dilations is desirable for applications and seems
necessary for the existence of a generalized continuous wavelet transformation. In
contrast to the geometric construction discussed in Chp. [3.1.5]there is another approach
coming from physics or partial differential equations. In [26], Ebert and Wirth construct
a wavelet transformation on (homogeneous spaces of) a compact group G by solving

the diffusion (or heat) equation
Agu(t,a) = Owu(t,a), t€Ryg, a €q,

where A¢ is the Laplace-Beltrami operator. For a given initial condition u(0, a) = ug(a)

the solution of the diffusion equation is
u(t,a) = (ug * k¢)(a), for t > 0,

where k; is the diffusion (or heat) kernel, which can be computed explicitly (cf. [26]).
Moreover, k; is an approximate convolution identity, meaning that for all ¢ € LP(G),
1<p<oo,

prhe g e

in the topology of LP(G). Ebert and Wirth construct a family ¥ = (¢¢)ter., C L*(G)
such that

W * 1y = —Oky,
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where 9} (a) = ¢¢(a~1). Thus, U satisfies
/ W % hsds = ky — lim Ky = Ky — koo
t 55— 00

koo is the (nonzero) constant function satisfying [, kso(a)da = 1. In conclusion for all
f € L*(GQ) with zero-mean ({ks, f) = 0) one can verify that

| LiCos@Paade= [ (7 v s pyde = 1715,
Hence, the map Wy : L3(G) — L*(Rso x G),

W\Ilf(tv (L) = Cd}tf(a)a

where L3(G) = {f € L*(G)| [, f(a) da = 0}, defines an isometry.

For small ¢ the functions k; and 1, are localized at e € G. When ¢ goes to infinity k;
and v¥; melt down and distribute uniformly on G. In that sense changing the parameter
t € Ry describes some kind of dilation.

The key element of the construction of Ebert and Wirth is that the solution of the
diffusion equation can be written in terms of a convolution kernel which is in L!(G). The
reason for this is among others that all irreducible representations are finite dimensional.
In [35], Fihr discusses a similar construction for simply connected, connected nilpotent
Lie groups N. As nilpotent Lie groups, in general, have infinite dimensional irreducible
representations, the solution of the diffusion equation is given by convolution with a
distribution rather than a function. Therefore, Fiihr considers the equation d;u = Qu
with initial condition u(0,-) = ug, where @ is a negative definite self-adjoint operator
Q on L%*(N) which is left-invariant. Under suitable assumptions its solution is given
by convolution with a function k; which is contained in the domain of ). Fiithr shows
that the family (¢)ier., = (26(QFk¢)*)ter., is admissible in the sense that

d
LTI = 1
where
Cr, f(z) = (AN (2)the, [) = 2t(f * Q) ()

and Ay is the left regular representation of N.

3.2 Group-theoretical approach to continuous wavelet

transformations

In the following, we will see a summary of the most important results on continuous

wavelet transformations coming from a systematic, group-theoretical analysis. It is an
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excerpt from the textbook [33] by Fiihr and all facts presented here can be found therein
(if not otherwise stated). To get a better understanding, we will see not only the results
but also their proofs or, at least, a sketch of them. It this way, we can highlight the
technical problems and obstructions and how to solve them. For a rigorous survey and

detailed proofs see [33].

3.2.1 Introduction and definitions

Let G be a locally compact group and let (m,H) be a unitary representation. For
vectors f,g € H, let Crg € Cy(G) be the coefficient function

Crg:a—(n(a)f,g), acd.

To be more precise, Cyg is a coefficient function of the contragredient representation 7
or the complex conjugate of a coefficient function of w. For a fixed ¢ € H, it defines
an operator Cy: H — Cp(G) from H to the continuous bounded functions on G. We
are particularly interested in the case where Cy f € L*(G).

Definition 3.2. Let G be a locally compact group and (7, H) a unitary representation.
Let ¢ € H be a fixed, nonzero vector.

(a) Denote by Vi the possibly unbounded (not even densely defined) operator H —
L%(@G) given by Vyf = Cyf on the domain

dom(Vy) = {f € H | Cyf € LA(G)}.

(b) If Vi is an isometry, then it is called a continuous wavelet transformation.

In that case v is called an admissible vector.

(¢) If a given representation w possesses an admissible vector then m is called square-

integrable.

Remark 3.3. There are different definitions of square-integrable representations. Some
authors say that a unitary representation (m,H) is square-integrable if there erists a
nonzero vector f € H such that Cyf € L*(G) (cf. Wong [59] for instance). In earlier
articles m is said to be square-integrable if w is irreducible and there exists f € H '\ {0}
such that Cyf € L*(G) (cf. Mackey [52]). The latter are nowadays referred to as
discrete series representations.

For irreducible representations all these definitions coincide. Indeed, if w is irreducible
and square-integrable (as in Def. and f € H is an admissible vector then

ICrfllz = Vi fllz = N[ fll < oo

The converse is less obvious and can be found in Wong [59, Thm. 6.1].
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Given an admissible vector v, the continuous wavelet transformation V; is an isometry.
Its adjoint V;: L?(G) — H can be written as

ViF = /G (a) - F(a)da,

which converges in the weak sense. The operator VJ Vi is the identity on H and for all

f € H we get the reconstruction formula
£ = [ 7@y (m(@w. f)da.

Conversely, the operator Vi, V,; is the orthogonal projection from L?(G) onto the image

of V. It is an integral operator given by

[Vy Vi Fl(a) = /G (m(a), 7(b)y) F(b) db, VF € L*(G).

A direct consequence of Def. is the following proposition.

Proposition 3.4. Let (m,H) be a square-integrable representation of G. Then 7 is a

subrepresentation of the left reqular representation Ag.

Proof. Let ¢ € H be admissible. Then, for all f € H and a,b € G,

Vi(n(a) F)() = {m(a™ ), £ ) = Vip f(a7'0) = Par(a) Vi f1(0)-
Hence, V; is an isometric intertwiner. This, 7 is a subrepresentation of Ag. ]

The importance of Prop. lies in the fact that we only have to study square-
integrability for subrepresentations of the left regular representation. In particular,
we can use the Plancherel decomposition for this purpose.

Another result which follows immediately is that subrepresentations of square-integrable

representations are square-integrable.

Proposition 3.5. Let (7, Hr) be a square-integrable representation of G and let (p, H,)

be a subrepresentation of w. Then p is square-integrable.

Proof. Let S: H, — Hr be an isometric intertwiner and let ¢ € H, be admissible for
. Then S*1 is admissible for p, as

Chy f(a) = (p(a)S™0, ), = (S (@), £), = (w(a)b, Sf), = VESF(a),
1C., FI12 = IVESFIZ = 1S = 1112

for all f € H,. O

One may ask whether all subrepresentations of the left regular representation are
square-integrable. By Prop. [3.5] it would be sufficient to show that the regular rep-

resentation is square-integrable. For type I nonunimodular groups this is actually the
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case as we will see in Thm. 3.15] For unimodular groups, however, the left regular

representation is not square-integrable in most cases.

Theorem 3.6. Suppose that G is unimodular. Then its left reqular representation Ag

is square-integrable if and only if G is discrete.

Proof (sketch). If G is discrete, then the Haar measure of {eg} is positive. One can
directly verify that ¢ € L?(Q), defined by

1/]((1) _ {‘{GGH_I, a = eq 7
0, a # eq

is admissible. This is due to Vy, =idp2(g) in that case.
If \g is square-integrable and ¢ € L?(G) is admissible, then by the reconstruction

formula every f € L?(G) can be written as
7= [ Aoy Vif(a)da = Vif 5.

As the convolution of two L2-functions is continuous, it follows that L?(G) C Cy(G).

Therefore, {ec} cannot be a null set. Thus, G is discrete. O

A detailed proof, which provides more information on the last step, can be found in
Fihr [33, Thm. 2.42].

3.2.2 Square-integrability condition

Similarly to the simple example of the group G.g(R) discussed in Chp. the
(generalized) Fourier transformation is the key to the admissibility condition. However,
since the general setup is more complicated, we have to work harder than in the simple
case. The first step is to carefully define the Fourier transform of a coefficient function
of the left regular representation. As before, it will turn out to take a particularly
easy form. Then, we can investigate under which conditions the Fourier transform is
square-integrable. In that case, the Plancherel Theorem makes sure that the coefficient
function is square-integrable, as well. Finally, we study under which assumptions a
given representation has admissible vectors.

From now on suppose that G is a second countable locally compact group and denote
its left regular representation by Ag. If Ag is type I then the Plancherel measure of G is
denoted by ug (cf. Thm. and Thm. and the operators defined in Lem. are
denoted by {D,} .- As discussed in Chp. Fiihr states the Plancherel Theorem
for groups G of type I having the property that the kernel of the modular function
N = ker A¢ is of type I and is regularly embedded in G. Hence, in Fiihr [33] those
conditions appear in the results which are based on the Plancherel decomposition.
However, since the Plancherel Theorem only requires that Ag is type I, the requirements

of the results taken from [33] can be relaxed.
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Let f,g € L*(G) and let Crg € Co(G), Crg(a) = (f,A\a(a)g), be a coefficient function.
In general, Crg will neither be in L'(G) nor in L?(G). Let A(G) be the set of all
such coefficient functions. The space A(G) actually has more structure than one might

expect.

Theorem 3.7. Let G be a second countable locally compact group and let
A(G)={Cyg| f.9 € L*(G)}
and endow A(G) with the norm

[t]l.4 = nf{[| Fll2llgll2 | f.9 € L*(G), t = Cyg}.

A(QG) is closed under pointwise addition, multiplication, and conjugation. Together with

the norm || - || 4, it is a Banach *-algebra.

The algebra A(G) is called the Fourier algebra of G. It was originally invented
to study abelian locally compact groups. In [28], Eymard generalized it to non-
abelian locally compact groups and studied their properties. Thm. [3.7] follows from
[28, Thm. p. 218].

The Fourier algebra can also be defined differently, namely, as the image of the in-
verse Fourier transform. Recall that BY(G) C B®((G) is the space of direct integral
operators [ SB T(o)dug(o) satistfying

1Tl = .
G

where || - ||o,1 is the trace-norm of By (H,). Define F': B2(G) = Co(G) by

T(0) |1 du(0) < oo,

FA D@ = [ Trolo(@)' T (o)) duc(o)
In [33], Fiihr shows that F 4 has the following properties.

Theorem 3.8. Let G be a second countable locally compact group and suppose that Ag
is type I. Then F;'(T) € A(G) for all T € BX(G). Moreover, Fit BX(G) — A(G)

s an isometric isomorphism of Banach spaces.

Proof. Let T = {T(0)},cc € BY(G) and denote t = F1N(T). Let
T(o) = U(0)|T(0)]

be the pointwise polar decomposition of T" and let

A A

U ={U(0)},cq € B(G), T = {|T(0)[}, e € BY(G)
S1 = {U(0)|T(0)[2} o € BY(G), So = {|T(0)|2}, .0 € BY(Q).
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By Lem. the fields of operators U, |T|, Si, and Sy are measurable. If we denote
the inverse Plancherel transforms of S; and Sz by s; = P~1(S1), s2 = P~1(S3), then

Ha) = [ T [1(0)o(@)") duc(o)
= [, TralSi(0)S2(0) 0 (a)" duc (o)

= (Ag(a)s2,s1)
= Cg,s1(a).

Hence, ||t||.a < ||s1l|2]|s2]2 = ||T||1. Therefore, .7-";1 is bounded and ||f;1(T)\\A < |71,
for all T € BY(G).
Let t € A(G). For a given € > 0, let f,g € L*(G) such that t = Cyg and

[tll.a + €= [[fll2llgll2-

Let T = {g(a)f(a)*}aeé and note that ¢t = F;(T) as

FRD) = [ Teola(@)f(0) (@) ) dic(0) = Del@)f.9) = ).

T satisfies the estimate

1Tl = [ Trolla(e)F0)" [ duc (o)
< [ 1a@llell 70)" 2 duc (o)

< lgll2ll fll2
< Itfa+e

The first inequality follows from
Tr[[AB[] = Tr [U"AB] < |[U*All2|| Bl|2 = [|All2[| B|2,

where A, B are Hilbert-Schmidt operators and AB = U|AB| is the polar decomposition
of AB.
Hence, .7-71 is surjective and ||.7-71(T)HA > ||T|1, for all T € BY(G). O

Thm. @ shows that any coefficient function C'tg can be Fourier transformed using F 4.

Corollary 3.9. Let Fa: A — BY(G) be the inverse of Fy'. Then,
Fa(Crg) = 4f* € BY(G),
for all f,g € L*(G).

The following theorem is one of the most important results in [33]. It provides a tool
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to check whether a coefficient function is square-integrable.

Then t € L*(G) if and only if {T(0)D;'}, s € BS (G). In that case, i(0) = T (o) D,

pa-almost everywhere.

Proof (sketch). The first direction is rather easy to prove. For simplicity, denote
{T(0)D;'},c by S = {S(0)},cq- If S € BY(G) then P~Y(S) = s € L*(G). For
all p € Cc(G) we have [ ¢(a)(t(a) — s(a))da = 0 because of

/G o(a)t(a)da = / Tro[T(0)o(#)"] dpuc(o)
G
- /G Tro[T(0)D; "' Dyo () ] dpc(o)
_ /G Tr, [S(0)¢(0)*] duc(o)

= /Gms(a) da.

Hence, s = t almost everywhere. In particular, t € L?(G) and = T(0)D; ! pg-almost
everywhere.

The converse direction is much more involving and very technical. A complete proof of
the theorem can be found in Fiihr [33, Thm. 4.15]. O

Thm. 3.10]is the key to the following result.

Corollary 3.11. For f,g € L*(G) we have Cyg € L*(G) if and only if
{9(0)f(0)" D"} e € BS ().

In that case, its Plancherel transform has the form

almost everywhere.

As described above, we defined the Fourier transform of a coefficient function and
showed that it has the easy form F4(Ctg) = §f* for f,g € L?(G). Moreover, we know
that Crg is square-integrable if and only if [0 — (o) f(0)*D; 1 is. With this knowl-
edge, we can study whether a subrepresentation 7 of the left regular representation
A¢ has admissible vectors. The following proposition helps to understand how 7 is
embedded in Ag.



3.2. Group-theoretical approach to continuous wavelet transformations 71

Proposition 3.12. If (w,H) is a subrepresentation of Ag then there exists a measurable

field of orthogonal projections { P(0)}, ¢ such that
P: L*(G) = H
is the orthogonal projection onto H.

Proof. This result is a direct consequence of Thm. 2.71} Since the orthogonal pro-
jection P: L?(G) — H intertwines the left regular representation A\g, P is contained
in C(Ag). Therefore, there is a measurable field of operators {P(c)} & such that
P = fé? P(0)dug(o). Since P satisfies P = P? = P*, it follow that

almost everywhere. O

With help of Prop. 3.12] we can characterize admissible functions as follows.

Theorem 3.13. Let (m,H) be a subrepresentation of A\g and let P: L*(G) — H be
the orthogonal projection onto the closed subspace H C L?(G). Then the following are

equivalent.
(i) f € H is admissible.
(ii) V{V} = P.
(iii) f(o)*D;2f(0) = P(0) almost everywhere.

Proof. The equivalence (i) < (ii) follows from the definition of admissibility.
If f is admissible and VyV = P, then (i12) follows from Prop. If (737) is fulfilled
then V; is bounded by Cor. and, in particular,

V 2:/
Wyl = |,

implying that f is admissible. This shows that (i) A (i7) = (i1i) = (7). O

()3 duc(o) = llgl3,

(o) f(0) D, B anc(o) = |

In a straightforward way, Thm. [3.13] can be used to characterize square-integrability of

representations of unimodular groups.

Theorem 3.14. Suppose that G is unimodular. Then a subrepresentation m < Ag s

square-integrable if and only if
c= / mx(0) dug(o) < oo, (3.12)
G

where m, (o) = 1kP (o). In that case any admissible vector f has norm || f||% = c.
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Proof. Suppose 7 is square-integrable and f is admissible. Then

1712 = [, Tralf(0)" F@)] dnc(o)
—/ Tro[P(0)] duc (o)
:/ém7r o)dug(o).

In particular [ mx(o)dug(o) < oo.
Now suppose that inequality (3.12]) is fulfilled. Then

/HP )3 duc (o /Tra Ndug(o /m7T Ydug(o) <

Hence P € BY(G) and p = P~'(P) € H as Pp = p. Moreover, V, is an isometry as
Vpg = g for all g € H. Therefore, p is admissible and 7 is square-integrable. O

For nonunimodular groups the situation is more complicated. Because of the presence

of the operators { Dy}, », we have to be more careful.
Theorem 3.15. Suppose that G is nonunimodular. Then Ag is square-integrable.

Proof (sketch). By Thm. we have to show that there is a measurable field
of operators f € BY(G) such that D;'f(0) is an isometry almost everywhere. Let
(én)nen be an orthonormal measurable structure for [ g? Hodpe(o) (cf. Chp. .

Suppose we can find a set of measurable vector fields (v,,)nen such that (D v, (o)) are

orthonormal in H, for almost all ¢ € G and ¥,,cy ||val|? < co. Then f given by
flo) =" va(0) ® en(0)*
has the desired properties as

Floy D2 f(0) = 30 3 (D vn(0), Dy vn) em(0) @ en(0)”

meNneN

= Z en(0) ® en(0)”

neN

= idyy,
almost everywhere, and

||f||2—/ > > (m(0),v(0)) (en(0), em(0)) dug(o)

meNneN

— [ et o)

neN

= lloal®.

neN
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The construction of the family (v,)nen is quite technical and is based on an explicit
sec- The detailed proof can be found in Fiihr [33]
Thm. 4.23]. To get an idea, suppose that u = {u(0)} e is a measurable field of vectors

description of the operators (D)

with [|u(o)|| = 1 and u(o) € dom(D,) almost everywhere. Furthermore, suppose that

o — ||Dyu(o)||? is locally integrable, i.e.,
[ chiare (@) - [1Dpu(@) | duc(o) < .

for all measurable £ C G of finite Plancherel measure, where charg is the characteristic
function of E. For example, u can be a field of vectors coming from the measurable
structure of fé‘? Ho dug (o). In [33], u is chosen such that o + || Dyu(o)||? is a bounded
function.

By using the following trick we can construct a measurable field of vectors v = {v(0)} &
from u = {u(o)}, p satisfying

Ji

almost everywhere. Since G is o-finite, there exists a pairwise disjoint family { E}, }nen of

v(0)]* dpc(o) < oo and 1D; o(o)|* =1

measurable subsets of G having finite Plancherel measure and satisfying G' = Unen En-
As im A is a nontrivial subgroup of Ry and gets arbitrarily close to zero, we can find
elements a, € G, n € N such that

[ har (@) IDou(o) 2 dpo(e) < e

Define v = {v(o)} . by

v(0) = Dyo(an)u(c) = A (an)o(an) Dou(o).

Then, HD;lv(U)H = ||o(ap)u(o)|| =1 and

LIw@IR duc(@) = 3 [ chare, () - Ac(an) - [ Dou(o)|* (o)

neN

<y 27"<lL

neN

With some more effort one can obtain a family (v, ),en having the properties described

above. O

Note that the reason why unimodular and nonunimodular groups behave so differ-
ently comes from the fact that the subgroup im(Ag) < Rsg, and therefore almost all
of the operators D,, is unbounded for nonunimodular groups. That is why we can
find measurable fields of operators {f (0)},ce such that D 1f(0) is an isometry and
{ f (0)},ee € BY (G) For unimodular group, it is, in general, not possible to find
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{f(a)}aeé such that f(o) is an isometry and {f(a)}aeé € BY(Q).

In summary we get the following final result.

Theorem 3.16. Let G be a second countable locally compact group and suppose that
its left reqular representation Ag is type I. Let (w,H) be a unitary representation of G
of type I and let

- /;9 my(o) o dug(o)

be its central decomposition.

If G is unimodular, then 7 is square-integrable if and only if
(i) px is absolutely continuous with respect to the Plancherel measurable ug of G,
(ii) mz(c) < dim(o) for pg-almost all o € G,

(iii) and
/A mx(0) dug(o) < co.
G

If G is nonunimodular, then 7 is square-integrable if and only if
(i) wr is absolutely continuous with respect to the Plancherel measurable pg of G.

Proof. By Thm. condition (i) and (ii) are satisfied if and only if 7 is a subrepre-
sentation of Ag. Since almost all irreducible representations of nonunimodular groups
are infinite-dimensional, condition (ii) is automatically fulfilled for those groups.

Then, the first part of the theorem is Thm. [3.14 The second part follows from

Thm. and Prop. O



CHAPTER 4

New approaches to continuous wavelet transformations

This chapter is the main part of this thesis. Here, we develop new strategies to contin-
uous wavelet transformations. In Chp. we will see that every representation can be
decomposed into a representation which is easy to handle and one which is hard to han-
dle. “Easy to handle” means that it is closely related to the left regular representation
and can be studied using the methods presented in Chp. 3.2} In Chp.[4.2] it is shown
that it is always possible to find a generalized continuous wavelet transformation for
those representations. For representations which turn out to be hard to handle, more
effort is needed to develop generalized continuous wavelet transformations. In Chp.
we will see a construction for induced representations of semidirect products and group
extensions of a Lie group by the real vector space R™. In the last section, in Chp. [.4]
the approach by Antoine and Vandergheynst presented in [5] and [6] is reviewed. The
authors want to construct a generalized continuous wavelet transformation on mani-
folds which is closely related to the classical continuous wavelet transformation and its
multidimensional generalization (cf. Chp. and Chp. [3.1.2)). We will see that the
assumptions made in those articles are too restrictive. Antoine and Vandergheynst use
the quasi left regular representation of the n-sphere to describe their construction and
we will see that the n-sphere is in fact the only example satisfying their assumptions.
Hence, it is necessary to use strategies which are not related to the classical continuous

wavelet transformation and its multidimensional generalization.

Throughout, G will be a second countable locally compact group and its left regular
representation will be denoted as A\g. If Ag is type I, then its Plancherel transformation

is written as

N

~ 52}
P: L(G) = BY(G) = /G By(Ho) dpcl(o), £ f.
The Plancherel measure is denoted by pg. The Fourier transformation has the form
N D
F: LMG) = B2(G) = / B(H,) duc (o),
G

F(f)(o) = ol(f) = /Gf(a) - o(a) da.



76 New approaches to continuous wavelet transformations

On R"”, we use the convention
PUNE) = F(A)) = [ fla)- ™5 da,  vf e LURY) 0 LPRY)

for the Plancherel and Fourier transformation.

4.1 Relation between representations

Let G be a second countable locally compact group and let (7, H) be a representation
of G. In Chp. [3.2] we saw that a necessary condition for being square-integrable is
that m is a subrepresentation of Ag. In this section we will see that any representation
m can be split into a direct sum m = m; @ w2 such that m; is quasi-equivalent to a
subrepresentation of Ag and w9 is disjoint. If 7 is cyclic, then m; is a subrepresentation
of \g.

Recall that the central decomposition of a representation (7, H) is a unitary equivalence

between (7, H) and
(/j mp dp(p), /j Hp dM(P)) :

where {(mp, Hp)} c is a measurable field of representations and (my, Hp) € p for p-

almost all p € G. If 7 is type I, then the central decomposition can be written as

where (0, Hs,) € p is a fixed irreducible representation of all p € G and my is the
multiplicity function.

The basic idea to prove the statement above is to use the Lebesgue decomposition theo-
rem. It states that, for any two o-finite measures v and v/, there exists a decomposition
v = v1 +1» such that v is absolutely continuous with respect to v/, denoted by v; < v/,
and 5 and v/ are mutually singular, denoted by vo L v/. (See, for instance, Elstrodt
[27, Thm. 2.6].) First, we have to show that the central measure p and the Plancherel

measure pg are o-finite.

Lemma 4.1. Let G be a second countable locally compact group and w a unitary rep-

resentation on a separable Hilbert space H. Let

2
T %[ mp dp(p)
G
be a central decomposition of m. Then u is o-finite.

Proof. By Kallenberg [43, p. 21], it is sufficient to show that there exists a function
fe Ll(é, 1) which is positive almost everywhere.
W.l.o.g. we assume that 7 = fé? mpdu(p) and H = féB Hydu(p).
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As H is separable, there exists a countable complete orthonormal system (¢, | n € N)
of #. Define f: G — Rxq by

= 27" [¢n()lly-

neN

Then f is in L*(G, p) as

LIwdum = [ 3 2 )2 du) = X2 [

neN neN

n(P)Il; du(p) = 1.

=1

We have to verify that f is positive p-almost everywhere. Therefore, let B C G be a
measurable subset such that f|g = 0. Let Pp be the orthogonal projection given by

[S5)
PB:/C: charp(p)1, du(p),

where charp is the characteristic function of B. From the definition of f, it follows that

0= [ chara(p) () du(p) = [ chara(p) 3 2 [ (p) 2 du(p)

neN

=S 2 [ ahars(p) @I due) = 327 [ lehars )@} due)

neN neN

= 27" Petnl?

neN

and, therefore, Ppi, = 0 for all n € N. As {4, | n € N} is total in H it follows that
Pp =0 and, hence, B is a null set. ]

Now, the Lebesgue decomposition applied to p and ug yields the following results.

Theorem 4.2. Let G be a second countable locally compact group. Let (m,H) be a

representation. Then,
o T is quasi-equivalent to a subrepresentation of g,
e orm and \g are disjoint,

e or there exists a decomposition m = w1 @ my such that w1 is quasi-equivalent to a

subrepresentation of A\g and 7o and Mg are disjoint.

Proof. Let

(&3]
ngv mp dpu(p)
G

be the central decomposition of 7 and let ug be the Plancherel measure of G. Let
@ = p1 + po be the Lebesgue decomposition of p with respect to pg, ie., p1 < pg

and pg L pg. Since po and pg are mutually singular, there exists a measurable subset
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E C G such that pus(E) = 0 and pue(G \ E) = 0. Moreover, u(G\ E) = 0 as py is
absolutely continuous with respect to ug.
If 1 # 0 and po # 0, let

D

m :[ mp A1 (),
G
D

Ty = / mp dpa(p) -
G

Then 7 is equivalent to 71 @ m2. By Thm. 2.65] m; is quasi-equivalent to a subrepre-
sentation of Ag, and 7w and Ag are disjoint.

If 41 = 0 or pe = 0, then it follows analogously that m and Ag are disjoint or 7 < Ag,
respectively. O

Corollary 4.3. Let G be a second countable locally compact group and suppose that its

left regular representation g is type I. Let (m,H) be a cyclic representation. Then,
e m is a subrepresentation of A\g,
e orm and \g are disjoint,

e or there exists a decomposition m = m @ my such that w1 is a subrepresentation

of A\a and mo and Ag are disjoint.

Proof. 1t is sufficient to show that a cyclic representation m which is quasi-equivalent
to a subrepresentation of Ag is a subrepresentation of Ag.

Again, let

@
W%[ mp dp(p)
G

be the central decomposition of 7w and let pg be the Plancherel measure of G.
Since g is type I, G \é is pg-null and thus g-null. In particular, « is type I. Therefore,

7 is equivalent to

o
w%/A mx(p) - opdu(p) .
G

Let ¢ = {¢(p) } pep be a cyclic vector in fé? Mz (p)-Ho, dp(o). Then, almost everywhere,

the operator
¥(p) € me(p) - Hop = Moy @ Hpn(p) € B(Hon () Hory)

has full row rank, i.e., rk(¥(p)) = mx(p). Because of k(v (p)) < dim(H,,) it follows
that mx(p) < dim(H,,) almost everywhere. By Thm. 7 is a subrepresentation of
G- O
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The subrepresentation 7 < 7 is the “good” part of 7 as it is a subrepresentation of

Ag- By Thm. [3.16] 7 is square-integrable if and only if
e ( is nonunimodular,

e or (G is unimodular and
[ (o) da(p) < oc.

The representation mo < 7 is the “bad” part of 7 as it is never square-integrable. By
Thm. “good” representations, i.e., subrepresentations of A\g, and “bad” representa-
tions, i.e., those which are disjoint to Ag, can be studied separately.

In this thesis the main focus is on representations induced from an irreducible rep-
resentation of a subgroup. Let H < G be a closed subgroup of G and let x be a
representation of H. Let 7 = ind%(x).

Theorem 4.4. If x is a cyclic representation of H, then m = indg(x) is cyclic, as

well.

This theorem has been proven by Hulanicki and Pytlik in [41]. In fact, they showed it
for first countable locally compact groups.

Recall that irreducible representations are cyclic.

Corollary 4.5. Let x € H be an irreducible representation. Then, m = indg(x) can
be decomposed into a direct sum w = w1 @ w2 such that w1 is a subrepresentation of the

left regular representation Ag, and mo and Ag are disjoint.

It is well-known that if x is a subrepresentation of Az, then ind% () is a subrepresen-

tation of A\g. This is due to
Ag = ind§ (M) = ind(x ® ¥') = ind%(x) @ indf ('),

where x’ is the orthogonal complement of x. On the other hand, if y and Ay are

disjoint, then indg(x) are not necessarily disjoint as the following example shows.

Example 4.6. Let
Gat(R) =R xR0 = {(b,a) | a € Ry, b € R}
be the affine group of the real line and let
H=RxRz={(b1)|beR}.

Then for any nontrivial irreducible representation x € H, indg(x) s square-integrable
(cf. the classical continuous wavelet transformation, Chyp. .
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4.2 Continuous wavelet transformations on unimodular

groups

Firstly, we target “good” representations. Let G be a second countable locally com-
pact group and suppose that its left regular representation Ag is type I. Let 7w be a

representation of type I, let

w2 [ me(o)o duto)

be its central decomposition, and suppose that p is absolutely continuous with respect
to the Plancherel measure ug. If G is nonunimodular, then 7 is square-integrable by
Thm. If G is unimodular, then there are a few things that can go wrong. On the
one hand, it is possible that

mx (o) > dim(o)

for all o in a subset of positive Plancherel measure. In that case, 7 is not cyclic and,

in particular, not a subrepresentation of Ag. On the other hand, it is possible that

/é ma(0) duc (o) = co.

In either case the representation 7 is “too large”. This is the situation we want to address
now. The basic idea is to split 7 into smaller pieces which are square-integrable. Then
for each of the subrepresentations we can find an admissible vector. Taken together
we get an admissible family of vectors, which defines a new approach to continuous

wavelet transformations and generalizes the concept discussed in Chp.

Theorem 4.7. Let G be a unimodular second countable locally compact group and

suppose that Ag is type 1. Let w be a representation of type I, let

T /j my(o)o du(o)

be its central decomposition, and suppose that p is absolutely continuous with respect to
the Plancherel measure ug.
Then there is a decomposition m = @, cn ™ nto a direct sum of subrepresentations

such that m, admits an admissible vector for all n € N.

Proof. By Dixmier [2I], Prop. 5.4.9] 7 can be decomposed into a direct sum

T=Ed- pa,

del

where I C N = NU {co} and p, for d € I are multiplicity-free subrepresentations of 7

which are pairwise disjoint. Since I as well as the multiplicities d € I are countable, it
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is sufficient to prove the statement for multiplicity-free representations.

So assume that 7 is multiplicity-free and let

W%/GQJd,u(U)

be its central decomposition. Since y is o-finite (cf. Lem. [4.1)), there exists a decompo-

G=1]E

into a disjoint union of measurable subsets of finite Plancherel measure. Then, 7 can

sition

be decomposed into the direct sum

WE@/E?GdM(U)'

leN

By Thm. [3.16] each of the representations m; := [ o du(o) is square-integrable as
g, 0 dp

| 1duc(o) = po(Ey) < oo
l

and my,(0) <1 for y-almost all . O

With this decomposition we can generalize continuous wavelet transformations as fol-

lows.

Corollary 4.8. Let G and 7 be as in Thm.[{.]. Then there exists an admissible family
U = {¢p }nen € Hy for . That is, the operator Wy : Hy — L?(G x N),

Wy f(a,n) = (m(a)ty, f) VfeH,

18 an isometry.

Proof. Let m1 = @,,eny T be the decomposition given in Thm. and let {P,}nen
be the orthogonal projections onto the Hilbert spaces of {m,},en. For all n € N, let
Yy € Pp(Hy) be an admissible vector for 7, and let ¥ = {4, },en. Then Wy satisfies

> [ 1@, £)Fda= 3 PSP = 117

neN neN

for all f € H. O

4.3 Continuous wavelet transformations on homogeneous

spaces

We now deal with the question of continuous wavelet transformations (in a gener-

alized sense) on homogeneous spaces. As we saw before, having good knowledge of
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the Plancherel measure of the group and the central measure of the representation of
interest is crucial for generalizing continuous wavelet transformations.

As shown in Thm. [3:16] there are two reasons why a continuous wavelet transformation
in the sense of Chp. does not exist. The first one is that the representation is “too
large” as discussed in Chp. [£.2] In that case, enlarging the domain of integration from
G to the larger spaces G X N (or G x R as in Chp. seems to be the right way to
deal with this situation. The second reason is that the representation is disjoint to the
left regular representation. In that case, the central measure is singular with respect
to the Plancherel measure. Therefore, instead of using the Haar measure, it might be a
good strategy to choose a measure which is singular with respect to the Haar measure.
In fact, this is exactly what Perelomov as well as de Biévre do in their approaches
presented in Chp. and Chp.

However, there is a problem with this approach. Suppose that (7, H,) is a unitary
representation of a locally compact group G and p is a measure on G such that, for a
fixed vector ¢ € Hy, all f € H, satisty

1712 = [ 1 (@] dpta). (1)

where Cy f(a) = (m(a), f). Then, for b € G, we get

L1Cur@Pduta) = 1712 = [w(®)f12 = [ 1Cuf 6 a)f du(a)
= [ 1Cuf @[ dpufa),

where puy is the translated measure. In most cases p will not be G-invariant, meaning
tp 7 (. So, in that sense we lose G-invariance. Unfortunately, this is a trade-off which
is inevitable. At least the set of measures making eq. (4.1)) valid is G-invariant.

4.3.1 Semidirect products

Representations defined on function spaces on homogeneous spaces often appear when
constructing irreducible representations of a group using the induction procedure. One
of the most important examples is Mackey’s machine, which is used to construct (al-
most) all irreducible representations of a given group and helps to understand the
structure of the dual of the group. In the following we want to use these results to con-
struct generalized continuous wavelet transformations for semidirect products of the
form R™ x H with H < Gl(n), which play an important role in many applications.
Examples coming from physics are the Euclidean group, the Galilei group, and the
Poincaré group.

Let n € N. Cartan’s Closed-subgroup Theorem states that every closed subgroup of
Gl(n) is a Lie group which acts smoothly on R™. Those are the assumptions that we

will need in the following. So, more generally, let H be a Lie group which acts smoothly
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on the abelian Lie group R™ and let G = R"™ x H be the semidirect product of R™ and
H. By representing G in the form

G={(v,h)|veR" he H}
multiplication and inversion are given by

(vi, h1)(v2, he) = (v1 + hi1.v2, hihg),
(v, )t = (=h "t A7),

for (vi,h1), (ve, h2), (v,h) € G. Every element a € G can be uniquely written as a
product a = (0,h)(v,epy) = (h.v,h), where ey is the identity element in H. The left

Haar measure of G has the form

/ v(a)da = / o(h.v, h)dvdh, Vo € Co(G),
G H Jrn

where dv is the Lebesgue measure on R” and dh is the Haar measure on H. Of course,
one could use the decomposition a = (v,ex)(0,h) = (v, h), as well. Then the Haar

measure has the form

/Ggo(a) da = /H/R o(v, 1) det(h)| " dv dh, Ve € C.(G),

with det(h) := det(v — h.v). Both realizations are equivalent. The first one, however,
will turn out to be more comfortable.

The action of H on R" induces an action on R™ defined by
X — h.x, h.x(v) = x(h~tw), heH,yeR veR"
Since there exists the one-to-one correspondence between (R™)* and ﬂ/@, given by
k— g, xk(v) = e%ik(”), v e R", (4.2)
the action of H on R goes over into an action on (R™)* given by
k— h.k, h.k(v) = k(h™ L), heH, ke (R")* veR™

For k € (R™)*, denote its orbit by Oy C (R™)* and its stabilizer by Hy < H. Let 7 be
a representation of Hi and define the representation o = x; X 7 of G := R" x Hy by

o(v,h) = xx(v)T(h), Y(v,h) € Gy.



84 New approaches to continuous wavelet transformations

o is well-defined as

O'((Ul, hl)(vg, hg)) = 0'(1)1 + hl(UQ)7 h1h2) = Xk(vl)T(hl) Xk(hl (UQ)) T(hQ)
=xx(v2)
= o(v1, h1)o(v2, ha),
a(—h_l.v, h_l) = Xk(—h_l-v) T(h_l) = xx(v)*1(h)*
(E—

=xk(—v)

a((v,h)7)

=o(v,h)*,

for (v, h1), (ve, he), (v, h) € Gj.

Using these notions the irreducible representations of G can be characterized with the
help of the following result, which is known as Mackey’s machine for semidirect products
(cf. Folland [30, Thm. 6.43]).

Theorem 4.9 (Mackey’s machine for semidirect products).
Let G =R"™ x H be a semidirect product of R™ and a Lie group H which acts smoothly
on R™. Suppose that the H-orbits in (R™)* are locally closed.

e Forallk e (R")* and 7 € Hy, indgk(xk X T) is an irreducible representation of
G.

o FEvery irreducible representation of G is of this form.

e Two representations indgk()(;c X T) and indgk, (xw x 7') are equivalent if and only
if k and k' belong to the same orbit, say k' = m.k for some m € H, and h — 7(h)

and h — 7' (mhm™1) are equivalent representations of Hy, = m™' Hym.

In [4], Aniello et al. study under which conditions irreducible representations of semidi-
rect products are square-integrable. Their main theorem (cf. [4, Thm. 2]) applied to

the context we have here reads as follows.

Theorem 4.10. Let G = R"™ x H be a semidirect product of R"™ and a Lie group H
which acts smoothly on R™. Let k € (R™)* and T € Hy.
Then, indglC (xk X T) is square-integrable if and only if O C (R™)* has positive Lebesque

measure and T is square-integrable.

So when dealing with irreducible representations of semidirect products G there are
two reasons why a given representation indgk(Xk X T) is not square-integrable. The
first one is that the orbit @ C (R™)* is a null set and the second one is that 7 € Hy
is not square-integrable. The latter situation is a very challenging problem as H, still
can have a complicated structure. However, the former case seems to be much easier
since (R™)* = R™ has a well-known structure and can even be considered as a smooth
manifold.

From now on, let n € (R™)* be a fixed element and let 7 be a fixed representation of

H,. Before proceeding with the discussion of square-integrability, let us have a closer



4.3. Continuous wavelet transformations on homogeneous spaces 85

look at the representation indg17 (xn x 7). In contrast to Thm. we do not assume
that the orbit O, of 7 is locally closed in (R™)*. O, is endowed with the quotient
topology, which does not necessarily coincide with the subspace topology. Moreover,
O, is endowed with the quotient smooth structure (as a homogeneous H-manifold) but,
in general, it is not a submanifold of (R™)*.

Let

O, — H, k +— hy,

be a regular Borel section, meaning that hy.n = k for all k € O, and there exists a
quasi-invariant Radon measure v, on O, associated to the cross-section k — hy (cf.
Lem. . Then every element h € H can be uniquely written as a product h = hypm,
where k € O, and m € H,, and integration on H against the Haar measure can be

decomposed into

/(p dh = / /H AHW(TZL) (hpm) dm du, (k)

_ / / 51 (m)2ip(him) dm dv (k), Ve € Cu(G)
H”]
for 557]: H, — R,
Ag(m)
H o H
5Hn (m) - AHn (m) :

The representation

i indg7 (Xn xT) (4.3)

can be realized on the Hilbert space H, = L*(H, H,, 557]7') given by

f(hm) = 631 (m™")r(m=") f(h), Vh € H, m € Hy,
(.9 = [ (7). () (),

n

and has the form

(v, en) fI(I') = 2 M) f (1),
[7(0, R) F(R) = f(h™R).

Recall that f € L?(H, H,, 55777) is uniquely determined by the values of
O(f): ks f(hg) € L*(Oy, Hry i) (4.4)

and the map ©: L?(H, H,, 6ﬁn7) — L*(Oy, Hr,vy) is an isometric isomorphism.
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The coefficient functions of 7 are given by

Crg(h(v), h) = (x(h(v),h)f,g) = (n(v,en)f,m(0,h)"g)

_ e~ 2miliem)©) (£ (hy), g(hhy)), duy (k)
On

= |, €T g b)) v () (4.5)

Note that the left-hand side of eq. (4.5 is a bounded, continuous function in v € R™
and, therefore, it can be considered as a regular tempered distribution on R™. The

right-hand side is an inverse Fourier transform of a finite signed measure on (R™)*,
which is bounded by

/O | (f(he), g(hhi)) ;| dwy(R) < [[F1[ - [l7(0, h) gl = LF1l - llgll-

If O, is a null set, then v, is not absolutely continuous with respect to the Lebesgue
measure. From the theory of tempered distributions (cf. Lem. and Lem. B.2)) it
follows that, for all h € H,

o [ k) () g(hha). v ()

is not a regular distribution, hence not in L?((R™)*), and, therefore, the map v +
Crg(h(v),h) is not in L?*(R™) (unless it is constant zero). In particular, a nonzero
coefficient function Crg cannot be in L?(G). It turns out that there are directions in
R™ in which v — Crg(h(v), h) is not decaying fast enough. Hence, it is important to
exclude those directions when integrating. The strategy we want to use is inspired by

the construction of de Biévre [20] and is described in the following example.

Example 4.11. Let G = R? x SO(2). The group H = SO(2) acts on (R?)* by

Ak = kAL = kAL where k = (ki, ko), A= (C?SO‘ - Sm"‘) .
S &« COS v

There are two different kinds of SO(2)-orbits in (R*)*. Forn =0, O, only consists of

one point and, for n # 0, O, forms a circle.

o Ifn=0¢ (R?)* then the stabilizer H, is the whole group H and G, := R*x H,, =

G. FEvery irreducible representation 7, of H,

cosa —sina .
Tn ) — ezna
sina  cosa

yields an irreducible representation my, = Xo X Tn of G, given by

mon(v, A) = 7,(A) € U(1),



4.3. Continuous wavelet transformations on homogeneous spaces 87

for all (v, A) € G. The coefficient functions of mo, have the form

Crg(Av, A) = n(A)f - g VfgeC

and do not depend on v € R%. In particular v — Crg(Av, A) does not decay as

|lv]| = oo. So instead of integrating over G we only integrate over H and get

2 M inag 2 da 2 2
[ (Cratav, A)faa= [ je T g2 52 = 112 g,

Therefore, Ty, is not square-integrable with respect to the Haar measure of G but

with respect to the measure
o> [ ] oA, ) oy (0)dA Yo € Cu(),
H JR

where 6y, is the Dirac measure at some arbitrary point vo € R2. Then we get

| L, 1Cra(Av, A) oy (v) a4 = Jgf

if f satisfies the admissibility condition |f|*> = 1.

e Ifn € (R%)*\ {0} then the situation is more interesting. Now the orbits are circles
of the form

Oy = {(Inl cos . [n|sink) | k € R} C (R?)*

and the stabilizers are trivial. The representations m, = indﬂ% (€2™) are defined

on L*(Oy, H,,vy) and are given b
n n g Y
[ (v, A) f1(k) = €27 £ (kA) f € LX), Hrovy), (v,A) €G.

The coefficient functions of m, have the form

Cro(Av, A) = [ e 2 (Rg(hk A" duy ()

2
_ / €—2m‘|n\(v1 cos k+vg sin n)mg(kAt) dxk, (4.6)
0

where k = (|n| cos K, [n|sin k) and v = (vi, v2)t.

Again m, is not square-integrable as O, is not open. The modulus of the coefficient

functions is given by

2 2 . . .
’Cfg(A’U,A)P :/O dH/O d\ 627r7,\77|(v1(cos)\—cos,‘i)-l—vg(sm)\—smn))

f(R)F(Dg(kAT)g(1AT),
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where | = (|n| cos A, |n|sin \) € O, Instead of integrating v over R? one can try to
integrate over a one-dimensional subspace, say {(v1,0)" | vy € R}. Then formally

one gets

/ e2milnlvi(cosA=cosk) g, — do(|n|(cos A — cos k))
R

1

= m((&wz(n —A) + darz(k+ M), (4.7)

where dorz, = > ez 02xm and G2y i the Dirac distribution. Assume that the

function f is supported on the half circle

{(In|cos i, [n|sink) | 0 <k <7} C Oy

Then k+ X\ € (0,27) for all k, A € (0,7) and d2z(k + ) f(k) f(1) will always be

zero. Consequently, for v = ('}) we get

[ 1Csatan pan = [ [T ax S A gt
- " e £ Pla () P (45)
Finally integrating over H yields
[, ficsatan P anaa= [ aa [ an ) PloraP
[T a0 Pl
27
[ an e 0P

where we substituted kA" for | = (|n|cos A, |n|sin \).

It follows that m, is square-integrable with respect to the measure

® »—>/ / ©(Av, A) dvy ddg(vg) dA .
H JR2
If f satisfies the admissibility condition

o fRE
o Y 2l sin(e)]

then we get

[ [ 1Crgtav. A avi aa = gl
H JR

The idea of Ex. leads to the following definition and theorem.
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Definition 4.12. Let G be a second countable locally compact group and let (mw,H)
be a representation of G. For a Radon measure i on G the representation w is called

u-square-integrable if there exists a vector v € H such that

L@y, 2 duto) = 1512 Vi e n.

In that case, the vector ¥ is called p-admissible.

Theorem 4.13. Let G = R"x H be a semidirect product of R™ and a Lie group H which
acts smoothly on R™. Let n € (R™)* and let T be a square-integrable representation of
H,.

Then there exists a Radon measure p on G such that m = ind%ijgn(xn X T) 08 p-square-

integrable. p has the form

/G o(a) du(a) = /H /W o(h(w), h) dw dh, Vo € Cu(G),

where W C R™ is a linear subspace of dimension dim(W') = dim(H/H,).

Before proving Thm. let us go back to eq. (4.7) in Ex. where we used that

1

W((SZWZ(K —A) + onz (K + N)).

/ e27ri|r]\vl(cos A—COS K) dvy =
R

To derive this equation, consider the integral

™ X In] . 1
/ eI oSt o () diy = / e~ MM (arceos(y/ 1)) — === dy
- ~In| n*—y

Il . 1
+/ e 2”‘”ygp(—aurccos(y/|77|))ﬁ dy. (4.9)
~In| nl* =y

The right-hand side has the form of an inverse Fourier or Plancherel transform. So if

we suppose that ¢ is supported on [0, 7] (or [—m, 0] respectively) and that

1

y — (arccos(y/|nl])) 2 —y

2

is in L'(R) N L2(R) then the left-hand side of eq. (4.9)) is equal to the inverse Plancherel

transform

7r . [n] . 1
/ e~ 2miln|v1 cos fo(k)dr = / ; e_valy(,O(al"CCOS(y/’nD)W dy.
—r —In —
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By applying the Plancherel Theorem we get

[ [ [ et sz axaa
RJ—7J—m

- . 2
_ / / e—27rz\17|v1 COSH(,O(K) dk| du
R |J—m

[nl 1 ?
-/ ‘s@(arCCOS(y/Inl))H dy
> —y
1 .
—/ ’7"2|Slnm|2|n|’81n,‘€’d/€

1
27
- [ﬂ |SO(K’)| ’n” SlHK]| d’%

which is exactly what we saw in eq. (4.8)).

From the geometric point of view this result can be interpreted as follows. Define the
subspaces W C R?, WL, T C (R?)* by

P: (k‘l,k‘g) — (k‘l,O),

be the projection with image T and kernel W. Note that, for all w € W and k € (R™)*,
we get k(w) = P(k)(w). The affine subspace

O, [n)+T

can be identified with the tangent space of O, at (0,|n|) embedded in (R?)*, as shown
in the sketch on the left-hand side in Fig. 1]

By the properties of the tangent space, the projection P induces a diffeomorphism

® = P|y: U — Ur from the open neighborhood
U={(ki,k2) € Oy | ka >0} C O,
of (0,|n|) to the open subset
Ur = {(k1,0) € T [ kx € (=Inl,|n))} € T

(See right sketch in Fig. )
If the function f in eq. (4.6) is supported on U, then k — f(k)g(kA?!) is supported on
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A ks

L~ AN

4 N\ / N\

o, / P \ _ v / \Q :|U

N /

(O,[n)) +T Ak (0, Inl) + Uz

Figure 4.1: Sketch of the orbit O, under the projection P onto the space T

U, as well, and we can use the diffeomorphism ®: U — Ur to parametrize k € U in

terms of t € Up. Hence, we get

Cralduw,4) = |2 I FRg(hA") duy (k)

- /U e~ 2m M) FRYg (kA duy (k)

= [ e G g(a (1) AY) duy (@7 (1))

Ur
- ~1
— 672m't(w)f(®_1(t))g(q)fl(t)At) . dV??((I) (t)) dt,
Ur dt
where we used that supp(f) C U and
weW, k(w) = P(k)(w) = ®(k)(w) for k € U.
If the function
S ~1
e F@ g (pan) - ot ()
is in L?(T), then the Plancherel formula yields
o dvy(@~1(1) [
| (Crgtaw, AP dw = [ 7@ @)@ @) - FET ar
w Ur dt

= [ (@it G ).

Again, this is what we saw in eq. (4.8)).

With this construction in mind we prove the following auxiliary lemmas.

Lemma 4.14. Let H be a Lie group which acts smoothly on R™ and let n € (R™)*.

e There exists an open neighborhood U C H of ey such that U.n is a submanifold
of (R™)*.
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e Moreover there exists a projection P: (R™)* — (R™)* onto the linear subspace
T = im(P) such that the restriction

o = P|U.17: U.’I7 — UT
is a diffeomorphism, where Up := P(U.n) C T.

o The quasi-regular measure v, on O, can be chosen such that it is smooth on U.n.

In particular, there exists a smooth density function ¢: U.n — R>q such that

d(®* vy, ) (k)

o(k) = D (k)

where vy, is the restriction of vy, to U.n, vy, is the restriction of the Lebesgue

measure of T' to Ur, and ®*vy, is the pullback of vy, with respect to ®.

Proof. The map H — (R™)*, h — h.n, is smooth and has constant rank. By the
Implicit Function Theorem there exists an open neighborhood U of ey € H such that
U.n is a submanifold of (R™)* and there exists a smooth local section h: U.n — H,
k> hy.

Let h: O, — H, k + hy, be a regular Borel section. Recall that h is regular if =1 (C) is
a relatively compact subset of H for all compact subsets C' C O,,. Let U be a relatively
compact, open subset of U and define the cross-section O, = H, k~ hg, by

hy, ifkeUn
hp =< .
hy, ifk¢ Un

By construction, k +— hy is a regular Borel section, which is smooth on U.

Let v, be the quasi-invariant measure on O, associated to the cross-section h (cf.
Lem. . Since h is smooth on U.n it follows that v, is smooth on U.n. This is due
to the fact that we can use h to smoothly transport dv,(n) to dv,(k) for all k € U.n,
meaning that (A, ')*(dvy,(n)) = dv, (k).

Let n+T be the tangent space of U.n at n embedded in (R™)* and let P: (R™)* — (R™)*
be a projection with image im(P) = T. When restricting P to the U.n, the map
® := P|y, — T has full rank at n as n + 7T is the tangent space at 1. By shrinking
U if necessary we can assume that ® is a diffeomorphism. Let vy, = vy|u, be the
restriction of v, to U.n and let vy, be the restriction of the Lebesgue measure on T to
Ur := P(U.n). Then the pullback ®*vy, is a non-vanishing smooth measure on U.n

and, therefore, it is equivalent to vy,,. In particular, there is a smooth density function

A v, (K) _ du (B(K))

¢: Un — R, o(k) = dvyy(k) — dvgy(k)
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Using Lem. [£.14] we can show the following corollary.

Lemma 4.15. Let G = R" x H be a semidirect product of R™ and a Lie group H which
acts smoothly on R™. Let n € (R")* and let U C H, ¢: Un — Rxg, and O, — H,
k — hg, as in Lem. . Let 7 be a representation of H, and let m = indgn (xn xT) be
the representation described in eq. .

There exists a linear subspace W C R"™ with
dim W = dim(U.n) = dim(H/H,,)
such that for all f € Hr, with O(f) € C.(Un, H,)

e w (m(h(w),h)f,g) is in L*(W) for almost all h € H and all g € H

o and

_ [ (), g(Rh)) |2
[ V) mfg) Paw = [ EERESEE ).

Proof. Let P: (R")* — (R™)* (as in Lem. [4.14]) be the projection onto the embedded
tangent space T'. Let

W ={a €R" | ko(a) =0 Vko € ker(P)}.
Then dim(W) = n — dim(ker(P)) = dim(7") = dim(U.n) = dim(H/H,).
Recall from eq. (4.5 that the coefficient function of 7 is given by

Cralh(o).h) = [ 20 (1), g(hha)), dvy(F)

By definition of P and W we have k(w) = P(k)(w) for all w € W and, thus

Crg(h(w), h) = /O e2m P (£(1y), g(hhg)). dun (k).

Let F € C.(Un;H,) and let f = ©71(F). Using the map Ply, = ®: Un — Ur,
defined in the proof of Lem. the coefficient functions can be written as
Crglhiw),h) = [ e 2O (1), g(hhe)), dv, (k)
7
anit (T (am0)- (o)),
Ur P(2~1(1))

where v, is the Lebesgue measure on 7T restricted to Ur.

By choice of f, ie., f = @ 1(F) for F € C.(U.n;H,), and since ¢ is continuous, the

dv, (8), (4.10)
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function % on U.n is bounded and, therefore,
[(f (ha), g(hh)), _ [ 1) g(hh),
/U ’ s dvy (k) = /U ; S o) (k)
2
‘<f(h<1>71(t))7g(hhqu(t))%‘
_ /U ) e dvp, (t)  (4.11)

is finite. Hence, eq. (4.10]) is not only a Fourier transform but also a Plancherel trans-

form. By applying the Plancherel Theorem on eq. (4.11]) we get

2
/ Crg(h(w), h)|* dw = U_n|<f(h’“);ﬁg(g;h’“)”‘ dvy (k)

for all g € H. O

Now, we are prepared to prove Thm. [£.13]

Proof of Thm.[{.13 Let U and ¢ be as in Lem. and let W be as in Lem.
Let 1, be an admissible vector for 7. Let ¢ € C.(U.n) nonzero and let f = O~ (.- ¢).

By Lem. the function f satisfies

/’Cfg ’2 _ ‘(f(hk) .?(hhk»T‘ dl/n(k)

Un )

2
= | 1t athhi) 2 A vy i

for all g € H,. By integrating over H we get

2
[, 1Crathon P auwan = [ [ w12 ERE v )

2 o (k)|
_/ [ 1 ), Sy W) dh (412

Since 1, is admissible, the H-integration yields
S Mg an = [ gtuam). o, ) m vy 8

//H om0, P dm i ()
-, ) 1 o 1)

= llgl*. (4.13)
By inserting eq. (4.13) in eq. (4.12)) we obtain

o (k)
// |Cg(h(w),h)|* dwdh = U.nmdl/n(k)'ﬂgﬂz
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Since ¢ € C¢(U.n) and ¢ # 0, the integral [;;, Wk;lihk) dv, (k) is finite and positive.

By normalizing ¢ in a suitable way, we get an admissible function f = @~ 1(3,- ). O
4.3.2 Examples

To illustrate how Thm. [£.13] can be applied, let us have a look at two examples.

Example 4.16. Let G = R'*2 x SO(1,2) and n € (RY™2)*, n(v) = nyvo, where v =
(vo,v1,v2)" and ng # 0. 1 corresponds to the one-dimensional representation x, x(v) =
e2™M0v0 - The orbit O of n is the two-sheet hyperboloid consisting of all k = (ko, k1, ko)
satisfying k — k3 — k3 = |no|*> and the stabilizer H, is given by

w-{(1) aveson)

Since H,, is compact, all of its irreducible representations are square-integrable. If we
choose the trivial representation for T then m = ind%iizjgn(x) defined on L*(O) has
the form

w(v, A)f(k) = 20 f(EATY),

forv e RT2 A€ SO(1,2), f € L*(0), where A7t := (A71)t = (A)~1. The tangent
space of O at n is given by

77+T:77+{(0,]€1,k2) | ki, ko ER}.
Let P: (RY2)* — (RY2)* be the projection given by

P(ko, k1, k2) = (0, k1, k2) Vk € (R1T2)*,

Every element in (0, k1, ka) has the two preimages (+/|n0|? + k% + k2, k1, k2) in O. By
restricting P to the upper sheet of the hyperboloid, i.e., to

Uo = {(\/|nol? + k% + k3, k1, ko) | k1, ko € R},

we get a diffeomorphism ® := Ply,. Since H and H, are unimodular, there exists a

H -invariant measure on O which restricts to the measure

dky dko

v Imol® + k% + 3

dv(k) = 20(ko)do(k2 — k3 — k2 — |no|?) dky dko dks =

which implies that

_dkidke 2 2
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The subspace W is given by
W = {v c R | n(v) = 0} = {(O,vl,vg)t | v1,v2 € R}.

A function f € L*>(Uo) is admissible if

2
/UO ‘J;((]‘%’ dv(k) = 1.

In that case, we get

/ dw / dA|Crg(Aw, A)? = ||g]
w SO(1,2)

for all g € L*(0).
Note that for n = (no,m1,n2) satisfying ng —ni —n3 < 0 the stabilizer H,, is isomorphic

to R. Thus, no irreducible representation 7 € H, is square-integrable. Therefore,

Thm. cannot be applied.

Although Thm. [£.13] has been developed to study irreducible representations it is
not necessary that 7 is irreducible. In particular, the induced representation m =
ind$. H, (x x 7) does not need to be irreducible. All we need is that 7 is square-
integrable. Moreover, it is not necessary that the H-orbits in (R™)* are locally closed.

Therefore, Thm. [£.13] even holds if G is not of type I as the following example shows.

Example 4.17. Let G = R* x4 H with H =R and

cos(ys) —sin(vys)
Als) sin(ys)  cos(s)

cos(s) —sin(s)

sin(s)  cos(s)

for a fized irrational v € R\ Q. The group G is called the Mautner group and is a
classical example of a group which is not of type I. (Details of the Mautner group and
its representation theory can be found for example in Baggett [10].)

The orbit of n = (1,0,1,0) € (R*)* is dense in the 2-dimensional torus

{(cosa,sina, cos B,sin fB) | o, 5 € R}.

The stabilizer Hy, is trivial.

The representation m = ind$,(e2™) is defined on L*(H) and given by

[7(0,5))(t) = AT £t — )
_ e27ri(cos('yt)v1+Sin(7t)v2+005(t)v3+sin(t)v4)f(t — S)

for f € L*(H) and v = (v1,v2,v3,v4)".
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The tangent space n+ 1T at n has the form
n+T=n+R-(0,7,0,1).

We choose

P: (RN — (RY, (k1, k2, k3, k) = (0,0,0, ks)

and
W= {(o,o,o,m)t | vy € R} C R%.
The restriction of m to W x H has the form
(v, 5) f1(t) = 7SO (¢ — )
for v = (0,0,0,v4)t which is very similar to what we saw in Ez. . Indeed, for all
f € L?(H) satisfying
e supp(f) € (-5, 5)

- ond )2
g Teos(@)] 7

we get

2
T la(t + 9P deds = gl

/W/H\Cfg(A(s)v,s)]stdv:/H/R

4.3.3 Group extensions

With a few adjustments the results of Thm.[£.13]can be generalized to group extensions.

As before, let H be a Lie group which acts smoothly on R". Furthermore, let
1-R"SGHH 1

be a short exact sequence of Lie groups and let ¢: H — G a fixed Borel cross-section
for p with q(err) = eq = ¢(0). For every a € G there exist v € R” and h € H such that

a = t(v)q(h). To keep the notation simple, we write

a = t(v)q(h) =: (v,h).
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Then, multiplication and inversion are given by

(’01, hl)(’l)g, hg) = (’01 + hl(’Ug) + w(hl, hg)), h1h2), V(vl, hl), (’Ug, hg) S G,
(v,h) ' = (=h" (v —w(h, k1)), A7)
= (=h v —wh h),hY, V(v,h) € G,

where w: H x H — R" is given by
Uw(h1, ha)) = q(h1)q(ha)q(hiha) ™"

The left Haar measure on G still has the form
/ p(a)da = / / o(h.v, h)dvdh, Vo € Co(G).
G H JR®
Again, the action of H on R™ induces actions on R” and (R™)*, which are given by
h-Xk(U) — Xk(hil.v) — 627r7lk(h_1'u) _ 627ri(h.k)(v)7

where we used the notation of eq. (4.2)). For a k € (R™")*, let O, = H.k be its orbit and
Hj, its stabilizer. Furthermore, we write Gy, = p~*(Hy).

In contrast to semidirect products a unitary irreducible representation o of G which

satisfies
o(v,e) = xk(v) - Ly, Yv € R,

can, in general, not be decomposed into a product of x; and some irreducible represen-
tation of Hi. Therefore, Mackey’s machine for group extensions has a more complicated
form (cf. Folland [30], Thm. 6.39 and Thm. 6.40).

Theorem 4.18. Let G be a Lie group extension of a Lie group H by the Lie group R,

i.€.,
1-R*" -G — H— 1.

Suppose that the H-orbits in (R™)* are locally closed.

e If k € (RM)* and 0 € Gy, with o(v,e) = xx(v) - 1y, for all v € R", then

indgk (o) is an irreducible representation of G.
o FEvery irreducible representation of G is of this form.

e Two representations indgk (o) and indgk,(a’) are equivalent if and only if k and
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k' belong to the same orbit, say k' = m.k for some m € H, and

(v, h) — o(v,h),
(v, h) = o’ ((0,m) (v, h)(0,m) "),

are equivalent representations of Gy = (0,m) " Gy (0, m).

Let n € (R™)* be fixed and let o be a representation of G, with o(v,en) = xy,(v) - 19,
for all v € R™. Let

T: H—>UH,y), T(h) = 0(0,h).

As mentioned above, T is, in general, not a representation. Indeed, it is a projective

representation of H,. That means that, together with the function
Xnow: Hy x Hy — U(1),
T satisfies

7(m1)7(m2) = xp(w(my, ma)) - T(mima), Vmy,mg € Hy,

T(m™ 1) = xy(w(m™t,m)) - 7(m)*, Vm € H,.
Let v1,v9 € H, be arbitrary vectors. The coefficient functions of o are given by
(v,m) = Cyv2(v,m) = (0(v,M)v1,v2) = Xn(—0) (T(M)V1,02),
for all v € R", m € H,. Since the modulus of C,,v2,
|Coyva(v,m)[* = [ (T(m)vr, v2) %,

does not depend on v € R", ¢ is said to be square-integrable modulo R" (in the
sense of Perelomov as discussed in Chp. |3.1.3)) if there exists a vector ¢, € H, such
that

/ Gy, v(m) |2 dm = |Jv|)?, Yo € Hy.
H”]

Recall that O, is endowed with the quotient topology, which does not necessarily

coincide with the subspace topology. For a given regular Borel section
O, — H, k +— hy,

let v, be the associated quasi-invariant Radon measure on O, (cf. Lem. 2.33). The

representation 7 & indgn (o) can be realized on the Hilbert space H, = L*(G, Gy, 55777)
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given by

fo,h) = 2T £(0, h) Yo € R", h e H,
f(O, hm) — 5577 (mfl)eQﬂih.n(w(h,m))T(m)* (07 h)
— 5577 (m—l)e?m’h.n(w(h,m)—w(h,hfl))/]—(m—l)f(O’ h), = H, m e HX;

(fg) = /O (F(0, Bi), (0, i), o (),

n

and has the form

(v, en) f(R") = 27D £,
[7_‘_(07 h)f](h/) _ eZﬂih’.n(w(h,hflh’))f(hflh/).

The coefficient functions of 7w are given by

Crg(h(v), h) = (=(h(v), ), 6) = (w(v,en) f,w(0, h)"g)
= [ e (1), (0, ) () ()

n

:/ o~ 2mik(v+h =L w(h,hy)) (f(hg), g(hhy)). dvy(k).
Oy

Theorem 4.19. Let G be a Lie group extension of a Lie group H by the Lie group R™.
Letn € (R™)* and let o be a representation of Gy, which satisfies o(v,er) = xx(v) -1, ,

for all v € R™, and is square-integrable modulo R™.

Then there exists a Radon measure 1 on G such that m = indgn(o) s [-square-

integrable. 1 has the form

| et@dnta)= [ [ o(h(w).ndwan Y € CulG),

where W C R™ is a linear subspace of dimension dim(W') = dim(H/H,).

The proof follows analogously to what we saw before. Lem. applies unchanged. In
the proof of Lem. one has to add the unitary factor e~ 2mik(h™Lw(hhr)) in terms for

the coefficient function. Using the same argument as above leads to the equation

‘e—Qwik(h_l.w(h,hk)) {f(hg), g(hhk)%. ’

[, 1Crathiw) mpaw= [ o v, (k)

_ / (f (hx), g(hh)) |
Un gb(k?)

for all ©(f) € C.(Un;H,) and g € H,. With the updated notation the proof of
Thm. remains unchanged.

duy (k),
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4.4 Continuous wavelet transformations on manifolds

In [6], Antoine and Vandergheynst present a group-theoretical approach to define the
continuous wavelet transformation on the 2-sphere M = S? as a homogeneous space of
SO(3). As described in Chp. they construct a group G such that

(i) G acts transitively on S
(ii) G acts locally by translations, rotations, and dilations (cf. Def. below),

(iii) and the corresponding unitary representation of G in L?(S?) is square-integrable
(in a generalized sense) and defines a continuous wavelet transformation on the

sphere.

The second assumption is motivated by the article [40] of Holschneider. The idea is
that continuous wavelet transformations on manifolds should be similar to the classic
continuous wavelet transformations and its generalization to R” as a homogeneous space
of the similitude group SIM(n) as discussed in Chp. and Chp. We want
to address the question whether this procedure can be used to construct a continuous
wavelet transformation on manifolds other than R™ and S”.

Let M be a connected manifold of dimension n endowed with a smooth transitive action
~v: G — Diffeo(M)

of a connected Lie group G, where Diffeo(M) is the group of diffeomorphisms M — M.
For some point x € M, the stabilizer G, of x acts linearly on the tangent space T, M
by

Toy(b): TyM — T, M, for b € G,

where T,7(b) is the tangent map (pushforward) of v(b): M — M at x.

Definition 4.20. We say that the stabilizer G, acts locally by rotations and di-
lations if there is an isomorphism : T, M — R™ such that

{poTpyy(d)op™ | be G} =S0(n) -Rsg C Gl(n). (4.14)

In that case, we say that G acts locally by translations, rotations, and dilations
on M.

In [5], Antoine and Vandergheynst pointed out that if M has a Riemannian metric 7,
then (a closed subgroup of) the group of conformal transformations Conf(M,n) is the
right choice for G. In fact, in [6] they used the conformal group G = SOq(3,1) of S
However, the assumption that G acts by translations, rotations, and dilations already

implies that there is a G-conformal metric n on M as the following lemma shows.
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Lemma 4.21. Let M be a connected manifold of dimension n > 2. Suppose that there
is a Lie group G such that

(i) there is a smooth transitive action v: G — Diffeo(M)
(i) and the stabilizer G, of some x € M acts locally by rotations and dilations.
Then there is a metric n on M such that v(G) C Conf(M,n).

Proof. In the following z is a fixed element of M and we write H := G,. Furthermore,
the action of G on M is denoted by

forae G,y e M.
With use of 9 of Def. we can define a scalar product v € T*(T, M) := (T, M)* ®
(T M)* on the tangent space of x by

v(X,Y) = (X)), (Y ) e » VXY € T M,
where (-, ), is the Euclidean scalar product on R™. For a € G, let
a.v:=~vyla v e T*T, M)
be the pullback scalar product. The stabilizer H acts on v by
b =~(b~1)*v = det(Tyy (b)) "2/, ¥b € H.

In particular, by eq. (4.14)) we have
(aH).v =Rsp - a.v, Va e G (4.15)

and v does not extend to a G-invariant metric on M.

Since v, : G — M is a principal H-bundle, there exists an open covering of M by local
trivializations {¢;: U; x H — v (U;) }ier- Let {x;}ier a partition of unity subordinate
to {U;}ier and define n € T?M := T*M ® T*M by

=Y, xiy)(eily,e)v)eT*(T,M), Yy € M,
i€l yeU;

where e € H C G is the identity element. By construction 7 is smooth and positive
definite. Hence, it defines a Riemannian metric on M.

It remains to show that G acts conformally on (M,n). Let a € G. By eq. , for
every y € M there exists a positive constant c,(y) > 0 such that

a.ny = ca(Y) * Nay-
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Let X be a smooth vector field which is nonzero on a neighborhood U of y € M. Then,
the function c,: M — Ry satisfies

(a.nz)(Xa_z, Xa.z)

) Vz € a.U. 4.16
7]a.z<Xa.z, Xa.z) ( )

ca(2) =

Thus, ¢4|q.v is smooth because the right hand side of eq. (4.16) is. It follows that ¢, is
smooth. 0

Note that 7 is unique up to conformal equivalence. This is because, (due to eq. )
v € T?(T,M) is unique up to multiplication by a positive constant. Therefore, 7, and,
by transitivity of G, 1, for all y € M is unique up to a positive factor. Moreover, by
eq. the action of G on (M,n) is essential. That is, for every metric ° which
is conformally equivalent to 7, there are a € G such that 7(a) is not an isometry of
(M,n'). This has deep consequences as the following theorem shows, which is is known
as Riemannian Lichnerowicz conjecture (cf. Alekseevskii and Baum [2]) and has been
proven by Ferrand [29] in 1996.

Theorem 4.22. Let (M,n) be a connected Riemannian manifold of dimension n > 2.

If the conformal group Conf(M,n) is essential, then (M,n) is conformally diffeomorphic
e to (S™, Nean) if M is compact,
e or to (R, neuct) if M is not compact,

where Nean 15 the canonical metric on S™ and Neye s the Euclidean metric on R™.

As a consequences, we get the following result.

Corollary 4.23. Let M be a connected manifold of dimension n > 2. Suppose that
there is a Lie group G such that

(i) G acts smoothly and transitively on M
(ii) and the stabilizer G, of some x € M acts locally by rotations and dilations.
Then M 1is diffeomorphic to S™ or R™.

Cor. shows that (except for R"™) the n-sphere S™ is the only manifold for which the
construction of Antoine and Vandergheynst can be done. Hence, in order to construct
a continuous wavelet transformation for other homogeneous manifolds it is necessary
to go away from the classical continuous wavelet transformation and consider more

general concepts.
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CHAPTER 5

Outlook and discussion

As shown by Fiihr in [33] and seen in Chp. the relationship between a given unitary
representation 7 of type I of a second countable locally compact group G and its the
left regular representation Ag is crucial for square-integrability and the existence of
admissible vectors. 7 is square-integrable only if it is a subrepresentation of Ag. To
decide whether the representation 7 is a subrepresentation of A, it is essential to have
good knowledge of the Plancherel decomposition of Ag and its Plancherel measure
e as well as the central decomposition of m and its central measure p,. As seen in
Chp. 3:2.2] 7 is a subrepresentation of \¢ if and only if

e Uy IS pug-absolutely continuous;

o and the multiplicities m, (o) of ug-almost all irreducible representations o ap-

pearing in the central decomposition of 7 satisfy m (o) < dim(o).

If G is nonunimodular, then ug-almost all irreducible representations of GG are infinite-
dimensional and it turns out that « is square-integrable if and only if p, is ug-absolutely
continuous (cf. Thm. . If G is unimodular, then the situation is more complicated.
On the one hand, the set of finite-dimensional irreducible representations of G is not
necessarily pg-negligible. On the other hand, being a subrepresentation of Ag is not

sufficient. Another condition is needed, namely, 7 has to satisfy

/A ma(0) dug < oo. (5.1)
G

Hence, there are basically two reasons why the representation 7 is not square-integrable.
The first one is that it is “too small” in the sense that pu, and pg are mutually singular.
This problem occurs for both classes of groups. The second one is that 7 is “too large”
in the sense that p, is pg-absolutely continuous, however, the multiplicities (o) (of
some) of the irreducible representations o are “too large”. This situation only occurs
for unimodular groups.

In general, it is possible that u, is neither pg-singular nor ug-absolutely continuous.
As shown in Chp. [£.1], the Lebesgue decomposition theorem yields a decomposition
Ur = V¢ + V| into a measure v« which is pg-absolutely continuous and a measure v
which is pg-singular. This decomposition gives rise to a decomposition m = 7 & 7],

where 7, is a “small” (i.e., disjoint to Ag) and 7w« is a “large” representation (i.e.,
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quasi-equivalent to a subrepresentation of A\g) of G (cf. Thm. [4.2). Hence, we can
study both problems separately.

If 7 is a representation which is “too large”, then breaking it down into smaller rep-
resentations seems to be a successful strategy. In Chp. it is shown that such a
representation can be decomposed into a countable direct sum 7™ = @,.; m; of square-
integrable subrepresentations m;. Then, by fixing an admissible vector 1; for each ;,

one can verify that every f € H, satisfies

S [ m(ays £)da = |17]P

il

and the operator W: H, — L*(G x I)

W f(a,i) = (mi(a)yi, f)

defines a generalized continuous wavelet transformation (cf. Cor. 4.8). The decom-
position m = @, m; is essentially arbitrary and can be chosen correspondingly. As

mentioned above, this procedure is only necessary for unimodular groups.

The strategy of enlarging the domain of integration from G to larger spaces is not new.
Ebert and Wirth [26], Fihr [35] and Antoine and Vandergheynst [6] follow different
approaches to solve the same kind of problem and end up with different generalized
continuous wavelet transformations with values in L?(G x Rsg) (cf. Chp. and
Chp. 13.1.6)). In fact, the strategy of Ebert and Wirth led to the idea presented in
Chp.

By Thm. [2.65], “large” representations are quasi-equivalent to the left regular repre-
sentation. There exists a smallest cardinal number d € N U {oo} such that 7 is a
subrepresentation of d - A\. If d = 1 then 7 is cyclic. If d > 1 then n can be decom-
posed into a direct sum of d cyclic representations. From Thm. [2.66] one can deduce
that every cyclic subrepresentation of a “large” representation is a subrepresentation
of Ag. It follows that the cardinality of I is bounded from below by d. If ineq. is
satisfied, then each of the d cyclic representations satisfies the corresponding analogue
of ineq. and, therefore, they are square-integrable. Hence, there exists a decom-
position m = @,c; m; into square-integrable subrepresentations with |I| = d. However,
if 7 = @jeym; is a finite decomposition into cyclic subrepresentations and 7 does
not satisfy ineq. , then at least one of the representations m; does not satisfy the
corresponding analogue of ineq. . Hence, we have |I| = oo if ineq. is not
fulfilled.

For a moment, let us consider the problem from a different point of view. Let 7w be a
unitary representation and suppose that there exists an isometry V: H, — L?(G x M)

for some measure space (M, upr) such that

[Vﬂ-(b)f](a? m) = Vf(bilch m)’ Vf € Hn
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Then, for all ¢ € L?(M), the operator V¥: H, — L*(G),

Vefa)= [ Viam)-o(m) das(m),

defines an intertwiner between m and Ag. Since V is injective, there exists at least one
¢ € L?*(M) such that V¥ is nonzero. Hence, 7 and Ag are not disjoint. It follows
that the approach of enlarging the domain of integration does only work for “large”

representations.

In reverse, if 7 is a “small” representation, i.e., disjoint from Ag, then the approach
of enlarging the domain of integration has no chance to work. It turns out that this
situation is more challenging. Instead of enlarging the domain of integration, one can
try to reduce it. In fact, this is exactly what Perelomov and de Bievre do in the
approaches discussed in Chp. [3.1.3|and Chp. [3:1.4] However, in order to find a suitable
domain it is important to have good knowledge of the dual of G. Since the structure
of the dual can be very complicated, this is a very hard task. In Chp. we study

semidirect products
G=R"xH
and group extensions
1-R"->G—-H—1

of the Lie groups R™ and H. Those groups have usually fairly easy duals, which is well-
known due to Mackey’s machine (cf. Thm. and Thm. . Starting from these
results, one can show that for a certain class of representations = it is possible to find a
Radon measure p on G such that 7 is p-square-integrable (cf. Thm. and Thm. .
That is, there exists a vector 1) € H, such that the operator Wy,: H, — L*(G, u),

Wy fla) = (x(a), f) Vf € Han,

is an isometry, i.e.,
LIWut@P duta) = 1712

Similarly to the construction by de Biévre in [20], this result is not covered by the
considerations of Perelomov in [55] and extends the theory. Indeed, the ideas presented
by de Biévre were the starting point for the construction in Chp. In [20] the
author studies irreducible representations of semidirect products G = R"™ x H using
the connection between irreducible representations and coadjoint orbits as well as the
symplectic structure of coadjoint orbits. In the end, de Bievre gives an admissibility

criterion which is not very explicit. In contrast, the construction presented in this thesis
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uses a different strategy. It turns out that this approach works not only for irreducible
representations of semidirect products but also for certain reducible representations of
group extensions. Moreover, an explicit sufficient criterion is given in Thm. [£.13] and
Thm. £19

There is some hope that the results of Chp. [£.3] can be generalized to all irreducible
representations of nilpotent Lie groups. On the one hand, the structure of the dual of
nilpotent Lie groups is well-known (see for instance Brown [17], Kirillov [46], Lipsman

and Rosenberg [49]). On the other hand, there exists a series of subgroups
l1=ZyCcZ1C--Zp1CZ, =G

such that Z; < G and Z;/Z;—1 = R™. It might be possible to successively construct a
generalized continuous wavelet transformation on G/Z;_1 using the generalized contin-
uous wavelet transformation on G/Z;, since the latter is a Lie group extension of the

form

1— Zi/Zi,1 — G/Zi,1 — (G/Zl,l)/(Zz/Zl,l) — 1.
E’G/Zi

However, the generalization to nilpotent Lie groups is not straightforward and it is

necessary to put some effort in it.



APPENDIX A

Polar decomposition of direct integral operators

Lemma A.1. Let (A, u) be a measure space and let {Hq,}aca be a measurable field of

separable Hilbert spaces.

o Let {S(a)}aca be a measurable field of operators which is almost everywhere

bounded and positive. Then {S(a)%}aeA is measurable.

o Let {T'(a)}aca be a measurable field of operators which is almost everywhere
bounded and let T'(a) = U(a)|T(a)| be the polar decomposition of T'(a). Then
{U(a)}aeca and {|T(a)|}aca are measurable.

Let H be a (complex) Hilbert space and denote the space of bounded operators on
H by B(H). It is well-known that any bounded operator A € B(H) can be uniquely

written as a product

A=UJA| (A1)

where U € B(H) is a partial isometry on im(A), i.e., U*U is the orthogonal pro-
jection onto im(A), and |A| = (A*A)% € B(H) is defined via functional calculus. The
decomposition in eq. is called the polar decomposition of A.

In this chapter, we give a concrete construction of the polar decomposition. To begin
with, recall that the square root of a non-negative number s can be iteratively computed

by the Babylonian method. Let f: Ryg — R be the function
1 -1
fla) = 5o +als).

and define the sequence (by,)nen, by choosing some by > 0 and computing b1 = f(bg)-
Note that b, > /s for all n > 1 as

_ 2
fla) = 5= BV o (A.2)
W.lo.g. we can assume that by > /s (by shifting the indices by 1) and restrict f to a

function f: [/s,00) = [y/s,00). Then f is a contraction as |f/(z)| < § for all z > /s

and therefore by the Banach Fixed-Point Theorem (by,)nen, converges to the unique
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solution of z = f(z) in the domain of f, namely z = /s. In particular, for all x < b

0< f(--fl@)-) =5 <27"(w —/s) <27 (A.3)
n times

and the interval [\/s, by] is mapped to itself.

Instead of a positive real number s, we want to apply this method to a positive operator
S eB(H). Letb> HSH%, b > 0, and note that then the spectrum o (.S) of S is contained
in [0,b%). Define F': Rxg x [0,b%] — Rsq by

F(z,s) = %(w +z71s).
and let (b,)nen, be the sequence of functions [0, %] — Rxq defined by
bo(s) = b, br+1(s) = F(bk(s),s). (A.4)
From eq. and since F'(+, s)|( /5,00 I8 a contraction, it follows that
Vs < F(z,s) <b Vz € [V/s,b)].
Consequently, the functions b,, satisfy
Vs <bp(s) <b Vn € Np.

Moreover, F(x,s) > %IL‘ and therefore

im(b,) C [27"0, b] Vn € No.

Hence, the operators By, = by, (.S) are bounded and invertible as o(B,,) C [27"b, b].

By ineq. the sequence of functions (b, )nen, converges uniformly to the function
[0,b] — Rsg, s +— +/s. Thus, the sequence (Bj)nen, converges to S2 in the norm
topology.

Now, let '€ B(#H). Let b > ||T'||, b > 0 and B,, = b,(T*T) for n € Ny, where (b,,)nen,
is the sequence functions defined in eq. . Recall that all B,, are invertible and
converge to |T'|. Define the sequence (U, )nen, in B(#H) by

U,=TB,"'.
Then
ULl = IT1B, | < 1
S

because 0 < ﬁ‘[) < 1for all n € Ny. Since the unit ball in B(#) is ultraweakly compact

(s
the sequence (Up)nen, has a ultraweakly convergent subsequence. Denote its limit by
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U and note that ||U| <1 as the norm is ultraweakly lower semi-continuous. Moreover,

U,|T| converges (in the norm topology) to T as
T —TB T = 1T — |T|B, T < 27"

because 0 < /s — sy = ?\/é)(bn(s) —+/$) < 1-27"h. On the one hand, for all

feim(|T|), say f = |T|g, we have
Uf=Tg

and in consequence U uniquely defined on im(|7’|) and by continuity it is also uniquely
defined on im(|7]). On the other hand, let f € im(|T|)*. Since |T)| is self-adjoint it
follows that f € ker(|T'|) and therefore

1Unf = 1B I = T8 1l = 1B T If]| = 0.

Hence, U is uniquely defined on im(|7’|)*. By uniqueness of U it follows that (U, )nen,
converges ultraweakly to U (and not only a subsequence). In particular, (Uy)nen,

converges weakly to U.

Proof of Lem.[A.1l Let T = {T(a)}sca be a measurable field of operators which is

almost everywhere bounded and positive. Define

Bn(a) := bn(T(a)"T(a)), Un(a) :=T(a)Bn(a)™",
BTL = {Bn(a)}aGAa Un = {Un(a)}aeAv

as before. B, and U, are measurable fields of operators, as measurable fields of op-
erators remain measurable under inversion and addition. Let f = {f(a)},ca and
g = {g(a)}aea be two measurable fields of vectors. Since, for all a € A, B, (a) and
Un(a) converge weakly to |T'(a)| and U(a), respectively, it follows that

a— (f(a), Bn(a)g(a)), , a— (f(a), Un(a)g(a)),

converges almost everywhere to

a = (f(a),[T(a)lg(a)), a— (f(a),U(a)g(a)),

respectively, and, therefore, the latter are measurable for all measurable fields of op-
erators f,g. In consequence, |T'| = {|T(a)|}aeca and U = {U(a)}qca are measurable
fields of operators. O
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APPENDIX B

Fourier transformation of tempered distributions

Lemma B.1. Let u € S'(R™) be a tempered distribution.

e Suppose there exists a function f € L?(R™) such that

ue) = [ f@)pla)do Vip € S(RY)

Then f is uniquely defined by this relation. In particular, we can identify u with
f and write u € L*(R").

e u € L*(R") if and only if & € L*(R™). In that case, @ is the Plancherel transform
of u.

Proof.

o If there exists a function f € L?(R™) such that
up) = [ f@)elw)do Vip € S(R")
then u satisfies

u(@)l < [1£1l2 - I ll2,

where || - ||2 denotes the L?-norm. Since S(R") is dense in L?(R") there exists
a unique continuous extension 7 of u to L?(R™) which by Riesz Representation

theorem uniquely corresponds to a function g € L?(R"™) such that

u(p) = (9,9), p € L*(R").
By uniqueness g must be equal to the complex conjugate of f.

 Suppose that u = f € L2(R"). If f is the Plancherel transform of f then we have

a(p) =u(@) = | f(r)p(z)dr = - f@)p(e) da,

where the first equality is the definition of the Fourier transform of a distribution

and the last equality follows from the Plancherel Theorem. It follows that 4 €
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A

L*(R") and 4 = f.
Conversely, if & = f € L?(R™) then it follows analogously by inverse Fourier or
Plancherel transformation that v € L?(R") and u = f. O

Lemma B.2. Let p1 be a finite measure of R" and let u, be the tempered distribution

given by
uu(p) = /n p(z) du(z), Vo € S(R™).

If u, € L?(R™) then i is absolutely continuous with respect to the Lebesgue measure of
R™,

Proof. Let u, = f € L?(R™) and let u + be the tempered distribution given by

ug(p) = | F@)p(@)dz, Vo € SRY).

Then, by definition u, = u; and by Riesz-Markov-Kakutani Representation Theorem

(cf. Thm.

Hence, p is absolutely continuous with respect to the Lebesgue measure. O
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