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Preface

During the last 20 years, wavelet analysis has become a major research area
in mathematics, not only because of the beauty of the mathematical theory
of wavelet systems (sometimes also called affine systems), but also because of
its significant impact on applications, especially in signal and image process-
ing. After the extensive exploration of orthonormal bases of classical affine
systems that has occupied much of the history of wavelet theory, recently
both wavelet frames — redundant wavelet systems — and irreqular wavelet
systems — wavelet systems with an arbitrary sequence of time-scale indices
— have come into focus as a main area of research. Two main reasons for
this are to serve new applications which require robustness against noise and
erasures, and to derive a deeper understanding of the theory of classical affine
systems. However, a comprehensive theory to treat irregular wavelet frames
does not exist so far. The main difficulty consists of the highly sensitive inter-
play between geometric properties of the sequence of time-scale indices and
frame properties of the associated wavelet system.

In this research monograph, we introduce the new notion of affine density
for sequences of time-scale indices to wavelet analysis as a highly effective tool
for studying irregular wavelet frames. We present many results concerning the
structure of weighted irregular wavelet systems with finitely many generators,
adding considerably to our understanding of the relation between the geome-
try of the time-scale indices of these general wavelet systems and their frame
properties.

This book is the author’s Habilitationsschrift in mathematics at the
Justus-Liebig-Universitat Gieflen. It is organized as follows. The introduc-
tion presents a detailed overview of the recent developments in the study of
irregular wavelet frames and of the already quite established theory of the
relation between Beurling density and the geometry of sequences of time-
frequency indices of Gabor systems. Furthermore, it explains our main results
in an informal way. Chapter 2 reviews the terminology and notations from
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frame theory as well as from wavelet and time-frequency analysis employed
in this book.

The notion of weighted affine density, which will turn out to be a most
effective tool for studying the geometry of sequences of time-scale indices as-
sociated with weighted irregular wavelet systems, will be introduced in Chap-
ter 3. We illustrate the new notion by giving several examples. We further
compare this notion of affine density with the affine density that was inde-
pendently and simultaneously introduced by Sun and Zhou [119] and point
out the advantages of our notion.

In Chapter 4, we prove that the notion of weighted affine density leads to
very elegant necessary conditions for the existence of general wavelet frames on
the sequence of time-scale indices. The usefulness of this notion is emphasized
by its utility for the study of a rather technical-appearing hypothesis known as
the local integrability condition (LIC) of a characterization result for weighted
wavelet Parseval frames by Herndndez, Labate, and Weiss [77]. In fact, we
show that under a mild regularity assumption on the analyzing wavelets, the
LIC is in fact solely a density condition.

Chapter 5 is devoted to the study of a quantitative relation between frame
bounds and affine density conditions, since the complexity of frame algorithms
is strongly related to the values of the frame bounds. A striking result here is
a fundamental relationship between the affine density of the sequence of time-
scale indices, the frame bounds, and the admissibility constant of a weighted
irregular wavelet frame with finitely many generators. Several implications of
this result are outlined, among which is the revelation of a reason for the non-
existence of a Nyquist phenomenon for wavelet systems and the uniformity
of sequences of time-scale indices associated with tight wavelet frames. In
addition, we also present the first result in which the existence of particular
wavelet frames is completely characterized by density conditions. The non-
existence of very general co-affine frames is then shown to follow as a corollary.

In Chapter 6, we show that most irregular wavelet frames (and even
wavelet Schauder bases) satisfy a so-called Homogeneous Approzimation Prop-
erty (HAP). This property not only implies certain invariance properties under
time-scale shifts when approximating with wavelet frames, but is also shown
to have impact on density considerations. In addition to these main results,
our techniques introduce some very useful new tools for the study of wavelet
systems, e.g., certain Wiener amalgam spaces and — related with these ob-
jects — a particular class of analyzing wavelets.

Chapter 7 is devoted to the study of shift-invariance, i.e., invariance under
integer translations, which is a desirable feature for many applications, since
this ensures that similar structures in a signal are more easily detectable. The
oversampling theorems from wavelet analysis show that most classical affine
systems can be turned into a shift-invariant wavelet system with comparable
frame properties. Most interestingly, the process also leaves density proper-
ties invariant, and the question concerning necessity of this fact for irregular
wavelet systems arises. In this chapter we study the analog of this problem in
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time-frequency analysis and give a complete answer for irregular Gabor sys-
tems. Along the way we introduce a new notion of weighted Beurling density
and derive extensions of results from H. Landau [97], and Balan, Casazza,
Heil, and Z. Landau [7]. The results obtained in this chapter are not only
interesting by itself, but can also be regarded as an important step towards
the study of similar questions in wavelet analysis.
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Introduction

1.1 Irregular Wavelet and Gabor Frames

Wavelet analysis has attracted rapidly increasing attention since Daubechies’
groundbreaking book [41] in 1992 and is nowadays one of the major research
areas in applied mathematics. The analyzing systems commonly used in
wavelet analysis are the classical affine systems. Such a system consists of the
collection of time-scale shifts of a function ¢ € L?(R), called the analyzing
wavelet, associated with two parameters a > 1 and b > 0 and is given by

{a=%(a ™z — bk)}j ez

The origins of time-frequency analysis trace back to Gabor’s article [59]
on information theory, which appeared in 1946. This theory has also since
become an important, independent branch of applied harmonic analysis. The
function systems most often employed in this theory are the regular Gabor
systems, which comprise the collection of time-frequency shifts determined by
a function g € L?(R) and two parameters a, b > 0, specifically

{627ribmcg(aj _ ak)}k,nez-

There exist extensions to the higher dimensional situation for both sys-
tems, but in this introduction we restrict our discussion to the one-dimensional
case for simplicity.

Both wavelet and Gabor systems play important roles in signal processing
and data compression, e.g., in developing JPEG 2000, in solving MRI prob-
lems, and for the FBI fingerprint database (see, for instance, the books by
Benedetto and Ferreira [8], Chui [25, 26], Feichtinger and Strohmer [56, 57],
and Mallat [100]). These two types of systems are also a source of many
intriguing mathematical problems and a useful tool in other areas of mathe-
matics, see, e.g., the applications of wavelets to the study of Navier-Stokes or
Euler equations (see, for instance, the books authored by Debnath [44] and
Hogan and Lakey [82]).



2 1 Introduction

Until some years ago the focus of research in wavelet analysis had been
mainly on the construction of orthonormal bases. But recently the the-
ory of frames, which generalize the notion of bases by allowing redun-
dancy yet still providing a reconstruction formula, has been growing rapidly,
since several new applications have been developed. Due to their robust-
ness not only against noise but also against losses, and due to their free-
dom in design, frames — especially tight frames — have proven themselves
an essential tool for a variety of applications such as, for example, nonlin-
ear sparse approximation, coarse quantization, data transmission with era-
sures, and wireless communications (see, for instance, Benedetto, Powell, and
Yilmaz [10], Candeés and Donoho [13], Goyal, Kovacevié¢, and Kelner [60],
and Strohmer and Heath [116]). Gabor frames have already been studied
for a longer time (cf. the books by Feichtinger and Strohmer [56, 57]), but
recently also wavelet frames have become a main area of research in the
wavelet community. (See, for example, the various papers authored by Chan,
Chui, Czaja, Daubechies, Grochenig, Han, He, Herndndez, Labate, Maggioni,
Riemenschneider, Ron, L. Shen, Z. Shen, Shi, Stockler, Q. Sun, and Weiss
[109, 67, 34, 27, 28, 29, 77, 32, 42, 19, 30, 31, 111].)

However, most results concerning wavelet and Gabor frames are restricted
to the special cases of classical affine systems and regular Gabor systems.
Recently, general irregular wavelet and Gabor systems, which can be built by
using arbitrary time-scale or time-frequency shifts, have attracted increas-
ing attention (see, for instance, the papers by Aldroubi, Balan, Cabrelli,
Casazza, Christensen, Deng, Favier, Feichtinger, Felipe, Heil, Kaiblinger,
Kutyniok, Lammers, Z. Landau, Molter, Ramanathan, Steger, W. Sun, and
Zhou [107, 22, 23, 18, 118, 15, 73, 92, 119, 120, 1, 55, 121, 7, 93, 94, 95, 117]).
An irregular wavelet system is determined by an analyzing wavelet 1) € L?(R)
and a sequence of time-scale indices A C RT x R, regarded as a sequence in
the affine group A, and is defined by

W(h, A) = {a" 29 (a™ e — b)}apyen-

Given a function g € L?(R) and a sequence of time-frequency indices A C R?
an irregular Gabor system is given by

G(g,4) ={e*™g(x — a)}apyea-

The necessity of studying these general systems occurs since in practice a
sequence of time-scale or time-frequency indices might be perturbed due to
the impact of noise or other disturbances or may be directly imposed by the
application at hand. Therefore results about the impact of properties of the
sequence of time-scale or time-frequency indices on frame properties of the
associated wavelet or Gabor system will turn out to be essentiell. Moreover,
the study of irregular systems is very interesting from the mathematical point
of view in deriving a deeper understanding of the theory of wavelet systems or
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Gabor systems and, in particular, of the special case of classical affine systems
or regular Gabor systems.

Later, it will become necessary to additionally equip the analyzing func-
tions contained in the system with weights and also to consider systems with
finitely many generators.

1.2 Density for Gabor Systems

Since time-scale and time-frequency indices associated with irregular wavelet
and Gabor systems are initially completely arbitrary, we are led naturally to
questions concerning the relation between their geometrical structure and the
frame properties of the associated system. In order to put our results into
perspective, let us review the density results that exist for the case of Gabor
frames and the Heisenberg group.

Classical results are mostly concerned with regular Gabor systems, i.e.,
with rectangular lattices of the form A = aZ x bZ, where a,b > 0. Baggett [4]
and Daubechies [40] proved that if G(g, aZ x bZ) is a complete subset of L?(IR)
then necessarily ab < 1. Since every frame is complete (but not conversely), it
follows as a corollary that if ab > 1, then G(g, aZ x bZ) cannot form a frame.
Baggett’s proof uses deep results from the theory of von Neumann algebras,
while Daubechies provided a constructive proof of this result by using signal-
theoretic methods (the Zak transform). However, her result is restricted to the
case that ab is rational. Daubechies also noted that a proof for general ab can
be inferred from results of Rieffel [108] on C*-algebras. Another proof of this
result based on von Neumann algebras was given by Daubechies, H. Landau,
and Z. Landau in [43], and a new proof appears in Bownik and Rzeszotnik [12].

H. Landau [98] extended the result on Gabor frames to much more general
sequences A in R?, deriving a necessary condition for G(g, A) to be a frame in
terms of the Beurling density of A, but requiring some restrictions on g and A.
For the rectangular lattice case, Janssen [86] gave an elegant direct proof that
if G(g,aZ x bZ) is a frame then ab < 1. This proof relies on the algebraic struc-
ture of the rectangular lattice aZ x bZ and the Wexler—Raz Theorem for Gabor
frames. Perhaps the most elegant development along these lines was due to
Ramanathan and Steger [107]. They proved that all Gabor frames G(g, A),
without restrictions on g € L?(R), but only for separated sequences A C R,
satisfy a certain Homogeneous Approximation Property (HAP). This is a fun-
damental result that is of independent interest, and in particular they de-
duced necessary density conditions on the sequence of time-frequency indices
of irregular Gabor frames as a corollary. Ramanathan and Steger were also
able to recover the completeness result of Rieffel by using this technique as
a main tool. However, the proof by Ramanathan and Steger required A to
be uniformly separated. Christensen, Deng, and Heil removed this hypothesis
n [22]. Also, [22] extended the result to higher dimensions and to finitely
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many generators, and made several other contributions. Christensen, Deng,
and Heil derived the following general result on the density of Gabor systems
which we state for simplicity only in the one-dimensional, singly generated
case.

Theorem 1.1. Let g € L?(R) and A C R? be given. Then the Gabor system
G(g,A) has the following properties.

(i) If G(g, A) is a frame for L2(R), then 1 < D~ (A) < D*(A) < .
(i) If G(g, A) is a Riesz basis for L*(R), then D~(A) = DT (A) = 1.

Here D*(A) are the upper and lower Beurling densities of A, which mea-
sure in some sense the largest and smallest number of points of A that lie
on average in unit squares. The group structure employed for this notion
of density is the one coming from the Heisenberg group modulo its cen-
ter. The cutoff density 1 is called the Nyquist density. In the special case
A = aZ x bZ, we have D*(aZ x bZ) = . Grochenig and Razafinjatovo
adapted the Ramanathan/Steger argument to prove an analogous result for
windowed exponentials in [66].

Ramanathan and Steger conjectured in [107] that Theorem 1.1(i) should
be improvable to say that if D~(A) < 1 then G(g, A) is incomplete in L?(R).
However, Benedetto, Heil, and Walnut [9] showed that the Rieffel result does
not extend to non-lattices: there exist complete (but non-frame) Gabor sys-
tems with upper Beurling density €. The counterexample built fundamentally
on the work of H. Landau on the completeness of exponentials in L?(S) where
S is a finite union of intervals. Another counterexample, in which A is a sub-
set of a lattice, appears in Y. Wang [123]. Moreover, Olevskii and Ulanovskii
[103, 104] constructed a system consisting solely of translates which is com-
plete in L?(RR), but even the upper density of the set of indices regarded as a
subset of R? equals zero.

Recently, Balan, Casazza, Heil, and Z. Landau showed that such neces-
sary density conditions, including the Nyquist density cutoff, apply to a much
broader class of abstract frames called localized frames [6]. Localized frames
were also independently introduced by Grochenig [64] for quite different pur-
poses.

Finally, we remark that density theorems for Gabor frames G (g, A) generated
by Gaussian functions g are related to density questions in the Bargmann-Fock
spaces, see, e.g., Seip [112]. We further mention that the notion of Beurling
density was also employed by Heil and Kutyniok [74] to derive conditions on
the existence of frames and Schauder bases of windowed exponentials, and an
adapted notion of density and a new notion of dimension were the main tools
to study wave packet frames and also Gabor pseudoframes for affine subspaces
in the papers by Czaja, Kutyniok, and Speegle [36, 37].

For more details and extended references we refer to the recent survey
paper on the history of the density theorem for Gabor systems by Heil [72].
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1.3 Geometry of Time-Scale Indices

It is natural to ask whether wavelet systems share similar properties, and the
immediate answer is that there is clearly no exact analogue of the Nyquist
density for wavelet systems. In particular, consider the case of the classical
affine systems W(1, A) with dilation parameter a > 1 and translation para-
meter b > 0, i.e.,

A= {(ajabk)}j,kGZ

It can be shown that for each a > 1 and b > 0 there exists a wavelet ¢ € L?*(R)
such that W(¢, A) is a frame or even an orthonormal basis for L(R). In fact,
the wavelet set construction of Dai, Larson, and Speegle [39] shows that this
is true even in higher dimensions: wavelet orthonormal bases in the classical
affine form exist for any expansive dilation matrix. For additional demon-
strations of the impossibility of a Nyquist density, even given constraints on
the norm or on the admissibility condition of the wavelet, see the example of
Daubechies in [40, Thm. 2.10] and the more extensive analysis by Balan in [5].

However, the more general question remains: for what sequences Ay, ..., Ay,
C A and what weights wy : Ay — R for £ = 1,..., L is it possible to construct
wavelet frames of the form

L L
U W, A, we) = | J{we(a, b)2a™2¢h(a™ 2 — b)}apea,
=1 =1

with finitely many generators 1, ..., € L?(R)? Two important examples
of wavelet systems other than classical affine systems are the quasi-affine and
co-affine systems.

Quasi-affine systems, introduced by Ron and Shen [109], are obtained by
replacing the sequence A associated with a classical affine system by the new
sequence

A= {(a’,bk)};<okez U {(a?,a7bk)} ;>0 kez;

and using the weight function

w(a?,bk) = 1, j<0,kezZ,
w(a?,a k) = a7, j>0keZ.

In other words, “extra” elements are added to an affine system, and addition-
ally the norms of the extra elements are adjusted. Ron and Shen proved that
if a is an integer and b = 1 then an affine system is a frame if and only if the
quasi-affine system is a frame. The utility of the quasi-affine system is that it is
shift-invariant, i.e., integer translation-invariant, unlike the original classical
affine system. Shift-invariance, i.e., invariance under integer translations, is a
desirable feature for many applications, since it ensures that similar structures
in a signal are more easily detectable. Quasi-affine systems were also studied
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in the papers by Bownik [11], Chui, Shi, and Stockler [35], Gressman, Labate,
Weiss, and Wilson [61], and Johnson [88].

Co-affine systems were studied recently by Gressman, Labate, Weiss, and
Wilson [61]. If we write an affine system as {D,;Ty1}; rez, where D,; and
Ty, are the appropriate dilation and translation operators, then the associated
co-affine system is {T;D,i¢}; kez. This amounts, in the terminology of this
book, to taking

A={(d,a™7k)}jkez,

and w = 1. It was shown in [61] that such a system W(¢, A, w) can never
form a frame for L?(R), and, moreover, this impossibility remains even when
allowing weights of the form w(a’,a=7k) = w(a’). An extension of this result
to higher dimensions was derived by Johnson [90].

Considering the Gabor situation we come to the conclusion that a notion
of density for wavelet systems, despite the lack of a Nyquist density, should
be exactly the right method to explain, for instance, the difference between
affine/quasi-affine and co-affine systems, but even more to relate frame
properties of a wavelet system with properties of the associated sequence of
time-scale indices. It was already conjectured by Daubechies in [41, Sec. 4.1],
that the value ﬁ might play the role of a density for classical affine sys-
tems, since it is an ubiquitous constant in a variety of formulas in wavelet
analysis. For example, if W(¢, {(a’,bk)}; kez) is a tight frame for L?(R) and
[ 19(€)[?/1€lde = 1, then the frame bounds are exactly y—. In [113], Seip
introduced a notion of density for Bergman-type spaces on the unit disk,
and it is possible to derive some density results for wavelet frames W(¢, A)
generated by certain wavelets ¥ from those results. Some preliminary results
relating density to wavelet frames also appeared in a paper by Olson and Seip
[105], but until now there has been no general theory of density properties
of wavelet frames; there did not even exist a notion of density for general
irregular wavelet systems.

To build such a theory is a fascinating challenge, since the situation for
wavelet systems is much more delicate than the one for Gabor systems due
to the non-commutativity of the affine group. Results in this direction should
lead to a much deeper understanding of the geometrical structure of the time-
scale indices associated with a wavelet frame, thereby also delivering tools to
construct irregular wavelet frames and to examine their stability.

Summarizing, this research monograph has the following aims.

> Derive a notion of weighted affine density for weighted sequences of time-
scale indices of weighted irregular wavelet frames with finitely many gener-
ators in such a way that classical affine systems possess a uniform density
equal to the ubiquitous constant ﬁ.

> Study whether the non-existence of co-affine frames is related to density
properties.

> Derive necessary and sufficient density conditions for the existence of
weighted irregular wavelet frames with finitely many generators.
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> Relate the density of the weighted sequences of time-scale indices to the
frame bounds of weighted irregular wavelet frames with finitely many
generators.

> Reveal reasons why a Nyquist phenomenon does not exist for wavelet
systems.

> Study the HAP for wavelet systems and its relation (or lack thereof) to
density conditions.

> Study the affine density of a classical affine system and the weighted affine
density of its associated quasi-affine system and examine whether their
relation is enforced by the property that one system is a frame if and only
if the other system is a frame.

1.4 Overview of Main Results

In the following we outline the organization of this book and present some of
the highlights in an informal way.

In Chapter 2 we present some background and notation from frame theory
and wavelet and time-frequency analysis which will be employed throughout.
We further give a brief overview of Wiener amalgam spaces in the general set-
ting of locally compact groups, since we will consider different group settings
in this book. These spaces will serve as regularity conditions for analyzing
wavelets as well as for Gabor generators.

We proceed in Chapter 3 to introduce the new notion of upper and lower
weighted affine density for weighted irregular wavelet systems with finitely
many generators and to study several of its properties. We show that it satisfies
the property that classical affine systems possess a uniform affine density,
i.e., upper and lower density coincide, and this density is exactly equal to
the magical constant ﬁ. Moreover, we compare this density with another
notion of density for wavelet systems simultaneously introduced by Sun and
Zhou [119]. We show that for their density a weighted form has to be used
to derive the same uniform density for the classical wavelet systems, thereby
emphasizing our notion as more naturally in this sense.

In Chapter 4, we derive necessary conditions on the upper and lower
weighted affine density for the existence of a weighted irregular wavelet frame
with finitely many generators. These results only rely on conditions concern-
ing finite upper and positive lower density, in this sense on qualitative density
conditions. More precisely, we prove that if such a wavelet system possesses
an upper frame bound, then necessarily the upper density has to be finite
(Theorem 4.1). This result confirms the intuitive view of the density as the
amount to which the time-scale indices are concentrated. We further show that
provided that the wavelet system possesses a lower frame bound, then, under
some hypotheses on the time-scale indices and with weights being equal to
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one, the lower density must be positive (Theorem 4.2). Another result in the
same spirit only under a mild regularity hypothesis on the analyzing wavelets
will be derived in Chapter 6 (Corollary 6.12). For our proofs we rely on tech-
niques from frame theory, Fourier analysis, and complex analysis. We apply
these results to oversampled affine systems, co-affine systems, and systems
consisting only of dilations, obtaining some new results relating density to the
frame properties of these systems.

Using the methods developed in the first part of this chapter we then study
a certain rather technical-appearing hypothesis known as the local integrabil-
ity condition (LIC) of a characterization result of weighted wavelet Parseval
frames with finitely many generators and with arbitrary sequences of scale
indices by Hernéndez, Labate, and Weiss [77], and show that under some
mild regularity assumption on the analyzing wavelets, the LIC is solely a very
natural density condition on the sequences of scale indices. More precisely,
it will be shown that the LIC is in fact equivalent to the condition that the
weighted sequences of scale indices possess a finite upper weighted density
(Theorem 4.22). Using this new interpretation of the LIC, we further discuss
when the characterization result holds.

Chapter 5 is devoted to the study of quantitative density conditions in
which the precise value of the density plays a role. The systems under conside-
ration are weighted wavelet systems with finitely many generators and with
arbitrary weighted sequences of time and scale indices satisfying some mild
condition on the weighted sequences of time indices. A striking result here
is a fundamental relationship between the affine weighted density, the frame
bounds, and the admissibility constants for the analyzing wavelets (Theo-
rem 5.6).

Several applications of this result are discussed. We show that such an
irregular wavelet frame can only be tight if its weighted sequence of time-
scale indices has a uniform weighted affine density (Corollary 5.9). This result
provides new insight into tight irregular wavelet frames, since the classical
affine systems, no matter whether they are tight or not, always possess a
uniform density. In particular, we show that the sequence of time-scale indices
of an orthonormal wavelet basis of the considered form has a uniform affine
density. However, we show that this density does not rely on the norm of the
generator as in the Gabor case, but instead on the admissibility constant,
thereby revealing one reason why there does not exist a Nyquist phenomenon
for wavelet systems (Section 5.4). We further derive the first result in which the
existence of particular wavelet frames is completely characterized by density
conditions (Theorem 5.11). This result is especially surprising since density
conditions are independent of the analyzing wavelet itself and do not capture
local features of the time-scale indices; hence they appear almost too weak to
serve as a sufficient condition. Finally, we use the fundamental relationship
to prove that certain weighted irregular co-affine systems can never form a
frame (Theorem 5.18).
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In Chapter 6 we derive several results related to the Homogeneous
Approzimation Property (HAP) for irregular wavelet systems with finitely
many generators. The (Weak and Strong) HAP for Gabor systems states that
approximating with a particular finite set of Gabor elements is invariant under
time-frequency shifts. Moreover, it is a key property which leads to necessary
conditions for Gabor frames in terms of the Beurling density of the associated
sequence of time-frequency indices of the generator. We will show that, with a
mild regularity assumption on the analyzing wavelets, irregular wavelet frames
with finitely many generators satisfy an analog of the Strong HAP with respect
to the affine group (Theorem 6.10). We further prove that irregular wavelet
frames with finitely many generators satisfying the Weak HAP must fulfill
certain density conditions with respect to other wavelet Riesz bases (Theo-
rem 6.11). As an application we obtain necessary conditions for the existence
of such frames in terms of the affine density (Corollary 6.12), which should be
compared to those derived in Chapter 4.

In the second part of Chapter 6 we consider irregular wavelet Schauder
bases with finitely many generators, and in fact this is the first time that those
systems are systematically studied. We obtain results in the same spirit as in
the first part of this chapter on the density of these Schauder bases, where
the Strong HAP has to be replaced by the Weak HAP (Theorems 6.15 and
6.16, and Corollary 6.17).

In addition to these main results, our techniques introduce some new tools
for the study of wavelet systems. In particular, we show that any generator
of a wavelet frame which satisfies our regularity assumption has a continuous
wavelet transform that lies in a particular Wiener amalgam space (Theorem
6.4). We further show that the class of analyzing wavelets which satisfy this
regularity condition is in particular dense in the set of admissible wavelets.

In Chapter 7 we deviate a little from our main line of investigation and
devote this chapter to Gabor systems. We introduce and study a new notion of
weighted Beurling density for multiple weighted sequences of time-frequency
indices suited to the study of weighted irregular Gabor systems with finitely
many generators. We further prove that using arbitrary piecewise continuous,
positive functions of a particular amalgam space instead of just characteristic
functions of different boxes to measure the density of a weighted sequence leads
to exactly the same notion of Beurling density. We think this result (Theorem
7.15) is interesting in its own right, since it, in particular, implies that for
functions contained in the modulation space M' the associated short-time
Fourier transform can serve as a measuring function for (weighted) Beurling
density.

Then we establish a useful relationship between this density, the frame
bounds, and the norms of the generators for the Gabor frames under conside-
ration (Theorem 7.19).

Shift-invariance, i.e., invariance under integer translations, is a desirable
feature for many applications, since this ensures that similar structures in
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a signal are more easily detectable. Regular Gabor systems have the great
advantage over wavelet systems in that they are almost always automatically
shift-invariant. However, most irregular Gabor systems lack this desirable
property. We discuss the terminology of shift-invariance for these systems
and introduce a machinery to associate a shift-invariant Gabor system to an
irregular Gabor system. We further show that, provided frame properties are
to remain unchanged, the shift-invariant counterpart has to be equipped with
weights and that density conditions must be imposed on the sequences of
time-frequency indices of both systems (Theorem 7.28).

We complete this section by conjecturing that for wavelet systems results
similar to the ones obtained in Chapter 7 on the density properties of Gabor
systems and its shift-invariant counterparts also hold, most likely in some
weaker form. Therefore one future project will be to study these questions
in the wavelet setting. We also mention that in this book we consider the
univariate situation for wavelet systems, where we derive a complete theory.
In the Gabor case the treatment of the multivariate case does not differ much
from the one of the univariate case. However, in wavelet analysis the situation
is completely different. Recent studies by Speegle [115] show that even for
some multivariate classical affine systems it is not clear whether there exists an
analyzing wavelet so that the resulting wavelet system forms an orthonormal
basis. To derive an appropriate notion of density for multivariate wavelet
systems will become one further topic for future research.



2

Wavelet and Gabor Frames

In this section we give a brief survey of the main notations, definitions, and
results from frame theory, wavelet analysis, and time-frequency analysis which
will be used throughout the book. We conclude this chapter with a section on
amalgam spaces in the setting of locally compact groups, since in the sequel
amalgam spaces will be employed in different group settings.

2.1 Frame Theory

In this section we briefly recall the definition and basic properties of frames
and Schauder bases in Hilbert spaces. For more information on frame theory
we refer to the various books and papers authored by Casazza [14], Christensen
[20, 21], Daubechies [41], Heil and Walnut [76], and Young [128], and concern-
ing Schauder bases theory we refer to Heil [70], Lindenstrauss and Tzafriri [99],
Marti [101], Singer [114], and Young [128].

Let H be a separable Hilbert space, and let I be an indexing set. A sequence
{fi}ier € H is a frame for H if there exist constants 0 < A < B < oo such
that

AP <D WL P < BIFIP forall f e H. (2.1)
iel
The constants A and B are called lower and upper frame bounds, respectively.
If A and B can be chosen such that A = B, then {f;}:cs is a tight frame. If
we can take A = B =1, it is called a Parseval frame.
Let {f;}icr be a frame for H. Then the frame operator

Sf=> (1)t

il
is a bounded, positive, and invertible mapping of H onto itself, which satisfies

Ald < S < BId,
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where Id denotes the identity operator. The canonical dual frame is { ﬁ}ze I,
where f; = S~!f;. For each f € H we have the frame expansions

F=Y L0 =Y F) fee
i€l i€l
In the special case that {f;};cr forms a Parseval frame, the frame operator S
is the identity, the dual frame coincides with the frame itself, and the frame

expansions reduce to f = >"._; (f, fi) fi.
A sequence which satisfies the upper frame bound estimate in (2.1), but

not necessarily the lower estimate, is called a Bessel sequence and B is a Bessel
bound. In this case,

Hzcifi
iel

In particular, || f;]|> < B for every i € I.

2
<B Z |ci|? for any (c;)ier € £2(1). (2.2)
iel

A sequence {f;}ien is a Schauder basis for H if for each f € H there exist
unique scalars ¢;(f), i € N, such that

f= ici(f)fi- (2.3)

Then there exists a unique biorthogonal system { fi}ieN in H, which is also a
Schauder basis, called the dual basis, and which satisfies

f:Z<f7fi> fi:Z<faJZi>fi for all f € H.
i=1 i=1

The associated partial sum operators are Sy(f) = Zfil (f, i) fi for f e H.
The basis constant is the finite number C' = supy ||Sn||. If for each f € H the
series f = >, ¢;i(f) fi converges with respect to any ordering of the indices,
then {f;}ien is called an unconditional basis. Consequently, for a Schauder
basis the ordering in (2.3) can be crucial. If 0 < inf; || f;|| < sup, || fi|| < oo then
{fi}ien is a bounded basis. A sequence {f;}ien which is a Schauder basis for
its closed linear span within H, denoted by span;cy{f;}, is called a Schauder
basic sequence.

We conclude this section with the following well-known result concerning
the relationship between Schauder bases, Riesz bases, and frames (compare
Casazza [14] or Christensen [21]).

Proposition 2.1. The following three statements are equivalent:
(i) {fi}ien is a Schauder basis and a frame for H,
(ii) {fi}ien is a Riesz basis for H,

(iil) {fi}ien is a bounded unconditional basis for H.
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2.2 Wavelet Analysis

In this section we will focus on the basic definitions, notations, and results
in wavelet analysis which will be used in the sequel. For more information
on wavelet theory we refer the reader to the books by Chui [24], Daubechies
[41], and Herndndez and Weiss [79], and the papers authored by Heil and
Walnut [76] and Weiss and Wilson [124]. Most of the following definitions can
be generalized to higher dimensions, but since in this book we focus on the
one-dimensional situation, we just state the one-dimensional definitions. Let
A = RT x R denote the affine group, endowed with the multiplication

(a,b) - (z,y) = (az, % +y).
The identity element of A is e = (1,0), and inverses are given by
(a,b)"" = (%, —ab).

The left-invariant Haar measure on A is g = df dy. We denote the norm and
inner product on L?(A) with respect to this Haar measure by [l r2(ay and
(-, L2(A) respectively, whereas the norm and inner product on L?(R) will be
denoted by |[|-|| or [|-|l, and (-, ).

Let o be the unitary representation of A on L?(R) defined by

(0(a, b)) (x) = (2 —b) = DuTyb(x),

where D, denotes the dilation operator D, f(x) = ﬁf(%) and T}, denotes the
translation operator Ty f(x) = f(xz — b).

For f € L'(R?), we will use the following convention for the Fourier trans-
form:

fo= [ " f(@)e 2 dn.

Its extension to a unitary mapping from L?(R%) to L?(R%) will also be denoted
by f. The inverse Fourier transform shall be denoted by fV.
Given ¢ € L*(R), called an analyzing wavelet, the continuous wavelet

transform (CWT) Wy f of f € L?(R) with respect to 1 is

Wol(ab) = (f, o(ab)8) = (. DuTiw) = 2 [ 1) 5E D da

We have
Wy f(a,0)] < |Iflly [l for all (a,b) € A

and Wy f € C(A). However, Wy, does not map L*(R) into L?(A) for each
1 € L2(R). We say that 1 € L?(R) is admissible if the admissibility constant
Cy defined by
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R
C“/_m e *

is finite. This condition is also sometimes called the admissibility condition.
In particular, this is equivalent to the condition that both integrals

0 N 2 oo |7 2
R Ly e [T
ci=|_ g % ci= g

are finite. We further set

L4 (R) = {¢ € L*(R) : ¢ is admissible}.

Note that if ¢ € LY(R) N L4 (R), then we must have ¢(0) = 0, since ) is
continuous. If ¢ is admissible, then Wy, maps L*(R) into L?(A), cf. Heil and
Walnut [76, Cor. 3.3.6]. Precisely, we have that if ¢ € L% (R) and f € L*(R),
then

0

Wofley =C5 [ 1F@OF s+ [ 1P de < 0o 1513,

— 00

Furthermore, the roles of f and v can be interchanged by using the relation
Wip(a,b) = Wy f((a,b)~1). We remark that this lack of symmetry is due to
the fact that the Haar measure on A is not unimodular.

The next lemma lists several useful equivalent forms of the CWT:

Lemma 2.2. If f,7) € L?(R), then

Wollad) = 2 [ 1) W=D b

=a / 7€) Dlag) ik d
— (f - Dy rh)¥ (ab).

The Besov spaces By, (R), where o > 0 and 1 < p,q < oo, are the natu-
ral function spaces associated with the CW'T, namely, their norms quantify
time-scale concentration of functions or distributions. They consist of func-
tions in LP(R) with “smoothness «,” with the parameter ¢ allowing for a finer
graduation of the quantification of smoothness. There are many equivalent
definitions of the Besov spaces, and we refer to Triebel [122] for more infor-
mation. An important fact is that equivalent norms for the Besov spaces can
be formulated in terms of the discrete wavelet transform (see Meyer [102]) or
the continuous wavelet transform (see Perrier and Basdevant [106]).

For practical purposes, however, discrete wavelet systems are needed,
i.e., wavelet systems {o(a, b))} (4,p)c, Where A does not equal A, but instead
is just a sequence in A. We remark that although A will always denote a
countable sequence of points in A and not merely a subset, for simplicity
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we will write A C A. In particular, this means that we allow repetitions of
points. Further recall that the disjoint union S = |J]_, S; of a finite col-

lection of sequences Si,...,S, contained in some set is the sequence S =
{811, -+ 81n,S215-- - S2n, ... }, where each S; is indexed as S; = {sg; }ren,
i.e., S is the sequence obtained by amalgamating S1,...,S,.

Definition 2.3. (a) Given an analyzing wavelet ¢ € L*(R), a sequence of
time-scale indices A C A, and a weight function w : A — R, the weighted
(irregular) wavelet system generated by ¢, A, and w is defined by
W(W, 4,w) = {w(a,b)* o(a,0)¢}wpyea
= {w(a,b)2 DaTo b} (apyen
1 X
= {w(a,b)} Lo(Z ~D)}amer

Nl

If w =1 we omit writing it.
(b) Let 4, ...,¢p € L2(R), and let Ay, ..., A C A with associated weight

functions wy : Ag — RY for £ =1,...,L be given. Then the weighted (irregu-
lar) wavelet system generated by {(v¢, Ag,we)}E_, is the disjoint union

L
U Wwoe, Ae, we).
(=1

This definition of weighted wavelet systems includes as special cases the
classical affine systems, the quasi-affine systems, and the co-affine systems
(defined below). In particular, it is important to allow the case of nonconstant
weights in order to obtain the quasi-affine systems.

The most often employed and studied wavelet systems are the classical
affine systems

Wi, {(a’,bk)}; kez),

where ¢ € L?(R) and @ > 1, b > 0. Since these systems lack the property
of being shift-invariant, i.e., of being invariant under integer translations, the
so-called quasi-affine systems

W, {(a’,bk)}j<0 ez U{(a’,a™7bk)}j>0 kez, w),
where

w(a?, bk) = 1, j<0,kez,
w(a?,a k) = a7, j>0,keZ,

were developed for a € Z, b > 0 by Ron and Shen [109] and for a € Q by
Bownik [11]. Further contributions werde made by Chui, Shi, and Stockler
[35], Gressman, Labate, Weiss, and Wilson [61], and Johnson [88]. In [61]
Gressman, Labate, Weiss, and Wilson also studied classical affine systems for
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b = 1 with interchanged ordering of dilation and translation, i.e., wavelet
systems of the form

{TDaiv}jrez = {DaiTa-irth}jrez,

where a > 1. This amounts, in the terminology of this book and letting b > 0
be arbitrary, to taking

W, {(a’,a™7bk)}; rez)-

These are the so-called co-affine systems. We also refer to Johnson [90].

Recently a general notion of oversampled affine systems was introduced
by Hernéndez, Labate, Weiss, and Wilson [78] and extended by Johnson
[89], which includes not only the classical affine, but also the quasi-affine
and co-affine systems as special cases.

Definition 2.4. Given ¢ € L*(R), a > 1, b > 0, and {r;}jez € R*, an
oversampled affine system is a weighted wavelet system of the form W(y, A, w)
with

A= {(aj,%)

likez  amd wl(@, )=

T
Example 2.5. The following are special cases of oversampled affine systems.

(i) The classical affine systems are obtained by setting r; = 1.

(ii) The quasi-affine systems of Ron and Shen [109] are obtained when a is an

integer, b = 1, and
1, j<0,
Ty = . .
al, 5 >0.

(iii) The quasi-affine systems of Bownik [11] are obtained when a = £ is ratio-

nal, b =1, and
_ a7, j <0,
Ty = J .
P, =0

(iv) The co-affine systems of Gressman, Labate, Weiss, and Wilson [61] are
obtained by setting r; = a’ and b= 1.

2.3 Time-Frequency Analysis

As in the section before, we will state the basic definitions, notations, and
results from time-frequency analysis as far as we will need them later. We
mention the books by Daubechies [41], Feichtinger and Strohmer [56, 57], and
Grochenig [63] as references for further details.
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In time-frequency analysis, time-frequency shifts play the role that time-
scale shifts play in the wavelet setting. The time-frequency plane is actually
the Heisenberg group H = R? x R? x T endowed with the multiplication

(a, b, C) (a/7 b/, c/) = (a + a/’ b+ b/7 Ccle—27ri<a,b/>).

The toral component will later be ignored. This group is equipped with the
so-called Schrodinger representation, which is the irreducible unitary repre-
sentation of H on L?(R?) defined by

(p(a,b,c)g)(z) = ce>™ O g(x — a) = eMyT,g(x),

where M,, denotes the modulation operator My, f(z) = e2™®) f(z).
The analogue of the continuous wavelet transform is the Short-Time
Fourier transform (STFT) of f € L*(R%) with respect to g € L?(R?) given by

ng(aa b) = <f7 p(av bv 1)9) = <f7 MbTag> = /_ f(il') eizﬂ—i(b’mg(x - a) dx

for (a,b) € R? x RY = R??, We have
Vaf(@,0) < [Ifll;llgll, for all (a,b) € R*

and V, f € C(R??). Unlike the wavelet case, all vectors in L?(R) are admissible,
because the Haar measure on the Heisenberg group is unimodular. The STFT
V, maps L*(R%) into L*(R?9) for all g € L*(R?). Given g1, 92 € L*(RY) and
f1, f2 € L2(R?), the orthogonality relations for the STFT are

<V91f17 ngf2> = Cy, g, (f1: f2) , (2.4)

where Cy, 4, = [ fooo m ga2(x) dz. There is a great deal of symmetry between
g and f in the STFT; more precisely, V¢ g(a,b) = e~ 2mila.b) Vg f(—a,—b), hence,
in particular, ||V, f|l, = [[Vrgll,-

The modulation spaces are the natural function spaces associated with the
STFT, namely, their norms quantify time-frequency concentration of functions
or distributions in the same way that the Besov space norms quantify time-
scale concentration. In particular, the modulation space M'(R?) consists of
all functions f € L'(R?) for which the following norm is finite:

190 = Vol s = [ [ Wafta0)] dbda,
Rd JR4

where ¢ is any nonzero Schwartz-class function (each choice of g yields the
same space under an equivalent norm). This modulation space was first defined
by Feichtinger in [47] and is therefore also called the Feichtinger algebra (and
is sometimes denoted by Sp); it is an algebra under both pointwise multiplica-
tion and convolution, and has many other remarkable properties. Notice that
MY (R?) C L2(R%). Moreover, we have the following well-known result on the
relation between integrable STFTs and generators being in M (R?).
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Proposition 2.6. The following conditions are equivalent.
(i) f € MI(RY),
(ii) Vy f € LY(R?).

For more details on modulation spaces we refer the reader to Grochenig [63].

As in wavelet theory discrete versions of the continuous Gabor systems are
of considerable interest. Notice that also in this case, although A will always
denote a sequence of points in R% and not merely a subset, for simplicity we
will write A4 C R%. Recall the definition of a disjoint union of sequences from
Section 2.2.

Definition 2.7. (a) Given a generator g € L?*(R), a sequence of time-
frequency indices A C R??, and a weight function w : A — RT, the weighted
(irregular) Gabor system generated by g, A, and w is defined by

Glg, A, w) = {w(a7b)% p(a,b,1)g}(a.p)ea
= {w(a, b)% MyTog}(apyea

= {w(a,b)7 2™ g (2 — a)}(abyea-
If w =1 we omit writing it.

(b) Let g1,...,91 € L*(R?), and let Ay,..., Ay C R?? with associated
weight functions wy : Ay — RY for £ =1,..., L be given. Then the weighted
(irregular) Gabor system generated by {(ge, Ae,we)}r_, is the disjoint union

L
U G(ge, A, wi).
=1

This definition of weighted Gabor systems includes as special cases the so-
called regular Gabor systems, which are Gabor systems of the form G(g, aZ? x
bZ%), where a,b > 0.

One tool for studying irregular nonweighted Gabor systems is the notion
of Beurling density. For h > 0 and = = (z1,...,24) € R?, we let Qp, () denote
the cube centered at x with side length h, i.e., Qp(z) = H;l:1 [j — &,z + 4).
Then the upper Beurling density of a sequence A in R? is defined by

A
Dt (A) = limsup sup 7#( A ?h(ac))’
h—oo xeRd h
and its lower Beurling density is
#(ANQn(z))

D) =t inf, HEG
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If D=(A) = DV (A), then we say that A has uniform Beurling density and
denote this density by D(A). For example, the lattice A = aZ x bZ C R2,
a,b > 0 has the uniform Beurling density D(A) = .

It was shown by H. Landau [97, Lem. 4], that these densities do not depend
on the particular choice of sets Qp,(x), h > 0, x € R?, in the sense that we
can substitute these sets by sets 2 4+ hU, where U C R? is a compact set with
|U| =1, i.e., of Lebesgue measure 1, whose boundary has measure zero, yet
still obtain the same notion.

For more details on Beurling density and its connections to Gabor frames
we refer the reader to the papers authored by Balan, Casazza, Heil, and Z. Lan-
dau [7] and by Christensen, Deng, and Heil [22]. New characterizations and
an extension of the notion of Beurling density to weighted sequences can be
found in Kutyniok [93]. This paper also contains a fundamental relationship
between this density, the frame bounds, and the norm of the generator for
weighted Gabor frames.

2.4 Amalgam Spaces

An amalgam space combines a local criterion for membership with a global
criterion. The first amalgam spaces were introduced by Wiener in his study of
generalized harmonic analysis [125, 126]. A comprehensive general theory
of amalgam spaces on locally compact groups was introduced and extensively
studied by Feichtinger and Grochenig, e.g., [48, 52, 53, 50]. For an exposi-
tory introduction to Wiener amalgams on R with extensive references to the
original literature, we refer to Heil [71]. In the following we will give a brief
survey of amalgam spaces of the type Wg (L, LP) and Wg(C, LP), where
1 <p < oo and G is a locally compact group. For the theory of locally com-
pact groups we refer the reader to Folland [58] and Hewitt and Ross [80, 81].

Let G be a locally compact group and let pg denote a left-invariant Haar
measure on G. Then the Wiener amalgam spaces Wg (L, LP) and W (C, LP)
are defined as follows.

Definition 2.8. Given 1 < p < oo, the amalgam space W (L™, LP) on the
locally compact group G consists of all functions f: G — C such that

1/p
1 lwig (110 = ( /G eSSSupaeclf(a)sb(m1@))|pduc(w‘)> < o,

where ¢ is a fived continuous function with compact support satisfying 0 <
o(x) <1 for all z € G, and ¢(x) = 1 on some compact neighborhood of the
identity. The amalgam space W¢(C, LP) is the closed subspace of W (L, LP)
consisting of the continuous functions in Weg (L, LP).

We (L, LP) is a Banach space, and its definition is independent of the
choice of ¢, in the sense that each choice of ¢ yields the same space under an
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equivalent norm. For proofs and more details, see Feichtinger and Grochenig
[52, 53].

The space W (L™, LP) can be equipped with an equivalent discrete-type
norm. For this, we first require some notation. Given some neighborhood U of
the identity in G, a sequence {x;};cr in G is called U-dense, if J;.; 2:U = G.
It is called V-separated, if for some relatively compact neighborhood V of
the identity the sets {z;V };cs are pairwise disjoint. The sequence is called
relatively separated, if it is the finite union of V-separated sequences.

Definition 2.9. A sequence of continuous functions {¢;}icr on G is called a
bounded partition of unity, or BUPU, if

(i) 0 < ¢pi(x) <1 foralliel and xz € G.

(ii) Zie] ¢ =1

(iii) There exists a compact neighborhood U of the identity in G with nonempty
interior and a U-dense, relatively separated sequence {x;}icr such that
supp(¢i) C z;U for alli € 1.

Then we have the following result from Feichtinger [49] (compare also
Feichtinger and Grochenig [52]).

Theorem 2.10. If {¢; }ics is a BUPU, then

S

Hf”Wc(LOO,LP) = <Z||f¢z'|§o> )

i€l

where < denotes the equivalence of norms.
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Weighted Affine Density

In this chapter we introduce the notion of weighted affine density for multiple
weighted sequences in the affine group. We study its basic properties, which
will be used in the subsequent chapters. Then we discuss the notion of affine
density introduced by Sun and Zhou [119] and study the exact relation to the
affine density we will employ in this book.

This chapter contains a generalization of the notion of weighted affine den-
sity as introduced by Heil and Kutyniok in [73] to multiple weighted sequences.
Further, some of the results in this chapter generalize the results obtained in
Kutyniok [92] to multiple weighted sequences.

3.1 Definitions

The notion of affine density, which we will introduce in this section, will employ
the affine group A defined in Section 2.2. The density defined by Sun and
Zhou [119], which will be studied in Section 3.3 is suited to the geometry of
an isomorphic version of the affine group. Surprisingly, it turns out that both
notions of density behave very differently.

In R?, Beurling density is a measure of the “average” number of points of a
sequence that lie inside a unit cube. We will transfer the definition of Beurling
density for sequences in R? to sequences in the affine group and extend it in
order to allow multiple weighted sequences.

Before we can state the definition of affine density, we first require some
notation. For h > 0, we let @), denote a fixed family of increasing, exhaustive
neighborhoods of the identity element e = (1,0) in A. For simplicity, we will
take

_h n
Qh: [e 2’62) X [_gvg)

For (z,y) € A, we let Qn(x,y) be the set Qp left-translated via the group
action so that it is “centered” at the point (x,y), i.e.,
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Qn(z,y) = (2,y) - Qn = {(za, L +b) :a € [e%,e8), be [-4 1)),

We remark that although @), is a rectangle, the sets Qp(z,y) do not share
this property. However, for simplicity we will still refer to the sets Qp(x,y) as
“boxes”.

A locally compact group is always equipped with a left-invariant Haar
measure, which is unique up to a constant multiple. For A such a measure is
given by ps = Cfr—‘”dy. Since pp is left-invariant, we have that

h
2
d
ax dy = h2.

Lox

@) =@ = [ [

Next, given a sequence A in A and a weight function w : A — RT, we
define the weighted number of elements of A lying in a subset K of A to be

#u(EK)= > wla,b).

(a,b)eK

A sequence A together with its associated weight function w will always be
denoted by (4, w).

Now we can state the definition of affine density for multiple weighted
sequences {(Ag, we)}r ;.

Definition 3.1. Let Ay,..., Ay, C A with associated weight functions wy :
Ay — RY fort=1,...,L be given. Then the upper weighted affine density of
{(Ag,we) Y, is defined by

L
DJF({(Az,wg)}f:l) _ limsup sup Zzzl #wtz (AZ N Qh(xa y))

2 b
h—oo (2,y)€h h

and the lower weighted affine density of {(Ae, we)}, is

L
A
D~ ({(Aeywe)}y) = mint in et Pl 200
h—oo (z,y)EA h?

If D~ ({(Ag,we) Yo y) = DY ({(Ag, we) Y y), then we say that {(Ag, we)}_, has
uniform weighted affine density and denote this density by D({(Ae, we)} ;).
Ifwy =...=wy =1, we write D~ ({A,}L_,) and DY ({A}L).

We first make the following basic observations.

Remark 3.2. (a) Let Ay, ..., A, C A be given. The definition of affine density
for multiple sequences can be reduced to a simpler form using the disjoint
union A = Ule Ay of the sequences Ay, ..., Ar. Employing this new sequence
we obtain

D ({Ad}iey) =DF(4) and D™ ({Ac}izy) = D™ ().
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(b) Let Ay,..., A, C A with associated weight functions w, : A, — R
for =1,...,L be given. Then

L L
YD (A we) < D™ ({(Agywe)Hey) < DY({(Agywe)}iey) < D (Ag we).
/=1

=1

These inequalities may be strict, for instance, consider 4, = {(29,k)}j>0.kez
and Ay = {(27,k)}j<0.kez and w1 = wy = 1, where L = 2.

The best known class of wavelet systems are the classical affine systems,
which are W(v, {(a?,bk)}; kez) with a > 1,b > 0, and ¢ € L*(R). For Gabor
systems G(g, aZ x bZ) with a,b > 0, the Beurling density 2= of the lattice aZ x
bZ is a ubiquitous constant in a variety of formulas. For example, if G(g, aZ x
bZ) is a tight frame for L*(R) and ||g||, = 1, then the frame bounds are
exactly 4 -5+ Many of these formulas have analogues for classical affine systems,
with the number T playing the role that = plays for Gabor systems For
this reason, Daubechies already suggested 1n [41 Sec. 4.1], that ﬁ might
play the role of a density for affine systems, but she also demonstrated that
affine systems cannot possess an analogue of the Nyquist density that Gabor
systems possess. The following result shows that our notion of density in fact
leads to exactly this value. In Section 4.3 it will be shown that this is a special
case of a larger class of wavelet systems, the oversampled affine systems, which
surprisingly all possess the same uniform weighted affine density

1
blna"
Lemma 3.3. Let a > 1, b > 0, and define A = {(a’,bk)}; kez. Then A has

uniform affine density
1

blna’
Proof. Fix (z,y) € A. If (a’,bk) € Qp(x,y), then

( , bk — —) = (z,y)" - (d,bk) € Qp.

D(A) =

ad h

In particular, <~ € [6’2,6%). There are at least ﬁ and at most lna +1

integers j satisfying this condition. Additionally, we have =% — 2% <k<
h

0+ h . For a given j, there are at least § and at most % + 1 integers k

satlsfymg this condition. We conclude that
ﬁ : % S #(AmQh('ray)) S (lna + 1) (% + 1) :

Thus N
_ (e +1)(2+1) 1
DHA) <1 Ina b —
W=t i
and similarly D™ (4) > 7. O

In Section 3.3 it will be shown that employing a different, yet isomorphic
version of the affine group yields a different value for the affine density of
classical affine systems.
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3.2 Basic Properties

The following proposition, whose proof will be given at the end of this section,
indicates that provided we are only interested in “qualitative” values of upper
affine density, it suffices to consider the single weighted sequences separately.
We further show that the multiple weighted sequences have uniform affine
density if this is true for each of the single weighted sequences.

Proposition 3.4. Let Ay,..., A C A with associated weight functions wy :
Ay —RY fort=1,...,L be given. Then the following statements hold.

(i) We have
DT ({(Ag,we)})) < 00 = DT (Ag,wy) < 0o foralll=1,...,L.

(ii) If for each £ = 1,..., L the pair (Ag,wy) has uniform affine density, then
also {(Ag, we) Y, has uniform affine density.

Thus we now focus on single weighted sequences in A. We will derive some
equivalent ways to view the meaning of finite upper weighted affine density
and positive lower weighted affine density. First, however, we will require
the following technical lemma, which will be used throughout. It studies the
number of overlaps of boxes of the form @Q(z,y). In particular, we derive a
covering of the affine group with special boxes, however not a disjoint one.

Lemma 3.5. Let h > 0, r > 1, and (p,q) € A be given.

h

(i) {Qh(ejh, khe~2) - (p, Q)}j,kez covers A.
(i) Any set Qn(x,y) intersects at most 3(e™(p+1)+e2p|g|+1) different sets
of the form Qp(e’", k:hefg) (p,q)-
(iii) Any set Q.pn(z,y) intersects at most (r + 2)(e(r + 1) + 1) different sets
of the form Qp(ei", khe™%).
(iv) Any set Qrqn(x,y) contains at least (r — 1)(
form Qp(eih, khe™%).

r—1
oh

— 1) disjoint sets of the

Proof. (i) Since A is invariant under right-shifts, it suffices for this part to
consider the case (p,q) = (1,0). Fix any (z,y) € A. Then there is a unique

j€Zand a € [e g,e%) such that x = e’"a, or Inz = jh + Ina. Further,

since %e*% < h, there exist at least one k € Z and b € [f%, %) such that

Y= %e*% + b. Consequently,

(x,y) = (eﬂ"a, %8_% +b) = (ejh,k‘he_%) - (a,b) € Qh(ejh',khe_%).

(ii) Fix (x,y) € A, and suppose that (u,v) € Qp(x,y) N Qh(ejh,k‘he_%) .
(p, q). Then there exist points (a,b), (¢,d) € Qp such that
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(U,U) = (:Cay> ’ (avb) - (CLSC, % + b) € Qh(‘ray)
and
(u,0) = (/" khe™ %) - (¢, d) - (p, q)
— (eep, Kot + 4 4 q) € Qu(e" khe B) - (p,q).

In particular, % = e/ with e~

n 3 ; h
2 <a,c<ez,s0 6‘;’fp <elh < %. Therefore

L —h—tmp)<j<

A (Inz+h —Inp),

S| =

which is satisfied for at most 3 values of j. Further, khe=3% = 2% +bep —ed —
€pq, so

h

2

e fay by ko RN e (my by ko ko
ho\eih  2C P TR TPl SRS G TRt P T et T oPldl )

For a given value of j, this is satisfied for at most e"(p+1) + e%p|q| + 1 values
of k. Thus, Qn(z,y) can intersect at most 3(e (p+1) + 2 plg| + 1) sets of the
form Qp, (e, khe™ ).

(iii), (iv) The proofs are similar to the proof of part (ii). O
Using this lemma, we can give a useful reinterpretation of finite upper

weighted affine density, which is inspired by a result for (nonweighted) Beurl-
ing density by Christensen, Deng, and Heil [22, Lem. 2.3].

Proposition 3.6. If A C A and w : A — R, then the following conditions
are equivalent.
(i) D (A, w) < cc.
(ii) There exists h > 0 such that sup(, ,yep #w(AN Qn(z,y)) < 00.
(iii) For every h > 0 we have sup(, ,yen #w (AN Qn(z,y)) < 00.

Proof. (1) = (ii) and (iii) = (ii) are trivial.
(ii) = (i), (iii). Suppose there exists h > 0 such that

M= sup #,(ANQx(z,y)) < .
(z,y)EA

Forl <t < h,wehave Q¢(x,y) C Qn(x,y),508Up(, ,)en #w(ANQt(2,y)) < 00
On the other hand, if ¢ > h then we have t = rh with » > 1. If we let

N, = (r+2)(e"(r +1) + 1) be as given in Lemma 3.5(iii), then each set
Q1 (2, y) is covered by a union of at most N, sets of the form Q, (/" khe™%).
Consequently,
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sup #uw (AN Qrn(2,y)) < Ny sup #,(AN Qn(e’™ khe™ 2)) < N, M < oo.
(z,y)eA §,k€EZ

Thus statement (iii) holds. Further,

N.M  Me"
DY (A, w)<h71“1lsogp( e :Tg

< 00,

so statement (i) holds as well. O
A similar result holds for the case of positive lower weighted affine density.

Proposition 3.7. If A C A and w : A — R, then the following conditions
are equivalent.

(i) D= (A,w) >0
(ii) There exists some h > 0 such that inf , ,ycp #w(AN Qu(x,y)) > 0.
Proof. (i) = (ii) is trivial.

(i) = (i). Suppose there exists h > 0 such that M = inf, ,)ea #w(AN
Qn(z,y)) > 0. Let r > 1. If we let N, = (r — 1)(Z52 — 1) be as given in
Lemma 3.5(iv), then each set Q,,(x,y) contains at least N, disjoint sets of
the form Qy,(e/", khe=%). Consequently,

inf #,(ANQua(z,y) > Ny inf #,(ANQu(e™, khe %)) > N, M > 0.
(z,y)€A J k€T

Therefore,

_ .. . N.M  Me™"

which is (i). O

>0,

We finish this section by giving the proof of Proposition 3.4.

Proof (of Proposition 5.4). (i) Assume DF ({(Ag, we)}E ;) < oo and fix some
¢ e {1,...,L}. Then, by definition, there exist h > 0 and N < oo such that
Huw, (Ao N Qn(z,y)) < N for all (z,y) € A. By Proposition 3.6, this implies
Dt (Ag,wy) < oo forall £=1,...,L.

Conversely, if DT (Ay,wy) < coforall £ =1,..., L, then, by Remark 3.2(b),

L
D ({(Ar,we)}iy) <Y DH(Agywp) < oo
/=1

(ii) Suppose that D~ (As,we) = DT (A, wy) = D(Ag,wy) for all £ =
1,..., L. By Remark 3.2(b), this implies
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Y D(Aewe) < D™ ({(Ae,we)Yey) < DY ({(Agywe)Hey) < D(Ag,we),
{=1 =1

hence
L
D™ ({(Ar,we)}ey) = DT ({(Ag,we) ioy) = > D(Ag, wy).
(=1

This proves (ii). O

3.3 The Notion of Affine Density by Sun and Zhou

As already mention in Section 3.1, the notion of affine density can also be
defined by employing a group isomorphic to A. Let A = RT x R denote this
group, which is endowed with multiplication given by

(a,b) x (x,y) = (azx,b+ ay).

To distinguish this group multiplication from the one associated with the
group A, we use the operator sign * here. The identity element of A is e =
(1,0), and the inverse of an element (a,b) € A is given by (a,b)~' = (1,-2).

To construct a wavelet system adapted to this group, let ¢ be the unitary
representation of A on L?(R) defined by

(7(a,b)y)(z) = J=0(232).

Given a function ¢ € L?(R), a sequence A C A, and a weight function w :
A — RT the weighted (irregular) wavelet system generated by 1, A, and w is
defined by

= {’LU(G,, b)% TbDa'(/}}(a,b)GA
Given 1,...,¢r € L*(R) and Ay,..., A C A with associated weight func-

tions wy : Ay — R for £ = 1,..., L, the weighted (irregular) wavelet system
generated by { (1, Ag,we)}r_; is the disjoint union

L
U (e, Ags we).

Now density with respect to the geometry of A can be defined in a similar
way as in Section 3.1. Recall that the boxes Q);, were chosen to be Qp =
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h h

[Aeii,ei) X [f%,%) Then, for h > 0 and (z,y) € A, we define the boxes
Qn(z,y) by

Qn(a,y) = (2,9) *Qp = {(za,y +ab) :a € [e"% e

h h
2

)7 be [_%’ %)}

We remark that in this situation the sets @h(w, y) remain rectangles, thus the
geometry of the measuring boxes is easier in this sense.
A left-invariant Haar measure for the group A is given by ps = i—ﬁdy.

Hence the volume of a box éh(x, y) equals

N\:‘

17 (Qn(,9) = 13(Qn) = / /62 Sy =h

The definition of weighted affine density with respect to the group A is then
as follows. Let Ay, ..., Ar C A with associated weight functions wy, : A, — RT
for £=1,..., L be given. Then the upper weighted affine density with respect
to A of {(Ag, we)}E | is defined by

. ]
B ({(Ae )} ey) = limsup sup_ Zet=t FoelAe 0 On(2:0)

h—o0 (w’y)eg h(eg — 6_7)

)

)

and the lower weighted affine density with respect to A of {(Ag,we) YL, is

5 _
B ({(Ap we)ly) = limin inf_=t=1 FucldeN@n(@,y))

h=oo (4 )€k h(e? —e %)

If D~ ({(Ae, we) o) = DT ({(Ag,we)}fy), then we say that {(A¢,we)}i,
has uniform weighted affine density with respect to A and denote this density
by D({(Ae,we)} ). f wy = ... =wp =1, we omit writing it.

In contrast to Lemma 3.5, the sets @h (z,y) can be chosen to form a disjoint
covering of A.

Lemma 3.8. Let h > 0 and r > 1 be given.
(i) {Qn (e, khel")}; vez is a disjoint covering of A.

- " ' r(eh(rgs)fefh(ﬂ—s
(ii) Any set Qqn(x,y) intersects at most

the form Qn (e, kheih).

) +2(r+2) sets of

eh—1

r—>5
T(eh( 7 ) _e

eh—1

(iii) Any set Qun(x,y) contains at least
sets of the form @h(ejh, kheh).

—2(r + 2) disjoint

Proof. (i) Fix any (z,y) € A. Then [Inz— A na+d) contains}a uI}lique integer
of the form jh, and for fixed j there exists a unique a € [e~2,e?) such that
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)

NI

Inz = jh 4 Ina. Further there exists a unique k € Z and some b € [f%,
such that y = e?"(kh + b). Hence

(z,9) = (e'a, khe'™ + b)) = (", khel™) % (a,b) € Qu(e’™, khe'™)

with unique j, k € Z.
(i) Fix (z,y) € A&, and suppose that (u,v) € va(m,y) N @h(ejh,khejh).
Then there exist points (a,b) € Qp, (¢,d) € Qp such that
(4,0) = (2,9) * (0,1) = (a2, + 2) € Gon(,9)

and

(u,v) = (e, khel™) * (¢, d) = (e’"c, khe!" + e7"d) € Qp (e’ khe'™).
In particular, %F = eIl with e~ 2" <a< ez and e~ % <c<e
el < xes(+1) Therefore

Inx 7"+1< ,<lnx+r+1

<
» 80 B (r1) =

o2 =)= 2
Further, k = ¢ (4 + Z5 — d), so
Y T 1 Y T 1
heit  2eth 2 — heil + 2eih + 2

For a given value of j, this is satisfied for at most 7 + 2 values of k. Thus,
Qrn(x,y) can intersect at most

Inz +1
[ r;LT<FT2 ]

rx
— +2
> it
—|lna 741

j h 2 J
eh _ o—h(B2+41) b (B2l 9)
<rz o - o +2(r+2)
r(eh( T;—S) — efh(%s))
= e +2(r+2)
sets of the form Qy,(e/", khe™).

(iii) The proof is similar to the proof of part (ii). O

Certainly, this fact makes this notion of affine density attractive. However,
the following result destroys the nice picture, since it shows that classical affine
systems do not possess a uniform density equal to the ubiquitous constant
7=, such as the density defined in Section 3.1 (see Lemma 3.3). Thus it
seems that it is not possible to have both the tiling property and the “correct”
uniform affine density for classical affine systems.

Due to the definition of the wavelet transform adapted to the group struc-
ture of A, a classical affine system is now of the form W(¢, {(a’, a’bk)}, rez)
for a >1,b> 0, and v € L?(R).
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Lemma 3.9. If W(l/), A) is a classical affine system, then we have

D) = b(al— D

and Dt(A) = Na—1)°

Proof. Fix h > 0 and (z,y) € A If (a?,a’bk) € @h(l‘,y), then
(225 — 1) = @)™+ (@ aPbE) € Q.

This requires

2lnz—h . 2lnxz+h 2y — xh 2y + xh
— < _ - < -
=I< 2lna o 2a7b 2a’b

2Ina

Since terms +1 are not significant in the limit (cf. the proof of Lemma 3.3),
it suffices to observe that

"2lnw+h,-‘_1

A . N .’L'h, 21lna 1
#F(ANQn(z,y)) = D P
i=I5ma

By choosing z appropriately, this implies that

757(/1) = liminf inf N—#(A r: Qh(gj;y»
h= zyyeh h(ez —e™2)

and
~ ANQ
DT (A) = limsup sup #HAOQn(@,y)) - Qh(f;y))
ho oy heE =)
= limsup h(ae% — e_%) = a
h—oo b(a—1)h(e? —e=%) bla—1)
which finishes the proof. a

In [119] Sun and Zhou defined a notion of affine density for nonweighted
sequences by employing the affine group A. However, due to Lemma 3.9, they
had to use weights in the computation of both the cardinality #(ANQx(x,y))
and the volume ,ug(éh(x,y)) to ensure that classical affine systems have a
uniform affine density equal to ﬁ, cf. [119, Rem. 3.1]. In our approach
classical affine systems possess this uniform affine density without adding
artificial weights. We further remark that Sun and Zhou chose the boxes Qp
to be dependent on two parameters; thus it is possible to change the height
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and the width of the boxes independently. But it can be seen that this does
not make any difference.

However, we can show that if we choose another exhaustive sequence of
boxes in A, we in fact obtain the “correct” density for classical affine systems
without the necessity to add weights. But then we loose the property of having
a sequence of rectangular neighborhoods of the identity and the property of
tiling the affine group at each level h. _

To prove this result we employ the group isomorphism connecting A and A.

Remark 3.10. Let @ : RT x R — R™ x R be defined by
P(x,y) = (v, 2y).
We have
P((a,b) - (z,y)) = (ax,ab + axy) = D(a,b) * D(x, y).
Since @ is also bijective, @ : A — A is the wanted group isomorphism.

Now define (I? h)h>0 to be the exhaustive sequence of neighborhoods of
the identity in A given by K, = &(Qp) and let I?h(a:,y) for (z,y) € A be
defined by IN{h(x, y) = (z,y) * K. Then this choice of neighborhoods has the
desired property.

Lemma 3.11. Let a > 1, b > 0, and define A = {(a’,a’bk)}; kez, i-e., A is
the sequence in A associated with a classical affine system. Then

#(Aml?h(x’y)) #(Aml?h(m’y)) 1

limsup sup - = liminf inf _ i _ b
h=00 (z,y)eh p (Kn) h=00 (3.4)eh pi (Kn) blna

Proof. First notice that

[Nl

€

b (Bn) = i (@(Qu) = |

€

S

xh
T d
/ dy= = h?.
_ITH x

Since @ is an isomorphism, we obtain

imsup sup ———
h—o0 (z,y)EK MAA{(Kh)

#(P(P~H(A) N (2, y) * D(Qn))

= limsup sup

~ 2
h=00 (gy)ei h
—1
— limsup sup 2P (A)erm,y)))
h—oo (z,y)€A h

-1
= limsup sup #(@~(4) th(w7 Y))
h—oo (-’E,y)EA h
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)
1
~ blna

The last equality follows from Lemma 3.3. A similar argument proves the
remaining claim. ]

3.4 Comparison of Both Notions of Affine Density

In the following we will show that although the two affine densities differ in
the exact value for classical affine systems, they are equivalent in a special
sense, i.e., they are equal in a qualitative sense concerning the upper density.

For this, we need the following two technical results, which are similar to
Propositions 3.6 and 3.4. Since the proofs are similar to those (only Lemma
3.8 instead of Lemma 3.5 is used), we omit them.

Proposition 3.12. If A C Aandw:A— RY, then the following conditions
are equivalent.

(i) DH (A, w) < oo.
(ii) There exists h > 0 such that SUP(, ek H#,(ANQn(x,y)) < cc.

(iii) For every h > 0 we have sup S #w(AN Qu(z,y)) < co.

(z

Proposition 3.13. Let Ay,..., A C A with associated weight functions wy :
Ay —RT fort=1,...,L be given. Then we have

D ({(Ag,we) Y )) < 00 <= D (Ag,wy) < oo foralll=1,...,L.
The next result states the above-mentioned equivalence in a precise way.

Theorem 3.14. Let Ay,..., Ay, C A with associated weight functions wy :
Ay — RY fort=1,...,L be given. Then the following conditions are equiva-
lent.

(i) 23*({(/14,1013)}521) < 0.
(it) DF({(P(Ag), we 0 1) }i;) < 0.

Proof. Notice that by employing Propositions 3.4 and 3.13, it suffices to only
consider the case L = 1. Hence we let A be a sequence in A with associated
weight function given by w : 4 — RT.

By Proposition 3.6, (i) holds if and only if there exists some h > 0 such
that we have sup(, ,yes #w(A N Qn(x,y)) < co. Now #, (AN Qu(z,y)) =

o (B(A) N B(Qn(x,1))) and B(Qn(z,y)) = B(w,y)  B(Q4). This shows
that (i) is equivalent to the existence of some h > 0 such that
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SUp _ #uwor—1(P(A) N (z,y) x D(Qn)) < 0.
(z,y)€EA

On the other hand, using Proposition 3.12, we get that (ii) holds if and only
if there exists A > 0 such that SUD , ek Huwor—1(P(A) N (z,y) * Qp) < 0.
It is easy to check that we have Qhe,% C P(Qp) C Qhe% for all A > 0. This
implies

SUD_Huon— (B(4) N (,9) % Q, _3)

(w,y)€A

< sup_#yor 1 (B(A) N () « B(Qn))
(w,y)€A

S Sup~#wo¢_1 (QS(A) N (‘T7 y) * Qhe% )7
(z,y)€EA

which shows that there exists A > 0 such that

SUpHo1 (B(A) 1 (2,1) * B(Qn)) < 00
(z,y)€EA

if and only if there exists A > 0 such that

Sup/\/#wo@*l (¢(A) n (xa y) * Qh) < 00.
(w,y)€A

This shows that (i) and (ii) are equivalent. O

In Theorem 4.1 it will be shown that DT ({(Ag, we)}E ;) < oo is a neces-
sary condition for UeL:1 W (4e, Ag, we) to possess an upper frame bound. Thus
since the relation W(wy, Ag,wy) = W(ipg,@(/lg),wg o @~ 1) holds, concerning
determining necessary conditions on the existence of upper frame bounds for
wavelet systems both affine densities yield the same results. However, in Chap-
ter 5 we will show that affine density can also be related to the frame bounds
of a wavelet frame and the admissibility constant of the generator in which
case the exact value of the affine density will indeed play a vital role.
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Qualitative Density Conditions

We prove that there exist necessary conditions on a weighted wavelet system
with finitely many generators in order that it possesses frame bounds. Specifi-
cally, we prove that if such a system possesses an upper frame bound, then
the upper weighted affine density is finite. Further, under some hypotheses,
we prove that if such a system possesses a lower frame bound, then the lower
affine density is strictly positive.

We then apply these results to oversampled affine systems (which include
the classical affine and the quasi-affine systems as special cases), to co-affine
systems, and to systems consisting only of dilations, obtaining some new
results relating density to the frame properties of these systems.

In 2002 Herndndez, Labate, and Weiss [77] gave a characterization of when
a weighted wavelet system with finitely many generators and with arbitrary
sequences of scale indices forms a Parseval frame, assuming that a certain
hypothesis known as the local integrability condition (LIC) holds. We show
that, under some mild regularity assumption on the analyzing wavelets, the
LIC is solely a density condition on the sequences of scale indices, thereby
emphasizing the utility of the notion of density. More precisely, it will be
proven that the LIC is equivalent to the condition that the weighted sequences
of scale indices possess a finite upper weighted density. This condition is very
natural, since applying the results obtained in the first part of this chapter
shows that wavelet frames of the considered form must have finite upper
weighted density.

The main results in this chapter generalize the results obtained in Heil and
Kutyniok [73] to multiple generators and the results obtained in Kutyniok [94]
to wavelet systems with finitely many generators equipped with weights.

4.1 Existence of an Upper Frame Bound

First we study necessary conditions for the existence of an upper frame bound,
i.e., for a wavelet system to be Bessel, in terms of affine density. Intuitively,
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a wavelet system being Bessel should imply that its sequences of time-scale
indices do not contain “too many” elements, i.e., that there cannot be too
much “crowding together” of points. And in fact, affine density gives a precise
formalism for this intuition. This result is inspired by a similar result for
unweighted Gabor systems by Christensen, Deng, and Heil [22, Thm. 1.1(a)].
We remark that a similar result for singly generated nonweighted wavelet
systems was simultaneously derived by Sun and Zhou [119, Thm. 3.2] for
their notion of density.

Theorem 4.1. Let 1y, .., € L2(R)\{0}, and let Ay,..., A C A be given
with associated weight functions wy : Ay — RV for £ = 1,...,L. If the
system Ule W (3, Ag,wy) possesses an upper frame bound for L*(R), then
D+ ({(Ae, we) }iy) < oo

Proof. Assume that A;,...,A; C A with associated weight functions wy :
Ay — RY for £ = 1,..., L are given such that D¥({(Ag, we)}L,) = co. We
will show that UeL=1 W(1bg, Ag,wy) does not possess an upper frame bound for
any collection of analyzing wavelets 1, ...,%; € L2(R) \ {0}.

Fix some f € L*(R) with || f||, = 1. Since DT ({(A¢, we)}i_,) = oo, by
Proposition 3.4(i) there exists ¢y € {1,..., L} with Dt (Ay,,wy,) = co. Now
since Wy, f is nonzero and continuous, there must exist some (c,d) € A and
some h > 0 such that Wy, f does not vanish on the closure of Q(c,d), and
consequently,

inf W, z,y)| =9 > 0.
(2,0)EQn (.d) | dﬂeof( y)l

Now choose any N > 0. Since D (Ay,, wy,) = oo, it follows from Proposi-
tion 3.6 that

sup #wzo (AZO N Qh(-’L’,y)) = 00,
(z,y)EA

so there must exist a point (p,q) € A such that #.,, (A, N Qr(p,q)) > N.
Define

g=0((p,q) (c.d)™")f
and note that ||g|l, = || ]|, = 1. Now,

(a7b) € Qh(p7 q) = (p7 q)Qh g (C? d)(p7 q)_l'(aab) S (Ca d)Qh = Qh(ca d),

so we can compute that

> g wey(a,b)? oa, b)) ?

(a,b)EAgO

> > o ((p,q) - (¢, d) 1) f, wey (a,b)Ea(a, b)be, ) |2

(a,b)€AeyNQK(P,q)

= > lwy (a,b)] [(f,0((c,d) - (p,q) " - (a,0))ebe, )|

(a,b) €A, NQK(P,q)
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= > [we, (a,0)| W, f((c,d) - ()" - (a,))]?

(a,b)€AeyNQr(p,q)
Z 52 #wzo (Alo N Qh (p, (J))
> §%N.

Since N is arbitrary and ||g||, = 1, we conclude that W(vy,, As,, we, ), and

hence in particular U(ZL:1 W(1e, Ap,wy), cannot possess an upper frame bound.
O

4.2 Existence of a Lower Frame Bound

In a similar way as for the upper frame bound, our intuition tells us that the
existence of a lower frame bound for a wavelet system should imply that the
associated sequences of time-scale indices should possess “enough” elements,
i.e., there should not be “gaps” in the distribution of points of the sequences of
time-scale indices of arbitrarily large size. Due to Theorem 4.1, we expect that,
provided a weighted wavelet system with finitely many (admissible) generators
possesses a lower frame bound, the lower weighted affine density of its weighted
sequences of time-scale indices should be at least positive. This general claim
and even the claim for unweighted wavelet systems is still unsolved. In this
section we will prove the following result which does not restrict the choice of
the analyzing wavelets, but only poses restrictions on the sequences of time-
scale indices. In Section 6.4 we will derive another partial result (Corollary
6.12) for any finite number of sequences of time-scale indices but with a mild
regularity condition on the analyzing wavelets. We also refer to partial results
derived by Sun in [117].

Theorem 4.2. Let 9y,...,¢; € L*(R), and let Ay,..., A, C A with dis-

joint union denoted by A = Ule Ag. Suppose that DJF(UL1 AN < ool If

UeL:1 W (1, Ag) possesses a lower frame bound for L*(R), then D~ (A) > 0.
Before stating the proof of Theorem 4.2, in addition to Proposition 3.6,

we give a further interpretation of finite upper affine density in terms of the
following definition.

Definition 4.3. We will say that a set K C A is affinely h-separated if
(a,b) # (¢,d) € K = Qn(a,b) N Qnlc,d) = 0.

Before proving a characterization of finite upper affine density in terms of
this notion, we require the following technical lemma.

Lemma 4.4. Let h > 0 be given. If Qn(z,y) N Qn(a,b) # 0, then (z,y) €
Q h ((L, b).

2he2
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Proof. Suppose that (¢,d) € Qn(z,y) N Qn(a,b). Then we would have

(¢,d) = (z,9)(t,v) = (a,b)(r, 5)

for some (t,u), (r,s) € Qp. Therefore,
(aab)il ’ (xay) = (’I",S) : (tvu)il = (%’St - tu) € Q2he%7
so (x,y) € Q.4 (a,b). 0

Now we derive a further interpretation of finite upper affine density. This
should be compared to the characterization result in Proposition 3.6.

Proposition 4.5. If A C A, then the following conditions are equivalent.

(i) DT (A) < oo.

(ii) There exists h > 0 such that A can be written as a finite union of sequences
A1, ..., AN, each of which is affinely h-separated.

(iii) For every h > 0, A can be written as a finite union of sequences
Ay, ..., AN, each of which is affinely h-separated.

Proof. (i) = (iii). Assume that D" (A) < oo, and let h > 0 be given. Then
by Proposition 3.6, we have M = sup(, ,yea #(A N Qn(z,y)) < co. Fix any
(a,b) € A. If (¢,d) € A is such that Qp(a,b) N Qu(c,d) # 0, then we have
by Lemma 4.4 that (c,d) € Q,, .4 (a,b). Now by Lemma 3.5(ii), there exists
an integer N, independent of (a,b), such that Q%e% (a,b) is contained in

a union of at most N sets of the form Qh(ejh,khe’%). However, each set
Qh(ejh,khe_%) can contain at most M points of A. Hence Q2h %(a,b) can
contain at most M N points of A. ‘

Thus, each Qp(a,b) with (a,b) € A can intersect at most M N sets Qp(c, d)
with (¢,d) € A. By the disjointization principle of Feichtinger and Grébuner
[51, Lem. 2.9], it follows that A can be divided into at most M N subsequences
Ay, ..., Ay N such that for each fixed i, the sets Qn(a,b) with (a,b) € A; are
disjoint, or in other words, A; is affinely h-separated.

(ii) = (i). Assume that A = A;U- - -UAy with each A; affinely h-separated.
Fix § so that 1 < 28e? < h, and suppose that two points (a,b) and (¢, d) of
some /A; were both contained in some Q;(x,y). Then by Lemma 4.4, we would
have (z,y) € Q5.5 (a,b) C Qnla,b) and (z,y) € Q5.5 (¢,d) C Qnlc,d).
Hence (a,b) = (c¢,d) since A; is affinely h-separated. Thus, each Qs(x,y)
contains at most one point of A;, 80 sup(, ,yen #(AN Qs(7,y)) < N < oco. It
therefore follows from Proposition 3.6 that Dt (A) < oo.

Since (iii) = (ii) is obvious, the proposition is proved. O

For the proof of our main result in this section, in addition, we require the
following technical lemmas.
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Lemma 4.6. If A C A satisfies DT (A) < oo, then DT (A - (p,q)) < oo for
each (p,q) € A.

Proof. Since DV (A) < co, we have by Proposition 3.6 that

M= sup #(ANQi(,y) < .
(z,y)EA

Fix any (p,q) € A. By Lemma 3.5, we have that {Ql(ej,ke*%) “(py @) }jkez
covers A, and there exists an integer N independent of (z,y) such that each
Q1 (x,y) intersects at most N of the sets Q1 (e, ke’%) - (p, q). Therefore,

#(A-(p.q) N Qu(z,y)) <N s;ler)z#(A- (P,@) N Qu(e?, ke 2) - (p,q))

=N sup #(A N Qu(e, ke ?))
JkE€Z
< NM,
and therefore D¥(A - (p,q)) < oo by Proposition 3.6. O

Lemma 4.7. Let 6, R > 1 be given. If T > eg(R—i-é), then we have for every
(p,q) € A that

(a,b) ¢ Qr(p.q) = Qr N Qs((a,b)™" - (p,q)) = 0.

Proof. Suppose that there exists a point (z,y) € Qr N Qs((a,b)~! - (p,q)).
Then (z,y) = (a,b)~! - (p,q) - (¢,d) for some (c,d) € Qs. Since we also have
(z,y) € Qgr, we can check that

(p, Q)_l ~(a,b) = (¢, d) - (xuy)_l = (%7dm —xy) € Q.

Therefore (a,b) € (p,q) - Qr = Qr(p, q). -

The following lemma is similar to a result by Christensen, Deng, and Heil
[22, Lem. 3.3] for Gabor systems, where here we make use of the Bergman
transform instead of the Bargmann transform and choose a different func-
tion 7.

Lemma 4.8. Let ¢ € L*(R), and define n € L4(R) by

o J2eett €20,
n(&)—{o’ ¢ <.

Foreachd > 1, there exists a constant Cs > 0 such that for every(p, q), (a,b) € A,

e amotabif<cs [[ [ oty duy)
s((a,0)7"-(p,q
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Proof. It is easy to check that ||n||, = 1 and C, = 1 < oo. Therefore n
is an admissible function. The wavelet transform W, f associated with this
particular analyzing wavelet 1 possesses a stronger property than continuity.
Let C* = {z € C : Im(z) > 0} denote the complex upper half-plane. The
Bergman transform of f € L*(R) is the function G f defined on C* by

GIO+ai) = - (f, Jon(52) = g (Fola i) = g Wil ).

a2 2maz 2raz

For each f € L?(R), Gf is an analytic function on C*, cf. [41, Sec. 2.5], [68,
p. 308]. In particular, if we identify A with C* in the obvious way, then since
@), is a compact neighborhood of i = 0+1i in CT, we have by [84, Thm. 2.2.3]
that for each h > 0 there exists a constant K}, independent of f € L?(R),
such that

GF )| = [GF0 +10)| < K, / / GF(2)] d. (4.1)

Now let § > 1 and (p, q), (a,b) € A be given. Set f = o((p,q)~* - (a, b))y
and choose h > 0 such that he? = . Using (4.1), we compute as follows:

(o ) (a b)y)I®

(n,0((p.a) ™" - (@, b)w)|”
(f, < >>|2
)2 |G )|

< 472 (Kh//th |dz>
e ([, 2 ot )

2
€ 2 1
= K} /7h /@ 3 |(f,o(x, L)n)| dyda

2 € 2z ]_
= Kj, X — [(fyo(e, )| xdide
e~ 2 J_h 2

v,
=
=|
= (2

AN
X
T

[SE
i
vl Mr‘:‘
[S= v
R
—~
s
—
QU
SN
QU
&

Il
)
—
S
=
Q
ﬁ
=
oY
=
>
IS
=
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=G //% {o((p,q) ™" - (a,0)), 0 (w, )n)|” dpaa ()
yer / /Q 10 ) )] )

_ ¢ / / (6, 0z ) dpsa(z, 1),
Qs((a,b)=1-(p,q))

This proves the claim. ]
Now we can give the proof of Theorem 4.2.

Proof (of Theorem 4.2). Assume that functions 1,...,vr, € L?(R) and
sequences Ap,...,Ap C A are given such that D"‘(Uf:1 A;Y) < oo and
D*(UEL:1 Ag) = 0. Our goal is to show that U/@L:1 W(pe, A¢) does not pos-
sess a lower frame bound.

Employing Proposition 3.4(i) we obtain that we have D¥ (A, ') < oo for all
¢=1,...,L. Now fix ¢ > 0, and let n € L?(R) denote the analyzing wavelet
defined in Lemma 4.8. We have Wy, € L?(A,dua), so, since the sets Qp,
h > 0 form a nested, increasing, exhaustive sequence of subsets of A there
must exist some R > 1 such that

// ’<¢£7 U(x,y)n>’2duA(x,y) <e foralll=1,... L. (4.2)
A\QRr
Fix T > e (R+2). Then, since D’(UZL=1 Ag) = 0, by Proposition 3.7 and
the definition of disjoint union we can find a point (p,q) € A such that
AN Qr(p,g) =0 forallt=1,... L.

Let 6 = 2. Then we have e%(R + ) < T, and, by Lemma 4.7, we obtain

U @b (p.g) CA\Qr forallt{=1,... L
(a,b)EAg

Now, since DF (A4, ') < oo, we have by Lemma 4.6 that D+ (A, " (p,q)) <
oo as well. Therefore, by Proposition 4.5 we can write each A, as a finite union
Ag = Ap U---UAyy, in such a way that A;il - (p, q) is affinely J-separated for

each i = 1,..., Ny. Consequently, for each ¢ and ¢ we have
U @s(@b)(.9) CA\Qx, (4.3)
(a,b)EAy;

with the union being disjoint.
Finally, applying Lemma 4.8 and equations (4.2) and (4.3), we compute
that
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Z > | o (a, b))

=1 (a, b)eAe
L N

<GYY ¥ / / (e )l disa ()
=1 i=1 (a,b)edy; ¥ 7 Qs((a,0)~1-(p,a))

L Ny

< %ZZ// (e, o (x, y)m)|* dpaa(z,y)

=1 i=1" /A\Qr
< CsL N, .
< Cs L, max {Ne}e

Since |lo(p, ¢)nlls = [In]ly = 1, it follows that Ule W(1g, Ag) cannot possess
a lower frame bound, which completes the proof. O

Even in the situation of a single generator, we do not know if the
hypothesis DT (A7) < co in Theorem 4.2 is necessary. Adding the assump-
tion DT (A) < oo does not resolve this question, since, for example, if A is the
sequence associated with the classical affine system, then A~ is the sequence
corresponding to the co-affine system, so for this A we have DT (A) < oo
yet DY(A™1) = oo. Further, it is not true that if both D¥(A) < oo and
DF (A7) < oo then necessarily D~ (A) > 0; for example, consider the sequence
A ={(a’,bk)} ez k>o0-

4.3 Examples of Wavelet Systems

In this section we will apply our results derived in the previous two sections
to several types of weighted wavelet systems.

We saw already that the sequence of time-scale indices of classical affine
systems has uniform affine density equal to the constant ﬁ (Lemma 3.3).
This is a special case of the following result which proves this property for
any oversampled affine system.

Proposition 4.9. Let a > 1 and b > 0, and define A C A and w: A — RT
by A= {(a’, %) } and w(a’, %) = % Then (A, w) has uniform weighted
affine denszty

G, kET

1
blna’

Proof. Fix (z,y) € A. If (a/, %) € Qn(z,y), then

D(Aw) =

i ; - j
(8 -#) = @ B e

In particular, % € [e” ,e%). There are at least I fa and at most - + 1

integers j satisfying this condition. Additionally, we have “% — ﬁ < k<
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i+ hQ—?. For a given j, there are at least % and at most h—g] + 1 integers
k satisfying this condition. Taking the weight into account, we conclude that

L B pnauea) < (g 1) ().

Ina r;j b Ina T
Thus N
(i + D+ g
DT (A < i -a " =
(A w) < i sup 2 Tna’
and similarly D™ (A, w) > 77— O

Next we will consider the co-affine systems studied in Gressman, Labate,
Weiss, and Wilson [61]. By employing merely density conditions, we show
that unweighted co-affine systems can possess neither an upper nor a lower
frame bound, thereby rediscovering a result in [61] for these systems in the
case b= 1.

Proposition 4.10. Let a > 1 and b > 0, and define A C A by A =
{(a%%)}LkeZ. Then

D= (A) =0 and ~ DT(A) = oco.

Consequently, for any 1 € L*(R), ¥ # 0, a co-affine system W(, A) cannot
possess an upper or a lower frame bound.

Proof. Fix (z,y) € A. If (a/, %) € Q1 (2, y), then

(<, Bk — 28y = (z,)7" - (a?, ) € Qu

This requires
2Ilnz —h < 2lnz + h

2lna 2lna

and ] ]
2xy —a’h 2xy +a’h
— << —.
2b - 2b
As in the proof of Proposition 4.9, terms +1 are not significant in the limit,
so it suffices to observe that

21n m+h-|71

2Ina

panQue~ 3 M

. r2lnz—h
J=I znlz:a 1

By changing z, we can make this quantity arbitrarily large or small, which
yields the conclusion D~(A) = 0 and DT (A) = oo. Finally, since A7 is
the sequence corresponding to the classical affine system, by Lemma 3.3 we
have DT (A7!) = 1/(bIlna) < oo. The nonexistence of frame bounds therefore
follows from Theorems 4.1 and 4.2. O
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In Section 5.7 we further show that special weighted co-affine systems do
not exist by again using the notion of affine density.

Finally, we examine systems which consist only of translates or of dilations
of a finite set of functions.

Proposition 4.11. Let 1,...,9r € L*R), let Ty,..., T, C R, and let
S1,...,8, CRT be given.

(i) {e(z — ) }ter, o=1.....1 is not a frame for L*(R).

Proof. Note that both of these systems are special cases of irregular wavelet
systems, namely,

C =

{e(x — ) hery p=1,..... = | ) W@, {1} x T})

=1

and

W(pe, Se x {0}).

—
S
<
=

» |8
N
——

»

m

&

~

Il

J—‘

L
=

4

1

Consider first the case of pure dilations. Note that D~ (UKL:1 Sex{0}) = 0.
If DY({Sy x {0}},) = D*(UKL:1 S¢ x {0}) = oo (see Remark 3.2(a) for the
first equality), then Ule D(1pe, S¢) cannot possess an upper frame bound by
Theorem 4.1.

Suppose on the other hand that D*(UZL:1 Se¢ x {0}) < oo. By Proposition
3.4(i), DT (S¢x{0}) <ocofor £ =1,...,L. Fix £ € {1,...,L}. If (¢,0) € (S, x
{0H)7NQn(z,y), then (£, —Z¢) = (z,y)"1(c,0) € Q. Hence e % < =< e%,

x’ c

so —Bemh < ¥ — _mec o hoh Therefore (£, —%) = (L,4)71.(2,0) €

Qhe”a 50 (%70) theh(gvy)' Thus

sup #((Se x {01) 7' NQu(w,y)) < sup #((Se x {0}) N Qpen(x,y)) < o0,
(z,y)eh (z,y)eA
so DY((Sy x {0})7!) < oo for all £ = 1,...,L by Proposition 3.6. Thus
D+(U£:1(Sg x{0})~1) < oo by Proposition 3.4(i). Consequently, Theorem 4.2
implies that the system UeL=1 W(t)e, S¢ x {0}) cannot possess a lower frame
bound in this case.

The proof for U{;‘:l W(te, {1} x Tp) is similar, and was also obtained by
Christensen, Deng, and Heil [22] by using the fact that a system of pure

translations is a Gabor system of the form Ule G(ge, Ty x {0}). O
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4.4 Density of Sequences in Rt

In this section we will derive a notion of weighted density for multiple weighted
sequences in RT adapted to the geometry of the multiplicative group Rt in
the spirit of the definition of Beurling density on Euclidean space and affine
density on the affine group. This notion will be employed in the next section
as well as also in Chapter 5. Notice that throughout, although S will always
denote a sequence of points in R and not merely a subset, for simplicity we
will write S C R*.

We consider a fixed increasing family of neighborhoods of the identity
element 1 in RT. For simplicity of computation, we will take

Let pugp+ = d?“: denote the Haar measure on RT. Since ug+ is invariant under
multiplication, we have that
¢ dx
=, T=n
e"2 T

Then the upper and lower densities of some multiple weighted sequence
{(Se,we)}E_, in RT are defined as follows. Notice that we use the same
notion as for the density of sequences in A. The type of density is then always
completely determined by the sequence to which it is applied.

_h A
2 2

pr+(zle”2,e2)) = up+(le”

Definition 4.12. Given Si,...,Sr, C RT with associated weight functions
wy : Sy — RY for £ = 1,...,L. Then the upper weighted density of
{(Se,we) i, is defined by

L _h h
we (Se N 5
D+({(Sl7wl)}%:1) zlimsup sup Z[:l# z( 4 SC[@ 2 62))’
h—oo zeR+ h

and the lower weighted density of {(Se¢, we)}, is

L _h h
D ({(Seswn)}ey) = limint inf b=t Fue(SeOale2 7))

h—oo zeRt h

If D= ({(Se,we)}r_)) = DY ({(Se,we)}E ), then {(Se,we)}E., has uniform
density, which is denoted by D({(Se,we)}r ).

We first make the following basic observations.

Remark 4.15. (a) Let Sy,...,S; € RT be given. Then, using the disjoint union
S = UeL=1 S¢ of the sequences S, ..., Sr, we obtain the following simpler form:

D ({Se}iz1) =D*(S) and D~ ({Se}iey) = D (S).
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(b) Let Si,...,S; € R* with associated weight functions wy : Sp — R
for{=1,...,L be given. Then

L L
YD (Se,we) < D™ ({(Se;we)er) < DF({(Se, we)Hey) < Y DF(Se,we).
=1 =1

The following result shows that this density is robust against perturbations
of the sequence of scale indices.

Lemma 4.14. Let S € R, w : S — R*, and ¢ > 0. For each S = {sd, :
s€ 8,0, €le2,e3]|} equipped with a weight function v : S — RT defined by
v(s0s) = w(s), we have D~ (S,w) = D~ (S,v) and DT (S,w) = D*(S,v).

Proof. For h > 0 and # € R™, we obtain the following estimates for #,,(S N
h h
xle”z,e2)):

~ h—e¢ h—e h
2

#H,(SNzleT 7T e 7)) < #(SNale”

Dividing the terms by h, and observing that

SUP,cR+ #U(S’ﬂx[e_ T ,e2))

i
1}1111_>sol<1>p W
= DT (S,v)
& _hte  hte
= lim sup SUp, cp+ #o (S mhx[e 2 ,€ 2 ))’
h—o0

proves Dt (S, w) = DH(S,v).
The claim concerning the lower density can be treated similarly. O

Next we obtain a useful reinterpretation of finite upper density of a single
weighted sequence (compare also Proposition 3.6).

Proposition 4.15. Let S C Rt with weight function w : S — RT be given.

Then the following conditions are equivalent.

(i) DT (S, w) < oo.

(ii) There exists an interval I C RY with 0 < ugp+(I) < oo such that
SUP,ep+ #Huw(SNal) < oo.

(iii) For every interval I C RT with 0 < pg+(I) < 00, we have sup,cp+ #w (SN
xl) < o0

Proof. (i) = (ii) and (ili) = (ii) are trivial.

(ii) = (i), (iii). Suppose there exists an interval I C R* with 0 < pp+(I) <
oo and some constant N < oo with #,(SNzl) < N for all z € RT. Let J
be another interval in R™ with 0 < pg+(J) < co. If there exists y € Rt with
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yJ C I, then #,(SNaxJ) < N for all x € RT. On the other hand, if there
exists y € RT with yI C J, then pgp+(J) = rug+(I) for some 7 > 1, and J is
covered by a union of at most r + 1 sets of the form x/. Consequently,

sup #4,(SNaxJ) < (r+1) sup #,(SNal) < (r+1)N.

zERT z€R+
Thus statement (iii) holds. Further,

SUP,cp+ Hw(SNaJ) (r+1)N N

D1 (S) < limsup < limsup = < 00,
(5) o0 rug+ () r—oo Thr+(I)  pr+(I)
so statement (i) holds as well. O

The following result for the lower density follows in a similar way.

Proposition 4.16. Let S C Rt with weight function w : S — RT be given.
Then the following conditions are equivalent.

(i) D~ (S, w) > 0.

(i) There exists an interval I C RT with 0 < pr+(I) < oo such that
inf,cp+ #w(SNal) > 0.

The next result compares qualitative statements about the upper density
of a collection of weighted sequences in R* with the upper density of the
single weighted sequences.

Proposition 4.17. Let Sy,...,S; C Rt with associated weight functions
we : Sp — RY for £ = 1,...,L be given. Then the following conditions are
equivalent.

(i) We have DT ({(Se, we)},) < oo.
(ii) For all £ =1,..., L, we have DT (S, wy) < oo.

Proof. First assume that D+ ({(Se, we)}L_,) < oo and fix some £ € {1,..., L}.
By definition, there exist h > 0 and N < oo such that #,,(S¢Nzfe™%,e2)) <
N for all x € R*. By Proposition 4.15, this implies D*(Sg, wy) < oo, which
yields condition (ii).
Conversely, if Dt (Sy,w;) < oo for all £ = 1,...,L, then, by Remark

4.13(b),

L

DH({(Se,we)}iey) <D DF(Se,we) < o0,
=1

hence (i) is satisfied. O
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4.5 Affine Density and the Local Integrability Condition

In this section we focus on weighted wavelet systems with finitely many gen-
erators of the form

L L
W, Se x bz, (we, 1)) = | {1/ “L (2 — bek) 2 s € Se.k € Z}, (4.4)
=1 =1

where S1, ..., S C RY are finitely many sequences of arbitrary dilations with
associated weight functions wy : Sy — R* for  =1,...,L, by,..., by, > 0, and
P1,...,9p € L2(R) are analyzing wavelets. In [77] (compare also Guo and

Labate [69] for a correction and some improvements in the situation of classi-
cal affine systems in higher dimensions) Herndndez, Labate, and Weiss gave a
characterization of when a system of the form (4.4) constitutes a Parseval
frame for L?(R), assuming that this system satisfies a certain hypothesis
known as the local integrability condition, which is defined as follows.

Definition 4.18. A system of the form (4.4) satisfies the local integrability
condition (LIC), if for all f € L*(R) with f € L*°(R) and suppf being
compact in R\{0},

L

1) =35 Swds) S [ 1€+ )PP d < .

(=1 esESz mez” suppf

We will show that, under some mild regularity assumption on the ana-
lyzing wavelets, this rather technical-appearing hypothesis is solely a density
condition on the sequence of scale indices. More precisely, in Section 4.5.2 it
will be proven that the LIC is equivalent to the condition that the sequences
of scale indices possess a finite upper weighted density. This condition is very
natural, since every wavelet frame of the form (4.4) must have finite upper
weighted density as we saw in Section 4.1. Using this new interpretation of the
LIC, in Section 4.5.3 we derive a characterization of wavelet Parseval frames
with finitely many generators and with arbitrary dilations provided that the
sequences of scale indices possess a finite upper weighted density and the
analyzing wavelets belong to an amalgam space which are shown to be very
natural hypotheses.

4.5.1 Amalgam Spaces on R \ {0}

We refer the reader to Section 2.4 for the required notation and a brief
overview of the general theory of amalgam spaces. For our purposes, we will
need only the following particular amalgam space on the group R*, where
R* = R\{0}. The backbone of our definition of the discrete-type norm of
this amalgam space is the choice of a collection of subsets of R*. For each
h >0, we let Kj, := (—e%,—e" 3] U[e"%,e%), and we will use the notation



4.5 Affine Density and the Local Integrability Condition 49

Kp(z) = 2K}, for z € R*. It is easily checked that {K;(e*)}rez provides us
with a tiling of R*. Using this particular tiling we can define the amalgam
space Wg+(L>, L?) on the group R* as follows.

Definition 4.19. A function f : R — C belongs to the amalgam space
W= (L=, L?) if

1
2
1w (200 12y = <Z esssupxeKl(ek)f(x)P) < 00.

keZ

Remark 4.20. We remark that this norm is indeed an equivalent discrete-
type norm for the amalgam space Wg«(L>, L?) defined by Definition 2.8.
Let ¢ : R — R be a continuous function with 0 < ¢(z) < 1 for all
x € R satisfying that supp(¢) C Ko, ¢k, = 1, and Zkezqﬁ(ek =1
(this can always be achieved by normalization). Then {¢(e* )}z forms a
BUPU, since {€*}recz is Ko-dense and relatively separated. Moreover, the
norm defined by [|f|| = (X 4z ess Supm€R|f(m)¢(ekx)|2)% is equivalent to
Il (oo 22ys since [T e z2y < 1% < 31y, (p 12y due to the fact
that Ky(e¥) C Ky (e* 1) UK, (ek) UK, (ek*1) for all k € Z. Applying Theorem
2.10 now proves the claim.

The following lemma shows that the consideration of analyzing wavelets
whose Fourier transform is contained in this amalgam space is by no means
restrictive, and is even natural. Specifically, a mild decay condition on 1[1
suffices to ensure that 1) € Wg. (L, L?).

Lemma 4.21. Let ¢y € L'(R) N L?(R). Suppose that there exist a,b,a, 3 > 0
such that [1(€)] < alé|* as [€] — 0 and [Y(E)] < bE[? as €] — oco. Then
P € Wg« (LOO,LQ).

Proof. Let 0 < w < £2 < oo be such that [1)(€)] < al¢]® for all |¢| < w and
[P(€)] < blé]78 for all |¢] > 2. Since ¢ € LY(R), hence 1) € C(R), there exists
M < oo such that [¢p(€)] < M for all [£] € [e”w, ef2]. Then,

[0, (£ 22)

—S swp [P

kez S€Ki(er)

Llnw—%] L1n9+%j
< sup  [1h(€)* + sup [ (&)[
k:z_:oo EEK (eF) k—ﬁnzwh EEK (eF)

Y s [P

k=[ln +47] S€F1(R)
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[lnw—31 0o
< a? Z (ek"'%)m—i—(an—lnw+2)M2—|—b2 Z ((3’“_%)_2’6
k=—o0 k=[ln 2+1]
< o0,
which proves the claim. O

Let ¢ € LY(R) N L4(R). Then it follows that ¢ (0) = 0. If, in addition,
the analyzing wavelet 1) possesses a Fourier transform with polynomial decay
towards zero and infinity, then ¢ is contained in Wg«(L>°, L?).

4.5.2 A Density Version of the Local Integrability Condition

Now we turn to the interpretation of the LIC (see Definition 4.18) in terms
of the density of the sequences of scale indices. Our main result gives an
equivalent formulation of the LIC in terms of density conditions.

Theorem 4.22. Let S1,...,S5; C RT with associated weight functions wy :
Se — RT for ¢ =1,...,L be given, and let by ..., by, > 0. Then the following
conditions are equivalent.

(i) We have DT ({(Se, we)},) < oo.

(ii) For all iy,..., ¢ € L2(R) with i1, ..., € We- (L, L?), the wavelet
system UeL:1 W(1be, Se X beZ, (wy, 1)) satisfies the LIC.

We will break its proof into several parts to improve clarity. First we derive
an easy equivalent formulation of the LIC better suited to our purposes.

Lemma 4.23. Let Sy,...,S; C R with associated weight functions wy :
Se — RY for £ =1,...,L be given, and let by...,br, > 0 and ¥1,...,¢1 €
L?(R). Then the following conditions are equivalent.

(i) The system Uszl W (e, Se X beZ, (we, 1)) satisfies the LIC.

(ii) For all ¢ =1,...,L and h > 0,

) = 5 3 4 S

b S
¢ SES) mEZ

/ ()2 de < oo,
K (8)N(K ()~ £2)

Proof. (1) = (ii). Let I(f) be defined as in Definition 4.18. Suppose that (i)
holds, i.e., I(f) < oo for all f € L2(R) such that f € L>®(R) and suppf is
compact in R\{0}. Then choosing f € L?(R) with f= Xk, and observing
that each of the terms Iy, £ =1,..., L, is positive, implies (ii).

(ii) = (i). For £ =1,...,L and h > 0, we first notice that

() = 5 3 wils) Y /K Yio (6 + ) [Pu(sE)Pdg. (45)
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Now let f € L2(R) be such that f € L>(R) and suppf is compact in R\{0}.
Then there exists M < oo and a compact set K C R\{0} such that |f(¢)| <
Mx k(&) for almost every £ € R. Since {K}p}r>0 is an exhaustive sequence
of compact sets in R\{0}, there exists h > 0 such that K C K. By (ii) and
(4.5), this yields

c~‘,_.

L
g Swte) X[ 1 )P s

=1 SES[ meZ

S Y [ et 3 e de
=1 ¢ 55, meZ

A
=~
Il ™~

~

<MY Ii(h) < oo
(=1

Thus (i) is satisfied. O

The following lemma establishes a relation between density, the Wiener
amalgam space Wg-(L>, L?), and a Littlewood—Paley type inequality.

Lemma 4.24. Let S C R* with associated weight function w : S — RT be
given with DT (S,w) < oco. Further let 1 € L*(R) satisfy 1 € Wg~(L>, L?).
Then there exists B < oo such that

Zw(s)hf)(s{)\Q < B forae £€R.

ses

Proof. For each k € Z, set ¢, = ess supgeKl(ek)W({)P. Then we have

<£)|2 < chXKl(ek‘)(g) for a.e. f eR (46)
kezZ
and A
> ek = 1813v,. (1o, 22)- (4.7)
kEZ

Since S C R, equation (4.6) yields

€SS SUP¢ -+ Zw )(s6)? < sup Z ch XK, (er)(8E)

ses " ses keZ
< ch sup Z w(8) Xk, (e-1ek)(8)
kez SR ses

1

= ch sup #4,(SN¢le _%765))

kez  SERT

Since 1) € Wg+(L>®,L?) and Dt (S,w) < oo, the last quantity is a finite
constant by equation (4.7) and Proposition 4.15. O
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In the following lemma, by using a sequence in R™, we explicitly construct
functions whose Fourier transforms are contained in Wy« (L%, L?).

Lemma 4.25. Let {y, }nen € RT be such that the sets y,le™2,e2), n € N,
are mutually disjoint.

(i) Suppose that y, — 0 as n — oo. Then the function ¢ € L*(R) defined by
- 1
$=D DX, by

satisfies | € Wg+ (L, L?).
(ii) Suppose that y, — oo as n — oo. Then the function v € L*(R) defined
by

- 1
w = Z n yn Xyn[e_%,e%)

neN
satisfies | € Wg+ (L™, L?).
Proof. (i) Suppose that 3, — 0 as n — oc. It is easy to check that ¢ € L2(R),
hence 1) € L?(R). We next observe that for each k € Z and 2 € R, we have

ele"2,ez)Nafe 2,e2) # () if and only if Inz — 1 < k < Inz 4 1. Therefore
we obtain

Y sw BOPSY Y sw

kez §E€K1(er) neN '’ kel ecek[e” 3 e3)

= %#{kéZ:ek[e*%,e%)ﬂyn[e*%,e%)#@}

NG

Nf=

hence ) € Wg- (L, L?).

(ii) Now suppose that y,, — oo as n — oo. The slightly different definition
of 1) ensures that also in this case 1) € L?(R), hence ¢ € L?(R). Then ¢ €
W=« (L>, L?) can be proven in a similar way as in part (i). O

Now we are prepared to prove Theorem 4.22.

Proof (of Theorem 4.22). (i) = (ii). We suppose that D ({(S,, w,)}r_,) < oo,
which by Proposition 4.17 implies that DT (S,,w;) < oo for all £ =1,..., L.
For arbitrary functions ¢1,...,¢r € L%(R) with 41, ... ¢ € Wg-(L>®, L?),
we have to show that Uszl W(e, Se X biZ,(we, 1)) satisfies the LIC. As
observed in Lemma 4.23, it suffices to prove that

-5 ¥ My [ ot PO A <00 (48

T by s
£ sESy meZ

)
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for all £ = 1,...,L and h > 0. For this, fix h > 0, ¢ € L*(R) with ¢ €
Wg«(L>, L?), and consider some ¢ € {1,...,L}. For the sake of brevity, we
set I(h) = I;(h), S =S¢, w = wy, and b = by. We decompose I(h) by

I(h) = I (h) + I2(h),

where

=D [ ek

seS
and

-y s /K () de.

ses mez\{0} Y Kn(&)N(Kn(s)—F)

First, we study I;(h). By Lemma 4.24, there exists some B < co such that

Zw(s)|z/}(s§)\2 < B forae £€R.

seS
Therefore,
1 w(s) )
I h = — dé—
=53, /K,L@' (©
5 | S wlbsoP d < 3Bl < o (49)
b Kn seS ~b " ' ’

Secondly, we show that I5(h) is finite. Let s € S be fixed. We observe that
e b N _h
if sle”z,ez)N(sfe 2,62)——)76 then

m\:‘
>
SR

N\~

S — _

% and se2 > se

S

This is equivalent to

—sb(e% — 67%) <m< sb(e2 —e ’5)
By the choice of Kj,(s), for each s € S there exist at most 3(2sb(e% —e~5)+1)
integers m such that K3 (s) N (Kp(s) — %) # 0. Recall that in this case we only
consider m € Z\{0}. Therefore there exists £ > 0 such that Kp(s) N (K (s) —
) =0 for all s € S with s < & and m € Z\{0}. This shows that we only

b
need to consider those s € S with s > . Then there exists a C' < oo such that

3(251)(62 —e 2) +1) < C’s(e% 767%) forall se€ S, s >e.

Using these observations, we obtain

e (e d
> e )/m)' (©)
C » _hn 0
- et - Sty /. PREGIE (4.10)
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It follows easily from D (S, w) < oo that there exists an N < oo such that
Huw{s€S:x € Kp(s)} <N forall zeR.

Continuing equation (4.10), we obtain

Clet—et o2 de < S(et—e b .
Imsb<—e>§mwﬂwy&n £< (et - NI <
(4.11)

Combining the estimates (4.9) and (4.11) yields (4.8). Thus (ii) holds.

(ii) = (i). Suppose that (ii) holds. Towards a contradiction assume that we
have DT ({(S¢, we) }£_,) = oo. By Proposition 4.17, there exists £y € {1,..., L}
such that D (Sy,, we,) = co. Thus, by Lemma 4.23, to obtain a contradiction
it suffices to show that there exists ¢ € L2(R) with ¢ € Wg-(L>, L?) such
that for some h > 0,

weo h 2 -
()= 3 ZAT DR dE = 0. (412)

‘o sE€Sy, meZ n($)N(Kn(s)— g )

Iy

To simplify notation we set I(h) = Iz (h), S = Si, w = wy,, and b =
be,. Proposition 4.15 implies the existence of sequences {y,}neny € RT and
{8, nen with S, € S satisfying that #.,(S,) > n and S, C yn[e2,e2).

If there exists y € RT and h > 0 with #,,(S N y[e_%,e%)) = 00, then
choosing ¢ € L2(R) by ) = X,k b, € Wes (L, L?) yields

1 w(s) 2 2
I(h) = — d
(=3 ZAMWMWM@|S

seS meEZ

1 w(s) /
- . b d
P T i e e O

:% > wiS)S|Kh| =

_h h
sESNyle” 2 ,e2

vV

This settles (4.12) for the chosen h.

Otherwise we remark that, by restricting {y,}nen to a subsequence if
necessary, we have either y, — 0 or y, — oo as n — o0o. Moreover, without
loss of generality we may assume that the sets y,[e "2, e2), n € N, are mutually
disjoint by choosing again an appropriate subsequence if necessary.

First assume that y, — 0 as n — oco. Then we define the function ¢ €

L?(R) by
. 1
b=2 7 Xynle 3 3y’

Lemma 4.25(i) implies that ¢) € Wg+ (L, L2). Choosing h = 2, we obtain
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CREDIEDY / > %xyn[ﬁ,e%)<f> it

mez 2(5)ﬂ(K2(5 ) neN

sznz Z Z‘ (sle™e) = %)
neN SES, MEZL
Nynle™ 2, e7)]. (4.13)

1

Since S,, C ynle™2,e?), it follows that for each s € S,,,

(&

[N

) =sle ! e). (4.14)

1
,se2e

=
S

This implies that =[e72,e3) C [e1,e), and hence an easy computation

llete)n y?"[e_% e%)| >1—e¢! forallneN,scS,. (4.15)

Therefore, employing (4.14) and (4.15), we can continue the computation in
(4.13) to obtain

1 1 w(s

> lsle™he)n(sle™te) = 2) Nynle™ 2 e?)]

neN SES, meZ
1 1 w(s _ 1 1
252@2 yls{e Le)Nynle 2, e7))|
neN SES,

=3 Y w0 e leE b))

neN sESH

loel 1
2 be D, = o

neN

This settles (4.12) for h = 2.
Secondly, assume that y,, — 0o as n — oo. In this case we define ¢ € L?(R)

by
_Zn yn57%7€ )

neN

Lemma 4.25(ii) implies that ¢ € W+ (L>, L?). We further observe that

Nl

sle™'e) Csle™?,e?) — 2 (4.16)

if and only if —sb(e™! —e™2) < m < sb(e? — e). Thus there exist at least
sb(e? —e+e 1 —e72) = sbC’ values of m for which (4.16) is true. Choosing
h = 4 and using (4.14) yields

>3 P Z S fsfe (sfe™2,¢?) — By Nynle % e

neN SES, meZ

=

)|

n*yy,
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1 1 11
> 1Y S Mgyt o)
nENn yn seS, 5
PSS 1
=C'(e? —e 2)2:?211)(5)
neN sES,
1
> ' T _e 3 - = .
>C'(e e )%n o0

This settles (4.12) for h = 4.
Hence (ii) is not satisfied, a contradiction. O

4.5.3 A Characterization of Wavelet Parseval Frames

The equivalent formulation of the LIC in terms of density conditions yields
the following characterization result for weighted wavelet Parseval frames with
finitely many generators and with arbitrary sequences of scale indices.

Theorem 4.26. Let S1,...,Sr C RT with associated weight functions wy :
Sy — RY for £ = 1,...,L be given. Suppose that DT ({(Se,we)}l|) < .
Then for all ¥y,...,¢ € L2R) with ir,...,¢, € Wg-(L®,L?) and
bi,...,br >0, the following conditions are equivalent.

(i) UEL:1 W(tbe, Se x beZ, (wg, 1)) is a Parseval frame for L*(R).

(ii) For each a € ULI Uses, iZ, where P, = {(4,8) € {1,...,L} x S :
besa € 7}, we have

Z wZ(s)m@(s(f +a)) =da,0 forae {ER.

(£,5)EP0 be

Proof. The claim follows immediately from Theorem 4.22 and [77, Thm. 2.1].
O

At last, we show that the hypothesis of finite upper weighted density is
not at all restrictive.

Proposition 4.27. Let Sy,...,S; C RT with associated weight functions
wy @ Sy — RY for £ = 1,...,L be given, and let by,...,by, > 0 and
Y1,...,%r € L*(R). Then Theorem 4.26(i) implies DT ({(Se, we)}r ;) < oo,
and if, in addition, vy, ..., € L*(R), then also Theorem 4.26(ii) implies
DH({(Se,we) }iy) < o0,

Proof. First suppose Theorem 4.26(i) holds, i.e., Ule W(the, Se x beZ, (wy, 1))
is a Parseval frame for L?(R). Then, in particular, for each £ = 1,..., L, the
wavelet system W (1), S¢ X beZ, (wy, 1)) is a Bessel sequence, i.e., it possesses
an upper frame bound. Now Theorem 4.1 implies that DT (S, x beZ, (we, 1)) <
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oo for all £ = 1,...,L. A simple computation shows that this implies
DT (S¢,wg) < oo for all £ = 1,..., L. The application of Proposition 4.17
then proves the first claim.

Secondly, suppose that ¢1,. .., € L'(R) N L?(R) and Theorem 4.26(ii)
holds. Notice that Py = {(¢,s) € {1,...,L} x S¢}. Hence in the special case
a = 0, we obtain

L
1 .
> =) wis)|e(s€)P =1 forall  €R. (4.17)
be
(=1 s€ESy
Towards a contradiction assume that there exists ¢y € {1,...,L} with

Dt (Sy,, we,) = 00. Since 1y, is continuous, there exists some interval I C R*
with 0 < pp+(I) < oo such that [y, (€)]2 > 6 > 0 for all £ € I.
Applying Proposition 4.15, for each n € N, there exists some y,, € R with
H#u,, (Se, NynI) > n. Hence, for all n € N,

> wey (e (syn P = > wey (8) e (sy )P > o,

SESy, SESeyNynl

a contradiction to (4.17). Thus DT (Sy, wy) < oo for all £ =1,..., L. Proposi-
tion 4.17 then settles the claim. O
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Quantitative Density Conditions

In this chapter we study weighted irregular wavelet frames with finitely many
generators. We derive a fundamental relationship between the affine weighted
density, the frame bounds, and the admissibility constants for the analyzing
wavelets.

Then several applications of this result are discussed. In particular, we
derive that the affine density of a tight wavelet frame necessarily has to be
uniform. Further, our results reveal one reason why there does not exist a
Nyquist phenomenon for wavelet systems. We also study the extent to which
affine density conditions can serve as sufficient conditions for the existence
of wavelet frames thereby presenting a situation, where this indeed can be
achieved. Finally, we use the fundamental relationship to prove that certain
weighted co-affine systems can never form a frame.

The main results in this chapter, except the application to co-affine
systems, generalize the results obtained in Kutyniok [95] to multiple gen-
erators. This chapter also contains a generalization of one result in Heil and
Kutyniok [74].

5.1 Outline and Comparison with Previous Work

Provided that an analyzing wavelet ¢ € L?(R) gives rise to a classical affine
frame {a=7/2y(a ™7z — bk)}; rez with parameters a > 1, b > 0 and with
frame bounds A, B, a result by Chui and Shi [33] and by Daubechies [41]
establishes the following intriguing relationship between the parameters, the
frame bounds, and the admissibility constant Cly:

1
< — < B. .
A< 2blnacw <B (5.1)

In particular, this leads to the exact value of the frame bound for tight classical
affine frames in terms of the parameters and the admissibility constant.
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In this chapter our driving motivation is to derive necessary and suffi-
cient density conditions not merely on the sequence of time-scale indices for
irregular wavelet frames, but also involving the explicit values of the frame
bounds, in this sense quantitative density conditions. For our study we will
focus on weighted irregular wavelet systems with respect to the weighted
sequences of scale-time indices (S; x Ty, (we,v¢)), where Si,...,S; C RT
are arbitrary sequences of scale indices equipped with weights wy : Sy — RT
for { =1,...,L and T1,...,T, C R are arbitrary sequences of time indices
equipped with weights v, : Tp — RT for £ = 1,..., L, and finitely many
wavelets 11, ...,%; € L%(R). That means we consider wavelet systems of
the form U2L:1 W(te, Se x Ty, (we,vr)). In Section 5.3 we derive a very gen-
eral relation between the weighted affine density, the frame bounds, and the
admissibility constants for the analyzing wavelets (Theorem 5.6). This result
can indeed be shown to contain (5.1) as a special case.

The proof of Theorem 5.6 requires several preliminary results, each of
which is very interesting in its own right. We first show that wavelet frames of
the form UZL:1 W (e, Sex Ty, (we, ve)) impose a Littlewood—Paley type relation
on the sequences of scale indices and on the analyzing wavelets (Proposition
5.3), thereby generalizing a result by Yang and Zhou [127] to weighted wavelet
systems with finitely many generators. These Littlewood—Paley type inequal-
ities can be related to density conditions on the associated sequence and a
constant depending on the involved function comparable with the admissi-
bility constant (Proposition 5.4). In Theorem 5.5 we further derive a new
relationship between the density, the frame bounds, and the norms of the
generators of a frame of weighted exponentials, which contains a result from
Heil and Kutyniok [74] as a special case. These results then serve as the main
ingredients in the proof of Theorem 5.6. This main result implies that the
affine density of a tight wavelet frame necessarily has to be uniform. Several
other intriguing applications will then be shown in Sections 5.4-5.7. In the
remainder of this section we will discuss those briefly.

Interestingly, our main result has direct impact on the well-known ques-
tion initially stated by Daubechies [41, Sec. 4.1], namely, why wavelet systems
do not satisfy a Nyquist phenomenon analogous to Gabor systems. Our
result now reveals one reason why there does not exist a critical density for
orthonormal wavelet bases. In brief, the sequence of time-scale indices of an
orthonormal wavelet basis has indeed uniform affine density. However, Theo-
rem 5.6 implies that for these systems

D (4) =D (4) =292, uc.

which can be shown to attain each positive value. A detailed analysis is pre-
sented in Section 5.4.

Conceptually, density conditions seem to be capable only of delivering
necessary conditions for the existence of wavelet frames, since they are inde-
pendent of the analyzing wavelet itself and do not capture local features of the
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sequence of time-scale indices. Hence they appear almost too weak to serve
as a sufficient condition. And in fact, to date, the notion of density was only
employed to derive necessary conditions. However, in Section 5.5 we show that
under some mild decay condition on the analyzing wavelets, the existence of
a sequence of time indices T such that U£:1 W(te, Se x T, (wyg, 1)) forms a
frame is in fact equivalent to the weighted sequence Ule Sp having positive
lower and finite upper weighted density (Theorem 5.11). Section 5.6 is then
devoted to the study whether such weight functions always exist.

In the last section, we consider co-affine systems with arbitrary sequences
of time-scale indices with mild conditions on the sequences of time indices and
the analyzing wavelets, and show by employing previously derived results that
such systems can never form a frame (Theorem 5.18). This is indeed a general-
ization to arbitrary sequences of scale indices of a result derived by Gressman,
Labate, Weiss, and Wilson [61]. Thus, in particular, interchanging the dilation
and translation operator for systems of the form Ule W (e, Se X Ty, (wy, 1))
results in the complete loss of the frame properties, thereby indicating how
sensitive discrete wavelet frames behave with respect to the ordering of the
operators in contrast to continuous wavelet frames.

5.2 Density of Product Sequences

Since in the sequel we will study sequences in A of the form A = S x T, where
S C RY and T C R, the definition of density for sequences in R™ and R will
become important. Notice that we use the same notion for all three densities.
The type of density is then always completely determined by the sequence to
which it is applied.

The notion of density for sequences in R has already been introduced
in Section 4.4. The notion of Beurling density for weighted sequences in RY
will be introduced in Chapter 7. Since in this chapter we are only concerned
with sequences in R, for the convenience of the reader we will state the new
definition of weighted Beurling density for this special case.

For Ty,...,T;, € R with associated weight functions v, : T — R for
¢ =1,...,L, the upper weighted Beurling density of {(Ty,ve)}r_ | is defined
by

L h h
. = #v Tgml’+ T 999
D"'({(Tg,w)}éL:l):hmsup sup Lz Hod . =3 2)),
h—oco z€R

and the lower weighted Beurling density of {(Te,ve)}; is

L h o h
w(Tina+ [k 0k
D ({(Thve)}ey) = limint ing 2=t Fedl T2 0T H[75,5))
h—oo z€R h

If we have D~ ({(Ty,ve)}_,) = DT ({(To,ve) YL ), then {(Ty,ve)}E, is said
to possess the uniform weighted Beurling density D({(Ty,ve) }ey).
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For S CRT withw:S — Rt and T C R with v : T'— R¥, we will define

the weight function (w,v) : SxT — R* by (w,v)(s,t) = w(s)v(t). Under some
mild density conditions on 77,...,7;, C R equipped with weight functions
ve: Ty — RY for £ =1,..., L, the affine density of {(S; x Ty, (we,v¢))}L_, can
be computed in the following way.
Lemma 5.1. Let S,..., S, C RY with associated weight functions wy : Sy —
R* for £ = 1,...,L, and T4,...,T;, C R with associated weight functions
v : Ty — RT for £ = 1,...,L be given. If for each £ = 1,..., L the pair
(Ty,ve) possesses a uniform weighted Beurling density D(Ty,ve), then

D~ ({(Se x Tu, (we,ve)) }oey) = D~ ({(Se, D(Tu, ve) - we) }ey)
and
DY ({(S¢ x Ty, (we,ve)) }iey) = DT ({(Se, D(Ty, ve) - we) }ey)-

Proof. Fix e > 0. Since (T}, v¢) possesses a uniform weighted Beurling density,
there exists hg > 0 with

#o (LN + (-5, %))
h

—D(Tp,ve)| <e forallz € R, h > ho,l=1,...,L.

(5.2)
Set Ay = S¢ x Ty. For each (z,y) € A,

L

> Hwew) (Ae N Qu(,y))
/=1

h
2

L
Z H#(we o) (Ae N {(za, 2 +0) 1a € [e”
¢

Il
_

I
M=

> we(s) - o, (Te N L+ =5, 5))-

_h R
s€SeNzle” 2,e2)

o~
I

1

Dividing by h?, taking the infimum over all (z,y) € A, and employing (5.2),
yields

_h !
2

L h
inf 22:1 #(D(wa)*a)'wz(sé N x[e , €2 ))

zeRT h

< inf ZZL:I #(wz,w)(/lf N Qh('% y))
T (zy)EA h2

L _h h
< inf 22:1 #(D(T/z,w)-O-E)'we (Sf N 1‘[6 2,e2 ))
T zeRt h

for all h > hg. Applying the liminf as h — oo and noting that we can choose
¢ arbitrarily small, proves D~ ({(S¢ x Ty, (we,ve))}e_y) = D~ ({(Se, D(Ty, ve) -

L
we) }yy)-
The second claim can be treated similarly. ]
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5.3 A Fundamental Relationship

For the proof of the fundamental relationship between the affine density of the
sequences of time and scale indices, the frame bounds, and the admissibility
constants of the analyzing wavelets, we need to consider the system of weighted
exponentials associated with some weighted sequence of time indices. Given
r>0,T CR,and v : T — RT, we denote the corresponding system of
weighted exponentials by

E(T,v,r)={x— v(t)%egmm cteT,x e l—rr|}

Then &(T,v,r) is a frame for L?[—r, r] with frame bounds A and B, if for all

fe Lz[—r,r],
<B/T F(2)[2 da.

/ ‘2 dx < Z ‘ f 727r2t:v dx

teT

2

We first show that for the wavelet systems under consideration, a finite
upper weighted density of the weighted sequences of scale indices is a necessary
condition for such a system to form a Bessel sequence. This result generalizes
the result by Sun and Zhou [121, Thm 2.1(1)] to weighted wavelet systems.
We remark that this proposition is not a direct corollary from Theorem 4.1.

Proposition 5.2. Let 91,...,¢r C L*(R)\{0}, S1,...,Sr € R with asso-
ciated weight functions we : S¢ — RY for & =1,...,L, and Ty,..., T CR
with associated weight functions vy : Ty — R for £ =1,..., L be given.

i) If UZL=1 W(tbe, Se x Ty, (we,ve)) is a Bessel sequence for L*(R), then we
have D+ ({(Se, we) ;) < o0.

(ii) If Ule E(Ty,ve,7), where r > 0, is a Bessel sequence for L*[—r,r], then
we have DT ({(Te,ve) Y ,) < o00.

Proof. (i) Let B denote the Bessel bound for Ué‘:l W (e, Se x Ty, (we,ve)).
Fix ¢ € {1,...,L}, so € S¢, and tg € Ty. Let f = o(s0,t0)1e. Now since Wy, f
is continuous and Wy, f(so,t0) # 0, there must exist some h > 0 such that

,LL h |Ww‘7 (xs0,t0)] =6 > 0.

z€le” 2,e2)

Then for all y € RT,

BIIfI2 = B |lo(sy 'y, 00/

>3 wils) D welt) [(o(s5 My 0) f, o (s, b)) |

sES, teTy

> vg(to) S wels) [(o(s5 1y, 0)f, 0 (s, to)toe) |’

sESy
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_ 2
> vy(to) E we(s) [(f,o(sy™"s0,t0) )|
h h
3 e?)

> 0p(t0) %, (Se Nyle™

sESiNyle e

h b
2 2

))-

By Propositions 4.15 and 4.17, the claim follows.

,€

(ii) The proof is similar to the proof of part (i). O

Next we show that wavelet frames of the form considered in this chapter
impose a Littlewood—Paley type relation on the sequences of scale indices and
on the analyzing wavelets. This result extends the result by Yang and Zhou
[127, Thm. 1] to weighted wavelet systems with finitely many generators.

Proposition 5.3. Let S1,...,S;, C R™ with associated weight functions
wy Sy — RY for ¢ = 1,...,L, and T,..., T, C R with associated
weight functions vy : Ty — RY for £ = 1,...,L be given. Further, let
1,9 C L4 (R)\{0}. IfULl W(tpg, Se x Ty, (we,ve)) is a frame for L?(R)
with frame bounds A and B, and if for all ¢ = 1,..., L the system E(Ty, ve, 1)
is a frame for L*[—r,r] with frame bounds Cy; and Dy for some r > 0, then,
setting Crin = ming—; .. 1 C¢ and Dpax = maxe—1, . 1 D¢, we have

for a.e. £ € R. (5.3)

Proof. Let f € L?(R), & € R, and M > 0. By Lemma 2.2, we have

L
STNTS T wels)ue(t) [(F, o (s, b))

(=1 seSy teTy

2

_ Z Z Z wy Ué 85 2miste df

(=1 seSp teTy

L 11~ i 4 2
DD I UTCHCE ] / F(E B de

0=1s€S, teTy e

L s€o+r 2
— Z Z f §+2k:r + ri) 2mit(E+2kr) df

€S, teTy So—7T ez

=15
= Ji(f, ,fo)+J2(f7M7§0)’
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Ji(f, M, &) = Z S wils)ualt

(=1 s€Sy,s<M teTy

s€o+r
/ Zf +2k7‘ §+2k7“) 27‘(1t(§+2k7)d§

s§o—7r ke,

2

and

Jo(f, M, &) = Z > wils)ualt

(=1 s€Sy,s>M teT,

s&o+r
/ Zf E+2k7’ +2kT) 2mit(§+2kr) df

Eo—r keZ

2

Fix € > 0 and choose f. € L(R) by fg(f) = \/%X[go,agoﬁ] (€). Since || f:]l, =

||f€||2 = 1, using the fact that Ule W(tbe, Se x Ty, (we,ve)) is a frame for
L?(R) with frame bounds A and B yields

A< T (fey M, &) + Jo(fes M, &) < B forall M >0and & € R, (5.4)

Remember that we chose Cin = ming—; ... Cp and Dyax = maxe—1,.. 1 Dy.
Obviously, Cinin and Dy are both positive and finite.

First we derive estimates for Ji (f., M, &) and use these to prove the upper
bound in (5.3). We claim that for any M > 0 and ¢ € (0, §7),

Chiin Eot+e L )
2sL Do D0 w6 de

07¢ y=15s€8y,s<M

SJl(fE?M7§O)

Dmax bote & h

< Do [T S o)l e (5.5)
fo—e y— s€Sp,s<M

To prove this, let £ € {1,..., L}. Since for each s € Sy with s < M and k € Z,
[50+@7§0+@]m[§0_5750+5}7&@ <~ k:07
we may rewrite Jq(f-, M, &) as

Jl(fEaMa 60)

-3 Y S weu;

0=1s€S,,s<M teT,

Y 3wty X

=1s€Sy,s<M teTy ‘ -r

2

s€o+r . _ )
/ () du(€)emiE de

s&o—r

Fe (250 )ehy (€ + séo)e
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Due to the definition of Cl,i, and Dy, for all £ = 1,...,L the system
E(Ty,ve,7) is a frame for L?[—r,r] with frame bounds Cp, and Dyay for
some r > 0. Hence

1

1 (fer M, 60) < Duna wi(s): / o (EE580 )0, (¢ 1 s6) P

S

o+t R
wi) [ Il

Eot+e L .
= Do /5 S Y wils)lu(s)lde.

0=€ y=1s€8,,s<M

This proves one part of (5.5). The other part can be treated similarly.
Now due to boundedness, we may let ¢ — 0 and then M — oo in (5.4)
and (5.5), which yields

B
Zzwé )he(s&0)|* < o for a.e. & € R.

=1 s€S,

This proves the upper bound in (5.3).

Now let ¢ = 537. To prove the lower bound in (5.3), we study the second
term Jo(fe, M, &p). First we show that for any & € R\{0} and ¢ € (0, A4),
there exists My > 0 such that

Jo(fey M, &) < & for all M > M. (5.6)

We will prove the claim only for £ > 0. The other case can be treated
similarly. Since for each k € Z with |k| > 5 + 1,

[60 + (2k;1)r’€0 + (21??‘:1)7"] N [50 - 5750 + E] = (Z)J

we obtain the following estimate for each ¢ = 1,...,L and s € Sy, s > M.
Again we will use the fact that £(Tp,ve,7) is a frame for L2?[—r,r] with
frame bounds Cin and Dya. for some r > 0. We further assume that
M > max{£,1}. We compute

2

s&o+r
f §+2kr §+2kr) 2mit(E+2kr) de
tET; 50T pez,
2
1| [sotr P Et2kry T 2mit(E+2k
= > ult); / Do ()€ + 2kr) 2T ERRT gg
tET, 0T kez k< g2+

2

_ 1 Amitkr sbotr E42KTN\ T e L g 2Tite
_ZW@ Y. . Fe(BE2ED) o) (€ + 2k )€™ dg

teTy kEZ,|k|<5E+3 ss0—T

—2r
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2

s&o+r R R )
Fo(SE2E (€ + 2kr)e®™ e dg

< ult); (Z+2) >

teT, KEZ,|k| <5+

—<i+§> S D w

kezZ,|k|<s2+31 teTe

s&o—r

f (SR80t 2R )y (€ + s€o + 2kr)

_627rit£ d§|
€ 2 S T
< Dinax (T + 8) > [ (SR80t Zhr v, (6 + s€o + 2kr) 2dE

KEZ,|k|< 5= +1

<Dumg (542) X[ Wulet s+ 2

2e \r
keZ,|k|<s2+3

1 1 S(§0+6)+27‘ . )
< Diax ( + SE) / |¢[(€)‘ d€

2r s(éo—e)—2r

5Dmax 35%)+2r R
< 2Dmax / [ €) 2

27" 3%)—27”

The last inequality follows from

(§0+€)+2T*S§O+W+2r<S§O+S;£+2 355—0+2r

a similar computation to show that s(§o —¢) —2r > 5%’ — 2r, and the fact

that - < g % Therefore, we may estimate Ja(fe, M, &o) in the following
way:
35570-&-27” R
rﬂax
Jo(fe, M., &) < Z > wils) . [We(©)|2de. (5.7)
(=1 s€S¢,s>M s —2r

Fix ¢ € {1,...,L}. It remains to prove that the right-hand-side for this
particular ¢ converges to 0 as M — oo. First let h > max{2In4, |In(2r)|}
and notice that the sequence of intervals {eif[e~ % ¢% )}jez is a tiling of R
Moreover, we let M be large enough that ln(@ — 2r) > 3h, and define

Jm o= L%ln(% —2r) — %J
It is easy to check that for any s € Sy, s > M,
hp —h n S
[s%" —27“733%0 +2r)NeeT2e2) £ 0 = j > ju.
We further obtain that this intersection is nonempty if and only if

L h
5%0—2r<63h+5 and 35 +2r > eih5
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which implies

s€[Z ("% —2r), 2(eMF3 1 o)),

Now we intend to show that this interval is contained in some z[e ™", ") with
x € RT suitably chosen. Let j € Z with j > jas. Then, by the choice of h,

[320( e 2T) & (e s +2r)) = g%ejh[%(e 3 2re” 7h) o3 +2Te_jh)
- g%ejh[%(67% — 27’€7th),e% + 2T€7th)
C Mt e b s
- g%ejh[efh,eh),

By Propositions 5.2(i) and 4.17, we have D* (S, w;) < oo. Then Proposition
4.15 implies that there exists N < oo such that

H#w,{s € Sp,s>M: [——2r3s§°+2r]meih[ 5’76%)75@}

< #u {Sen e e MY <N
for any j € Z, j > jas- Thus,

33%«#27‘

Yo wils) | [e()Idg

0
$E€Se,s>M s —2r

- Y weX

s€Sy,s>M JEZ

= Z Z wz(S)/s ¢ o _hon [ (€)[de
[s32 —27r,353242r]Neil e 2,e2)

JEL,j>jm SESe,s>M

/E . [$e(€)[Pdé
[s22 —2r,3s32 +2r]Neil[e” 5 92)

< Y N o B2,

j€Lj>jm Ve 2e2)

which converges to 0 as M — oo. Together with (5.7) this proves (5.6).
Now (5.4), (5.5), and (5.6) imply that with ¢ = 55, for §o € R\{0} and
5 € (0,A), we have

A—§ < Ty(fo, M, &) < Do ZZW )| (s€)|* de,

fo—c y—1s€5,

provided M is large enough. Letting M — oo yields

A-0< Dmaxz Z we(s)|e(s€0)|?  for ae. & € R.

Since 0 was arbitrary, finally we obtain
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L
< Z we(s)|the(s&o) > for ae. & € R.

This proves the lower bound in (5.3). O

Now we will show that a Littlewood—Paley type inequality yields a rela-
tionship between the density of the associated sequences, the bounds, and
special constants depending on the considered functions. The decomposition
technique employed in the proof is inspired by a similar technique used by
Kolountzakis and Lagarias [91].

Proposition 5.4. Let S1,...,S; C RY with associated weight functions wy :
Sy — RY for¢=1,..., L be given such that DT ({(Se,we)}E,) < 0o. Further,
let f1,...,fr € LY(R )\{O}wzthfg>0andfoof’fr)dm<oofor€—1 L.

Suppose that

L
SZng Vfe(sz) < B for a.e. v € RT. (5.8)
{=1 s€eS,

Then

= fo(@)

A<D (S| T aaiy) < DSk a0} < B

0

Proof. For the sake of brevity, in this proof for each h > 0 we will define
K, C R by K;, = [e*%,e%). Let € > 0. Since fooo@dx < 00, we can
choose some ¢ > 0 such that fR+\KC fziw) dr <eforall {=1,..., L. Further,
fix y € RT and h > c¢. Dividing inequality (5.8) by = and integrating each
term over the box y~ 'K}, yields

hA<Y Y wils) /7 fé(;x) dw < hB.

Then we make the decomposition

S S wete) [ e ) = bty )+ ) + ),

{=1s€eSy

where
L oo
Lyh =Y we(s) [ 1459 g,
0=1seSNYKp_. 0 z
L
fe(sz)
Iy (y,h) = w s/ dx,
20, h) = 3 O [ e
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B =3 Y we [

=1 SGS({ﬂ(yKh+C\yKh_C)

L
Li(y,h) =) > we(s) /ﬂK @dm.

=1 s€SeN(RT\yKptc)

By Proposition 4.17, we have DV (Sy,wy) < oo for each £ = 1,...,L. By
Proposition 4.15, there exists N < oo such that

Huw,(SeNzKy) < (t+1) sup #4,(SeNzKy) < (t+1)N
FERT

forallz e RY, ¢t >0,and ¢ =1,...,L.
We first observe that

L
Ii(y,h) = we (S Kp_. —=dx.
1) = 3 (0 1y [

To estimate I(y, h), note that if s € yKj,_., then we have s(RT\y 1K) =
RT\sy 'K;, C RT\K,. Therefore the contribution of Iy(y,h) can be con-
trolled by

Iy(y,h) < Z Z wg(s)/ fzg(f) dx

Since Kpy.\K}—. can be covered by a union of at most 2c+ 1 intervals of the
form zK;, z € RT, the term I3(y, k) can be estimated as follows:

Is(y,h) < Z Z we(s) /OO @dw
7 0

=1 SESeﬁ(yKthc\ythc)

|
M=

oy (S N YKy \Kno)) /0 pECC2PE

~
Il

1

L oo
< (2¢+ 1)NZ/ G
=170

X

To estimate I4(y, h), note that if s & yKj, ., then sy 'K; C RT\K,.. Fur-

thermore, each interval in {sy='K} : s € S} can intersect at most h + 1
of the other intervals in the set. Hence the contribution of I(y,h) can be
controlled by
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L
fo()
Iy(y,h) = Z Z we(s) /gle — dx
— < h

£=1 s€SN(RT\yKn4c)

folx)
RH\K., <L
< L(h+1)Ne.

< L(h+1)N dx

Combining these estimates, we see that

e

L oo
hA < g #w[(SeﬂyKh_c)/ J(;E) dx + L(h —c+1)Ne
0

{=1

L 00
+(2¢+1)N ;/0 @ dr + L(h +1)Ne.

Therefore
A = liminf E
L o0 fo(x)
w, (Se NYyKp_¢ d
< liminf inf Lzt #ue(Se VYK )fo z 4T
h—oo yeR+ h
L
L(h — 1)N 2 1)N °
+ lim sup w + lim sup & Z/ f(@) dx
h— o0 h h—o00 h —1 0 T
Lh+1)N
+ lim sup (+7)€
h—o0 h

— D ({(Se, i - / fff) dz)}i,) + 2LNe.

0
Now letting & go to zero yields A < D~ ({(Se,we - [y° @dm)}fﬂ) The
second claim, DT ({(Se,we - [~ @ dz)}E ) < B, can be treated similarly.
Hence the theorem is proved. ]

Next we derive a relationship between the density of the sequence of time
indices and the frame bounds of a frame of weighted exponentials. This result
contains a result by Heil and Kutyniok [74] as a special case.

Theorem 5.5. Let T, ..., T, C R with associated weight functions vy : Ty —
RT fort¢ =1,..., L be given such that Ule E(Ty,ve,7) is a frame for L?[—r, 7]
with frame bounds A and B for some r > 0. Then the following statements
hold.

(i) We have

A <D™ ({(Te,ve)Yimy) < DY ({(Te, ve)biy) < B.
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(ii) If the system UeL:1 E(Ty,ve,7) is a tight frame for L*[—r,r] with frame
bound A, then {(Ty,ve)}r, has uniform weighted Beurling density and

D({(Tz,ve)}i1) = A.

(i) IfThy=...=T,=T,v1=...=v, =1, and E(T,r) is a tight frame for
L2[—r, 7] with frame bound A, then T has uniform Beurling density and

D(T) = A.

Proof. Ounly part (i) will be proven. Parts (ii) and (iii) then follow as corol-
laries.

For the proof of (i) we will employ Proposition 5.4. For § € R, consider
the function ge(z) = Mex|—p,,) (%) = €*™¢"x(_,,1(z). By definition of frame,

L
2 2
A ||g§||2 < Z Z U@(t)| <957MtX[7r,r]> |2 < B ||gﬁ||2 .
(=1teTy

We compute

472, & =t,

2
9e, MiX[—rr = 3 sin?(2n(€—t)r
{9 Mix(—r.)] { Gretn gy

and define h € L'(R) by

h(z) 472, z =0,
X) = .2
smﬂ(ﬁ;;zr)’ z 7& 0.

Using, in addition, the fact that Hg§||§ = 2r, we obtain

L
wA<Y D wt)h(t—&) <2rB forall { €R.

(=11€T,
Now define f € L'(RT) by
f(x) = (in(z)),
and define ¥, : eT* — R* by 0y(e’) = vy(t). Then h(t — &) = f(e!™¢) =

f(ete™%), and hence

L
2rA < Z Z (e f(e'z) < 2rB for all x € RT.
{=1teT,

Further, an easy calculation shows that
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/OO 7f(x) dr = /OO Lng (22729”) dx = 2r.
0o T oo T2z
By Proposition 5.2(ii), we have DT ({(Ty,v¢)}L,) < oo. Observing that for
z eR,
_h B

#ve(Tf Nx+ [_%7 %)) = #f}e(eTZ n ez[e 2,ez ))
and using the definition of density for sequences in RT and in R, yields
D ({(e*,,)}}_,) < 0o. Now Proposition 5.4 implies that

oA < D ({(eT, 5, - 2r) Y ,) < DT ({(e™, 5 - 2r)}E_,) < 2rB.

Using the same argument concerning the relation between the density of
sequences in RT and R as above again and dividing by 2r proves the claim. O

The following result establishes a fundamental relationship between weigh-
ted affine density, the frame bounds, and the admissibility constants for
weighted wavelet frames with finitely many generators. This includes the result
by Chui and Shi and by Daubechies (5.1) (see Remark 5.7(b)).

Theorem 5.6. Let Si,...,S; C RT with associated weight functions wy :
S — Rt fort =1,...,L, and Ty, ..., T, C R with associated weight func-
tions vy, : Ty — RY for £ = 1,...,L be given. Further, let 11,...,¢; €
LA (R)\{0}. If Ule W (e, Sp x Ty, (we,ve)) is a frame for L*(R) with frame
bounds A and B, and if for all ¢ =1,... L the system E(Ty,ve,7) is a frame
for L2[—r,r] with frame bounds C; and Dy for some r > 0, then the fol-

lowing statements hold, where we set Crin = ming—y .. 1 C; and Dpax =
maxy—1,...r Dy.
(i) We have
4 <D ({(Se, Cf,we) }iy) < DF{(Se, Of we) Yy ) < b (5.9)
Dmax o b ¢£w€ =1 = h wlwe =1 _Cmin ’
and
A _ — L + — L B
D =P ({(Se, Cp,we)bi=y) < DT({(Se, Cp,we) bozy) < o (5.10)

(i) Suppose E(Ty,ve,7) is a tight frame for L*[—r,r] for some r > 0 with the
same frame bound Cyin = Dmax. Then

A<D ({(Se x Tu, (Cf, we, ve)) Hey)

< DT ({(Se x T, (Cf we,ve)) i) < B (5.11)

and
A<D ({(Se x Tu, (Cyywe, ve)) Hey)

< DY ({(Se x Ty, (Cp,we,v0)}imy) < B (5.12)
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(iii) Suppose E(Ty,ve,7) is a tight frame for L?[—r,r] for some r > 0 with the
same frame bound Cupin = Dmax, and we have wy = vg =1 and Cy, = C
forallt=1,...,L. Then

L L
1 1
+
Ag§D L_Jsffo 0351) L_JngTg .C < B.

Proof. Inequality (5.9) follows immediately from Propositions 5.2(i), 5.3 and
5.4. Also inequality (5.10) is implied by those three propositions, only here
we have to apply Proposition 5.4 to £ — |1/;g(7§)|2 for £=1,..., L instead.

Further notice that (iii) is an immediate consequence of (ii).

Thus it remains to prove part (ii). Suppose that for all £ = 1,..., L the
system E(Ty,ve,7) is a tight frame for L2[—r,r] for some r > 0 with frame
bound D. By Theorem 5.5(ii), each pair (Ty, v¢) has uniform weighted Beurling
density D(Ty,ve) = D. Then Lemma 5.1 implies that

D~ ({(Se x Tu, (Cf we, ve)) Yz y)

D™ ({(Se, Cf we) }iy) = 5
and a similar result holds for the upper density. Since D = Dax = Cinin, this
shows that (5.11) and (5.12) follow from (5.9) and (5.10). O

Remark 5.7. (a) In general the hypothesis that (T, r) is a frame for L?[—r, 1]
for some r > 0 is not restrictive, since it was shown by Jaffard in [85, Lem. 2]
that £(T, r) is a frame for L2[—r, 7] for some r > 0 if and only if T is the disjoint
union of a sequence with a uniform density and a finite number of uniformly
discrete sequences, i.e., of sequences A which satisfy inf;, 1,ea i, 21, |t1 —ta| >
0. This is easily seen to be equivalent to 0 < D~ (T') < DT(T) < oo (see, for
instance, Heil and Kutyniok [74]).

However, W(1, A) being a frame for L?(R) does not imply (7, r) being a
frame for L?[—r, r] for some r > 0. A counterexample for this fact was derived
by Sun and Zhou in [121, Ex. 2.1].

(b) Consider the case S = {a’}cz, a > 1 and T = bZ, b > 0. Then Lemma
3.3 shows that D~ (S x T') = D™(S x T') = 77— Therefore Theorem 5.6(iii)
contains (5.1) as a special case.

Theorem 5.6 yields several results interesting in their own right, which are
all direct implications of this theorem. Here we focus on the singly generated
situation.

It is conjectured that W(1, A) being a frame for L?(R) implies D~ (A) > 0,
most likely under mild conditions on % or A. In this book we obtained one
partial result in Theorem 4.2 and will derive another in Corollary 6.12. The
general conjecture is still unsolved even in the nonweighted case. For further
partial results we refer to Sun [117]. With the following corollary we prove yet
another special case of this conjecture. This result is in fact a generalization
of one part of a result from Sun and Zhou [121, Thm. 2.1] and Sun [117,
Thm. 1.1] to the weighted situation.
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Corollary 5.8. Let A=SxT CA,w:S —R", andv: T — RT, and let

P € LA(R). If Wi, A, (w,v)) is a frame for L*(R), and E(T,v,r) is a tight
frame for L?|—r,r] for some r > 0, then D~ (A, (w,v)) > 0.

The second corollary shows that a wavelet system can only form a tight
frame provided that the associated sequence of time-scale indices possesses
a uniform affine density, thereby also delivering the exact value of the frame
bound in terms of the affine density of the sequence of time-scale indices and
the admissibility constant of the analyzing wavelet. This should be compared
with the fact that the sequence of time-scale indices of classical affine systems
always possesses a uniform affine density (Lemma 3.3). The following result
moreover provides one reason, why there does not exist a Nyquist phenomenon
for wavelet systems (see Section 5.4).

Corollary 5.9. Let A= S xT CA,w:8 —R", andv : T — RT, and let
¥ € LA(R). If W, A, (w,v)) is a tight frame for L?(R) with frame bound A,
and E(T,v,r) is a tight frame for L?[—r,r] for some r > 0, then (A, (w,v))
has uniform weighted affine density and

o |7 2 0 ) i
4= o) [ G0 ae =t [ B

d¢.  (5.13)

5.4 The Nyquist Phenomenon

In this section we discuss the impact of Corollary 5.9 on the existence of a
Nyquist density for wavelet systems. To present our observations in a clear
way, we restrict ourselves to singly generated nonweighted wavelet systems.
However, we remark that these considerations can be extended to weighted
wavelet systems with finitely many generators.

In brief, in terms of necessary conditions for Gabor frames there is a criti-
cal or Nyquist density for A separating frames from non-frames, and further-
more the Riesz bases sit exactly at this critical density. It is natural to ask
whether wavelet systems share similar properties, and the immediate answer
is that there is clearly no exact analogue of the Nyquist density for analyz-
ing wavelets. In particular, consider the case of the classical affine systems
W(t,{(a’,bk)}; kez) with dilation parameter a > 1 and translation para-
meter b > 0. It can be shown that for each a > 1 and b > 0 there exists an
analyzing wavelet ¢ € L?(R) such that W(i, A) is a frame or even an ortho-
normal basis for L?(R) (see Dai and Larson [38, Ex. 4.5, Part 10]). In fact,
the wavelet set construction of Dai, Larson, and Speegle [39] shows that this
is true even in higher dimensions: wavelet orthonormal bases in the classical
affine form exist for any expansive dilation matrix. For additional demonstra-
tions of the impossibility of a Nyquist density, even given constraints on the
norm or on the admissibility constant of the analyzing wavelet, see the exam-
ple of Daubechies in [40, Thm. 2.10] and the more extensive analysis of Balan
in [5].
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We will now demonstrate how the density relation (5.13) reveals one reason
why there does not exist a Nyquist density for wavelet orthonormal bases,
whereas there exists one for Gabor orthonormal bases. We can view the
necessary density condition (5.13) for W(1, A) to be a Parseval frame for
L?(R), where (T, r) is a tight frame for L2[—r,r] for some r > 0, also from
the following perspective:

D(A) = QH’L[)HZS(R’%) (514)

Thus once W(), A) constitutes an orthonormal basis for L*(R), and £(T,7)
is a tight frame for L?[—r,r] for some r > 0, we obtain (5.14) as a necessary
condition. The wavelet system being an orthonormal basis implies ||¢)]|y = 1.
However, we do not have any control over the constant HzﬁHZf(R a - Thus
although A has a uniform affine density in this case, the value ‘f)‘f it can
range over the whole positive axis. As mentioned above, it can be shown
that for each dilation parameter a > 1, there exists an analyzing wavelet
¢ € L*(R) such that W(¢, {(a’, k)}; kez) is an orthonormal basis for L?(R).
Since D({(a’, k)};kez) = 1 by Lemma 3.3, the affine density can attain each
positive value. Thus Corollary 5.9 reveals one reason, why wavelet systems do
not possess a Nyquist density.

This consideration should be compared to Theorem 7.19, which shows in
particular, that if a Gabor system G(g, A), where g € L?(R) and A C R2
forms an orthonormal basis for L?(R), it has to satisfy

D(4) = Il *.

In this situation ||g||2 = 1 immediately implies D(A) = 1 in contrast to the
wavelet systems, for which the norm of ¥ needed for the computation of the
uniform density is equipped with a different measure.

5.5 Sufficient Density Conditions for Wavelet Frames

Up to now density conditions have only served as necessary conditions. In this
section we now show that density conditions can in fact be used to characterize
the existence of weighted wavelet frames. To prove this result we need the
following technical lemma.

Lemma 5.10. Let S C Rt and w : S — RT, and let f be in L*(R) N C(R)
with f >0 and f(x) < al|z|* as |z| — 0 for some a,a > 0. If DT (S,w) < oo,
then for each € > 0 there exists v € (0,1) such that

Zw(s)f(sx))([oﬂ)(s|x|) <e forallz eR.
ses
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Proof. Fix € > 0, and let v € (0,1) be chosen so that f(x) < a|z|* for all
|z| < v. Since DT (S,w) < oo, Proposition 4.15 shows the existence of some
N < oo such that #,(S Nz[r,1)) < N for all z € RT. Then, for each n € N
and r € R,

> w(s)f(sz)xum(slal) < a > w(s) (sf])”

seS seSN[0,|z|~tvm)

= a|z|* Z Z w(s) s*

Jj=nseSN|z| =it vi)

< ala|* 3 N(j2| ')

j=n
o0
=aN Z(V"‘)J ,
Jj=n
which is finite. Thus we can choose ng € N such that

S w(s) f(s2)X0.0m0) (sla]) < e.

seS
Setting v = v"° settles the claim. O

The next result shows that the existence of frames of band-limited admis-
sible wavelets with a certain decay condition can be characterized by using
a condition on the density of the sequences of scale indices. This result is
inspired by a result by Yang and Zhou [127, Cor. 1] for nonweighted singly
generated wavelet systems, in which our density condition (ii) was substituted
by a Littlewood—Paley type condition on the sequence of scale indices.

Theorem 5.11. Let S1,...,S;, C RT with associated weight functions wy :
Sy — RY for ¢ =1,...,L be given. Further, let ¢y,...,1% € LY(R) N L4 (R)
with [¢(€)] < al€]* as |€] — 0 for some a,a > 0, where &€ = 0 is an isolated
zero of g, and |Ye(§)] = 0 for any €] > 2 for all € = 1,...,L. Then the
following conditions are equivalent.

(i) There exists T C R such that E(T,r) is a frame for L*[—r,r], where

r > 202, and UZL:1 W(tbe, Se x T, (wy, 1)) is a frame for L*(R).

(i) 0 < D= ({(Se, we) }iey) < DF{(Se,we) ) < o0

Moreover, if (ii) holds, then Uszl W (e, Se x Ty, (we,vy)) is a frame for L*(R)
for any Ty C R equipped with weight functions vy : Ty — RT satisfying that
E(Ty,ve,7) constitutes a frame for L2[—r,7] for alll = 1,..., L, wherer > 242.

Proof. The implication (i) = (ii) follows immediately from Theorem 5.6.

Now suppose (ii) holds. First we show that (i) and the moreover-part follow
immediately from the existence of 0 < A < B < oo such that
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L
A< Z S wes)|de(s) < B for all € € R. (5.15)
(=1 seSy

For this, let T1,...,T; be sequences in R equipped with weight functions
ve : Ty — RY satisfying that £(Ty,ve, ) constitutes a frame for L2[—r,r] for
all £ = 1,...,L, where r > 2(2. We further suppose that (5.15) holds. Let
f € L*(R). By Lemma 2.2, we have

<fa U(S,t)l/w) Wduz )
f/ f 27r7,st§ dg

— % [ FEige e,

Then, using the fact that Ule E(Ty,ve,7) constitutes a frame for L2[—2, 2]
with frame bounds say A’ and B’ and employing (5.15), we obtain

S5 wils) 3 e (5,5, 000

(=1 seSy teT,

L 2 ) 2
—Y Y wl Y w| [ [FfCue ] e

(=1 s€S, teT, -2

L 0 . R 5
B2 we<s>/ FOZIGIR:
=1 s€ES, —£2
L
=8 [ IFOPY S wns)lilse) P
- =1 s€S,

<55 [ |fQr
=B'B|f;.

This proves that UZL:1 W (1, Sg x Ty, (wy, vy)) is a Bessel sequence for L?(R).
In a similar way we can also show that it possesses a lower frame bound.

Hence it suffices to prove that (ii) implies (5.15). First we show that
DT ({(Sp,we)}E_,) < oo implies the existence of some B < oo such that
the second inequality in (5.15) is satisfied. For this, fix £ € {1,...,L}. Since
D ({(Sg,we)}_,) < oo, in particular, DT (S, ws) < oo by Proposition 4.17.
Employing Lemma 5.10 shows that for some £ > 0 there exists 0 < v < 1
such that .

> wels)[Pe(sE)P X (sl€) <& forall ¢ €R.

SES)
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We now focus on the sum »_ g, ’LUg(S)|1/;g(5£)‘2)([%_0)(S|§|). Our hypotheses

imply that there exists M > 0 satisfying |f”’l/;z(€)| < M for each £ € R. By
Proposition 4.15, we have #,, (S N¢[y, 2)) < N < oo for all £ € RT. Hence,
for each £ € R, we get

> wel)|de(sE) P X, (s[€]) < Yo wils) Mg

sES, s€SN[E[ =1 [7,92)
< MP(E|71y) 2N 2

= M?N~~2.

This settles the claim.

Secondly, we employ the hypothesis D~ ({(Se, we) ;) > 0. We claim that
this implies that there exists A > 0 such that the first inequality in (5.15) is
satisfied. First, by Proposition 4.16, there exists some interval I C Rt of
positive finite measure and some positive constant N satisfying

L
> #w,(SeNED) > N forall { € RT. (5.16)

=1
Since £ = 0 is an isolated zero of 1@ forall ¢ =1,...,L, we can choose € > 0

with 1y(€) # 0 for each & € (0,¢), £ = 1,...,L. Let & € R™ be chosen so
that &I C (0,¢). Since 1/}@ is continuous, we have |’(/Jg &)| > 8 on &I for some
§ >0 forall £ =1,...,L. Now fix some £ € RT. Then (5.16) implies the
existence of some sg € Sg for some ¢ € {1,..., L} such that s € £~*&1. This
immediately yields

L
ZZW )the(s€)|” Z S wels)lde(sE)? = N&,

=1 s€S, =1seSnE—1¢ 1

thereby proving our claim.
Now the implication (ii) = (i) and the moreover-part follow from our
considerations in the first part of this proof. O

Remark 5.12. We point out that a related result on sufficient conditions for
irregular (weighted) wavelet frames was derived by Grochenig in [62]. To
emphasize the difference to our Theorem 5.11, we observe that the focus in
[62, Thm. 1] is on the introduction of adaptive weights to compensate for local
variations of the sequence of time-scale indices, thereby deriving a weighted
wavelet frame, and does not employ the notion of density. The two results are
distinct and complementary.

We briefly remark on whether it is possible to weaken the hypotheses of
the previous proposition and on a possible improvement.
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Remark 5.15. (a) If € is not an isolated zero of 9, it is easy to check that
the implication (ii) = (i) does not automatically hold. For instance, if we let
S = {27} ;ez, for which D~(S) = DF(S) = 15, and define ¢ € L*(R) by
) = X1,2), then U ez 27[1,3) does not cover R. Hence W(, S x T) is not
even complete for any 7' C R.

(b) One might further ask, whether it is possible to include the values of
the frame bounds of the frame from (i) in condition (ii). However, it is not
too difficult to see that this is not possible. One reason is that in fact there
exists an abundance of possibilities for choosing £(T,r) with different frame
bounds as indicated by the moreover-part of Theorem 5.11, thus changing the
frame bounds of W(¢, S x T, (w, 1)) while S and w remain the same.

Now the question arises, whether it is also sufficient to consider density
conditions concerning the existence of Parseval frames, in particular, whether
for some sequences of translations and analyzing wavelets satisfying mild
regularity conditions the associated wavelet frame is a Parseval frame provided
the (weighted) sequence of scale indices possesses a positive finite uniform
density. However, the following result shows that this would be too much to
hope for. One reason for this is that Parseval frames are very sensitive to
perturbations of the indices, but density is not (see Lemma 4.14).

Proposition 5.14. For any ¢ € L'(R)NL%(R) with [¢(€)] < alé]* as |€] — 0
for some a,a > 0, where &€ = 0 is an isolated zero of ¥, and |[((€)| = 0 for any
|€] > 2, and for any T C R satisfying that E(T,r) is a frame for L*[—r, 7],
where r > 22, there exists S C R with positive finite uniform density such
that W(x, S x T) does not form a Parseval frame for L*(R).

Proof. Let ¢ € L?(R)\{0} and T C R be chosen such that they satisfy the
hypotheses of the proposition. Further let 2 be chosen minimal with W({ﬂ =0
for any |¢| > §2. Let C and D denote the frame bounds of £(T,r) in L?[—r,7].
By the hypotheses, ’(ZJ is continuous, hence there exists an interval I C R and
§ > 0 such that |¢)(¢)| > & for all ¢ € I. Without loss of generality we can
assume that I C R* and that there exists jo > 2 so that I is a proper subset
of (5ikr, 5755]. Let 0 < e < &. Setting m := [(& — & +¢)/6%] + 1, we
can choose m disjoint elements ax, 1 < k < m such that there exists U C
(zm%, 2%] of positive measure satisfying that apyU C I for all k = 1,...,m.
In particular, this implies that a; > 2 for k = 1,...,m. Now define § C Rt
by S :={27},c7 U{ax} ;. An easy computation shows that S has a positive
finite uniform density equal to ﬁ By Proposition 5.3, it suffices to show that
provided

SIGOP > 5 forall ¢ €RY,
seSs

there exists a set U C R of positive measure with
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> (s8] >l for all £ € U.

s€S
Lemma, 5.10 proves that there exists some 0 <y < 1 with
Z |1/A’(5§)|2X[o,7)(85) <e forall ¢ eRT.
s€S

Noting that we can assume that v = 27712 for some j; € Z by choosing ~y
slightly smaller if necessary, we obtain that, for all £ € (Q, 7],

0

*<Z|¢s£ wa &I” < Z HRIEP +e. (5.17)

ses j=—00 j=—7J

Now let £ € U. Using (5.17), we compute

> lb(s6)? Z [h(27€) \2+Z| (ax€)|?

seS Jj=—o0
Jo m
> > WGP Z P(axé)|?
J=jo—Jj1
0 m
— Z |4h( 232Jo£ Z akg
J=—J1
> % —&+mé* > %
Hence the proposition is proved. O

5.6 Existence of Special Weight Functions

In this section we examine whether there always exist weight functions such
that Theorem 5.11(ii) is satisfied, i.e., whether for Sp,...,S;, € RT we can
always construct weight functions w, : Sy — RT for £ =1, ..., L such that

0 < D™ ({(Se;we) }my) < DF({(Se, we) b)) < 0.

For simplicity, we will only consider the case L = 1.

The following result shows that for any sequence S in R, there always
exists a weight function such that the associated upper weighted density is
finite.

Proposition 5.15. Let S C Rt. Then there exists a weight function w : S —
R with

DH(S,w) < 0.
If D=(S) > 0, then there even exists a weight function w : S — RY such that

D~ (S,w) =D (S,w) =1.
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Proof. Let S C RT be arbitrary and fix some h > 0. Then we define the
weight function w : S — R™ in the following way. For each s € S, we set

— h _ _ ifse ekh[e_%,e%),k ez,
#(sneknfe % oB))
w(s) = and #(SNekhle=2 e3)) £,
0 : else.

Notice that w is constructed in such a way that either #,,(SNe[e= 2 e2)) =
hoor #,(S Nektfe=% %)) = 0 for any k € Z. Since {eF[e=%,e%)}pey is a
partition of R, it is easy to see that DT (S, w) < 1.

Next assume that S satisfies D~(S) > 0. Then, by Proposition 4.16, there
exists h > 0 such that inf cp+ #(S N x[e_%,e%)) > 0, i.e., each interval

h h . . . .

x[e”2,e?) contains at least one point from S. Defining w as above by choosing
this particular h settles the claim. ]

If S C R" is chosen such that D~ (S) = 0, we cannot construct a weight
function to achieve a positive lower weighted density.

Proposition 5.16. Let S C R with D~(S) = 0. Then for all weight func-
tions w : S — R* we have D~ (S,w) = 0.

Proof. Fix an interval I C RT with 0 < pg+(I) < oo. By Proposition 4.16,
we have
inf SNnaxl)=0.
A B0
Hence there exists g € RT with SNzl = 0. Let w : S — RT be arbitrary.
Then we still have #,,(S Nxol) = 0. Applying Proposition 4.16 again shows
D~ (S,w) =0. O

5.7 Co-Affine Systems

In the following we will study wavelet systems which are constructed by inter-
changing the translation and dilation operator. Recall that we already studied
a special case of co-affine systems arising from classical affine systems in Sec-
tion 4.3. Here we consider more general co-affine systems. Let S1,...,S5; CR*
with weight functions wy : Sy — R* for £ = 1,..., L be given. Further, let
Ti,..., Ty, CR and 1q,...,9r € L2(R). In this section we consider co-affine
systems of the form
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L
(J{we(s) 5 TeDwe : (s,t) € Se x Tg}
=1

Il
=

{we(s)2 DaTety : (1) € S x Ty}

o~
Il

1

I
=

W(the {(s, 5) : (s,t) € Se x Tp}, (wy, 1)).

o~
Il

1

We first require the following lemma.

Lemma 5.17. Let T C R be discrete. Then the following conditions are equi-
valent.

() T+Z=T.
(i) There exist pairwise disjointt; € [0,1),i=1,..., N, withT = Ufil(ti +7).
Proof. First assume that (i) holds. Then for each t € T we have t + Z C T.

Thus we obtain

T=t+2z)=J(t+2)n[0,1)) +Z.

teT teT

In order for T to be discrete, the set (t+7Z) N[0, 1) must be finite. Hence there
exist t; € [0,1),i=1,..., N, with (t +2Z)N[0,1) = {;} .
Conversely, suppose that (ii) holds, and let k£ € Z. Then

N N
T+k=Jti+2)+k=Jti+k+2)=T,
i=1 i=1
hence (i) holds. O

The following result on the non-existence of co-affine frames extends the
result by Gressman, Labate, Weiss, and Wilson [61, Thm. 3] to weighted
wavelet systems with finitely many generators, whose Fourier transforms
satisfy a mild regularity condition, and with arbitrary sequences of scale
indices.

Theorem 5.18. Let S1,...,S; C RT with associated weight functions w, :
S¢ — RT for £ = 1,...,L be given, and let Ty,...,Tr, C R be such that
Ty+7 =T, and 0 € Ty for £ = 1,..., L. Further, let 11,...,9r € L*(R) N
LA (RO\{O} with |¢e(€)] < al€|* as |€] — 0, and [1he(€)] < blE]™" as [¢] — oo
for some a,b,ca, 3 > 0 and for all £ = 1,..., L. Then the weighted co-affine
system

U W(W7 {(37 é) : (S’t) € SE X TE}? (w€7 1))
(=1

does not form a frame for L?(R).
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Proof. Towards a contradiction assume that the system Uf W (e, {(s, %)
(5,t) € Sex Ty}, (we, 1)) does constitute a frame for L?(R) with frame bounds
A and B. Fix some f € L*(R) and define F : R — R* by

L

=3 wels) 3 [(fools, EEpwe)

=1 seSy teTy
Due to Lemma 5.17, for each x € R, we have

L
Flz+1) = Z S wels) Y [(fo(s, B )

=1s€S; teTy

L 2

= ZZ‘<JC’ S, k+1 +m)¢l>’
(=1 s€ i=1 kEZ

Thus F is 1-periodic. Fix £ € {1,...,L}, i € {1,..., N}, and s € S;. Using
Lemma 2.2, we compute

S [ ot 0 e = 5 [ (ot )

kEZ keZ

| ltats. 2yl ay
- / W, £ (s, 1)y

— 00

:/OO ((f - Damrbe)” () Py
- S/OO | F(©)2[1he(s8) 2.

Hence

/F d“’”_ZNZZW / | £ (&) he(s€) P de.

SESy

Since ||o(1, —z)fl|, = || fll, and

ZZW )Y (o1, —2)f0 s, D)’

(=1 seSy teTy

)

we have A ||f||§ < F(z) < B ||fH§ for all z € R. Together with the above
computation and an appropriate choice for f we obtain
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A<ZN¢Z )s|he(s€)> < B for all € € R. (5.18)
SESy
Now define v, : Sy — RT by wv(s) = wy(s)s. Towards a contradiction, we
assume that there exists £y € {1,..., L} with Dt (Sy,,v,) = co. Since 1)y, is
continuous, there exists an interval I C Rt with positive finite measure such
that |L/AJ¢0 (6)]> > 6 > 0for all ¢ € I. Applying Proposition 4.15, for each n € N,
there exists some 7, € RT with #,, (S, Nnnl) > n. Hence,

Z 1}[0(5)|1[)go(8’l7;1)|2 > Z Wo(5)|1/}eo(377;1)|2 > (STL,

SESe, €Sy MMnl

a contradiction to (5.18). Thus D ({(Se,v¢)}}f,) < oo by Proposition 4.17.
Therefore we can apply Proposition 5.4 to (5.18), which yields

D_({(Sfac+ NZ’UZ)}[ 1) >A>0.

Thus, by Proposition 4.16, there exists an interval I C Rt with positive finite
measure and § > 0 such that, for all x € R,

ZO+ Ny Yo ow Z Ny #to,(Senal) > 6. (5.19)
seSeNxl
For brevity of notation we now define Ay = {(s, %) : (s,t) € Sy x Ty} for

all £=1,..., L. Since Ule W(3be, Ag, (we, 1)) constitutes a frame for L?(R),
by Theorem 4.1, it follows that DT ({(Ag, (we, 1))} ;) < co. By Proposition
3.4(i), this implies DF(Ay, (we, 1)) < oo for all £ = 1,...,L. Let h > 0 be
such that I C Q, N (R* x {0}). Now Proposition 3.6 implies that there exists
M < oo with

H#(we)(AeNQu(x,0)) <M forallz e RM and £ =1,..., L.

Since for each t € T;\{0}, £ — oo as s — 0, and since 0 € Ty, there exists an
zo € RT with Ay N Qp(x,0) = Sy x {0} for all 0 < < zp and £ = 1,..., L.
Thus, in particular, there exists a constant C' with

ZC+ Ny Z wy(s ZCJF No#,(SenNzl) < CM  for all 0 < z < xo.

seSyNxl (=1

Setting I = [a, b], this implies

L L
ZCJeNf Z W(S):ZCLNZ Z we(s)s
=1

seSyNxl =1 seSyNxl
L
+
< b E Cy,Ne g we(s)
=1 seSeNaxl

<zbCM — 0 asz— 0,
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a contradiction to (5.19). O

We wish to mention that Proposition 4.10 does not follow as a corollary.
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Homogeneous Approximation Property

The Homogeneous Approximation Property (HAP) is a key property of Gabor
systems which not only leads to interesting approximation properties but also
to necessary conditions for Gabor frames in terms of the Beurling density
of the associated sequence of time-frequency indices. We show that, under
some mild regularity assumptions, wavelet frames also satisfy an analogue of
the HAP with respect to the affine group and that this leads to necessary
conditions for existence in terms of the affine density. In so doing, essential
differences from the Gabor case are also revealed: we see in the wavelet case
how the density is strongly tied to the generator of the frame, and there is no
Nyquist density.

We also obtain results on the HAP and related density conditions for
wavelet systems that are Schauder bases but not Riesz bases.

The main results in this chapter generalize the results obtained in Heil
and Kutyniok [75] to multiple generators.

6.1 Amalgam Spaces and the Continuous Wavelet
Transform

For our purposes, we will need the following particular amalgam spaces on the
affine group. For a brief review of amalgam spaces on locally compact groups,
we refer to Section 2.4.

Our first goal is to derive an equivalent discrete-type norm for Wy (L°°, LP).
For this, we need the following notation. Given h > 0, define the following
collection of translates of Qp,:

Bj, = Bijx(h) = Qu(¢’" khe™ %),  j k€ Z. (6.1)

Proposition 6.1. If 1 < p < oo and h > 0, then the following is an equivalent
norm for Wa (L, LP):
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1l (oo, Loy = (Z ||F'XBjk||Zo> : (6.2)

3,kEZ

Proof. Define X = {(ejh,khe_%)}j}kez. Lemma 3.5(i) says that X is Qp-
dense, and Lemma 3.5(ii) says that X is relatively separated. Lemma 3.5(iii)
implies that there exists N < co with

1< szth(emh’nhei%)(x,y) <N for all (z,y) € A.
m,nec

Consequently, if we set
_ (e khem5) )
> ol(em nhe5) L)

m,neZ

Ok

where ¢ : A — R is continuous with 0 < ¢(z,y) < 1 for all (x,y) € A satisfying
that supp(¢) C Qap, and ¢|g, = 1, then {01}, rez is a BUPU. Therefore,

Theorem 2.10 implies that the norm defined by || F|| = (ij IF - 0;1]|%,) 7 is
an equivalent norm for Wy (L°°, L?). Finally, because of Lemma 3.5(iii), this
norm is equivalent to the desired norm (6.2). O

The amalgam space W (C, LP) is the closed subspace of Wy (L, L?) con-
sisting of the continuous functions in Wy (L, LP).

Corollary 6.2. If 1 < p < g < 00, then W (L™, LP) C W, (L, L7).

We can now define the basic set of analyzing wavelets that we will use in
the remainder of this chapter.

Definition 6.3. The space By consists of all functions 1) on R which satisfy:

(i) |Y(x)| < CA+|z|)~* for some C >0 and o > 2,

(i) ¢ € CY(R), i.e., ¥ is differentiable, and 1)’ is continuous and bounded,
and

(iii) ¢(0) = 0.

The most important property of the class By is that its elements possess
some time-scale concentration. This concentration is naturally measured by
the amalgam space properties of the continuous wavelet transform, as given
in the following theorem. The proof of this result is given in Section 6.2.

Theorem 6.4. (i) By C L% (R). In particular, every element of By is admis-
sible.

(ii) If f, ¥ € By, then Wy f € Wa(C, LY).
(iil) If ¢ € By, then Wy € WA(C,Ll).
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While it is possible to construct wavelet frames for L?(R) using generators
whose continuous wavelet transforms are not concentrated in time and scale,
in practice such frames will have limited applicability. For example, in order
that frame expansions converge in a range of function spaces rather than just
L?, or in order that the frame coefficients encode more properties of functions
than just L2-norm, requires analyzing wavelets with some regularity.

Note that if we let Sy = {t) € S(R) : 1)(0) = 0} be the set of admissible
Schwartz-class functions, then Sy C By C L2A(R). Thus the basic class By is
dense in the set of admissible wavelets, which is itself dense in L*(R).

In Gabor analysis, the basic space of windows that can reasonably be used
as generators of Gabor frames is the Feichtinger algebra Sy [47], which is
also known as the modulation space M' (we refer to [63] for details on the
modulation spaces; compare also Section 2.3). The natural analog of Sy for
wavelet analysis would be the space B consisting of all functions v such that
Wyt € Wa(C, L'). Our space By is slightly smaller, and we expect that our
results should actually hold for all ¢ € B, although we cannot yet prove this.

6.2 The Basic Class B,

In this section we will prove Theorem 6.4.
First, we require the following two results concerning decay of the CWT.
The first result is similar to the result [41, Thm. 2.9.1] by Daubechies.

Theorem 6.5. Assume that
(i) JZ (U [2]) ()] do < oo,

(ii) f € CY(R), i.e., f is differentiable and f' is continuous and bounded, and
(iii) 1 (0) = 0.

Then there exists C > 0 such that |Wy f(a,b)| < Ca? for all (a,b) € A.
Proof. By the Mean-Value Theorem, we have |f(z) — f(y)| < [[f'|l» |z — ¥

Therefore,
*%/ f@) (& =b)dx —a” 2fab/ P(Z (Z —b)da

[ (@) — Fab)] [(Z — b)|da

Wy f(a, b)|

a

[N

IN

IN

ot 1F / & — abl [(2=)] da

o N / & (z)| de

— 00

e

Caz.
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This settles the claim. O
Theorem 6.6. Assume that the functions v and f satisfy

(@) <CA+[z))™™  and  [f(z)] < C(A+[z])~*

for some C' >0 and o > 1. Then there exists C' > 0 such that

1

2 b| —a
< ’L 1 a| A
Wy f(a,b)| < C 1+a( +1+a) for all (a,b) €

Proof. The wavelet transform W¢ f used in Holschneider [83] is related to the

wavelet transform of this book by the equality W, f(a,b) = a’%Wd,f(a, %)
By [83, Thm. 11.0.2], we have

— 1 |b| —«
|/|/ < r__- .
Wy f(a,b)] <C 1+a(1+1+a)

A change of variables therefore completes the proof. a
We can now prove Theorem 6.4.

Proof (of Theorem 6.4). Assume that v, f belong to By. In particular, we
have that

(i) there exists C' > 0 and « > 2 such that | f(z)|, |¢(z)] < C(1 + |z|)~ %,
(i) f, ¥ € C(R), and
(iii) £(0) = ¢(0) =0.

Since o > 2, we have that ¢ € L2(R) N L'(R). Since we also have 9(0) = 0,
this implies that ¢ is admissible, cf. [41, p. 24].
Furthermore,

/jo I+ |z|) [¥(z)|dx < C /jo (1+ |z)'~*dz < oco. (6.3)

Consequently, Theorem 6.5 implies that there exists C; > 0 such that

3

Wy f(a,b)| < Cya2 for all (a,b) € A. (6.4)
Additionally, by Theorem 6.6, there exists Cy > 0 such that

1
2

a
14+a

(1 4+ -l )_a for all (a,b) € A. (6.5)

<
|W1Pf(avb)| 702 1+a

Now set h = 1, and let B;, = Bj(1) = Q1(e? ke™2) as in (6.1). Since
« > 2, we can find v such that 20?‘:11 <7y <3. Set N; = e~ 5+,
Define




6.2 The Basic Class By

51:ZZ|Wwf XBe| o
j=1lke

SN AN

J=—00 [k|<N;

S W v

j=—0o0 |k|>Nj

Sa

S3
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We will show that S7,S53,S3 < co. This implies by Proposition 6.1 that we
have Wy, f € Wa (L, L), and since we already know that Wy, f is continuous,

the proof will be complete.

Before doing this, however, let us make a generic observation. If we take

a point (a,b) € B,y for some j, k € Z, then
(a,b) = (¢ ke ) (a,y) = (I, ke 7 1)
for some (z,y) € Q1 = [e™2,e2) x [—4,1). Therefore

k| 1 1

<a<éetr and — 5 <[l < [kl + 5.

w\»—A

€

Estimate Si. Suppose that (a,b) € By with j >0, k € Z. Then a > 1, so

1+% >1+4 |;" > 1+ |2k| 3:72%'4:36.
Hence, we have from (6.5) that
eﬁzé 4e “ j 1
Wy f(a,b)] < Ca - o <2k| +36) < Cse? REEs

Since o > 1, we therefore have

1
S S W e Sy Y e <o

j=1keZ j=1 keZ

Estimate So. Suppose that (a,b) € Bj, with j < 0, [k < N; = e~ 3+,

By (6.4), we have
Wy f(a,b)| < Cra? < Cye?d.
Therefore, since Nj > 1 for all j < 0, we have

1
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0 0
So= > > Wl Xpull < D> D) Cye?l

J=—00 |k|<N;

0
<Ci Y (2Nj+1)e!
j=—o00
0
< 3eCy Z et < 00,
j=—o00

the finiteness following from the fact that v < 3.

Estimate Ss. If (a,b) € By, with j <0, |k|] > N; = e_%jﬂ, then, since
a <1,

alb| _alb| _ e (k] 1 20k —e
I+ —>——>— === | ).
1+a~ 2 — 2 e 2

de3
Therefore, by (6.5) and the fact that |k| > N; > e, we have
ity 3 o
e 2 . dez 1 1
W b < C -7 — C j(f_a) —
Wosta ) < 0ot 55 () =G
Now, since N; > e we have for each j < 0 that
1 /°° 1 1 1
Z — <2 dr =
_ = _ _ T —1
Ko, (2|k| — e)™ N, (22 —e)® a—1(2N; —e)®
1 1-a
“a-—-1""7
el—@ v
_ T(a—l).
a—1 €
Hence

> 0
% = Z Z HW‘Z’f‘XBij = Z Z Csej(%*a) 1

o o o
J=—00|k|>N;

— [e3%
= =)

0
<Cs Y eI (3—0) g H(a=1)
j=—00
0 .
:CG Z e%(172a+7(o¢71)).

j=—o0
However,

200 —1
1-2a+v(a—-1)>1-2a+ a 1(a—l): ,
a—

so we have S3 < oo.
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6.3 The Homogeneous Approximation Property for
Wavelet Frames

In this section we define two versions of the HAP and prove that wavelet
frames with generators from our basic class By satisfy the Strong HAP. Recall
that if Ule W (1, Ag) is a frame for L?(R) then a canonical dual frame exists
in L?(R), but that dual frame need not itself be a wavelet frame.

In the following we will denote the distance from f € L?(R) to a closed
subspace V' C L%(R) by dist(f,V) = inf{||f —v| : v € V} = ||f — Pvf],
where Py is the orthogonal projection of L?(R) onto V.

Definition 6.7. Let 11, ...,%r € L*(R) and Ay,...,Ar C A be such that the

system UZL:1 W(be, Ag) = {0(a,0)Ve}(ap)en, e=1,..,c 15 a wavelet frame for
L?(R), and let its canonical dual frame be denoted by {’t/;mb’[}(a,b)e/le’g:L___7L.
For each h > 0 and (p,q) € A, define a space

W (h,p,q) = span{tape : (a,b) € Qn(p,q) N A, 0 =1,...,L}. (6.6)

(a) We say that the system UeL:1 W(1)e, Ag) possesses the Weak Homogeneous
Approximation Property (Weak HAP) if for each f € L*(R),

Ve>0, IR=R(fe)>0 suchthat

V(p,q) €A, dist(o(p, q)f, W(R,p, q)) < e (6.7)

(b) We say that the system Ule W (e, Ag) possesses the Strong Homoge-
neous Approximation Property (Strong HAP) if given any f € L*(R)

Ve>0, JR=R(f,e)>0 suchthat V(p,q) €A,

looar -5 Y (otafola b dond <. ®Y

£=1 (a,b)€Qr(p,a)NAs
In either case we call R(f,e) an associated radius function.

Remark 6.8. (a) By Theorem 4.1, we have D+(U£L:1 Ag) < 0o, and hence, by
Proposition 3.4(i), it follows that DT (As) < oo for all £ = 1,..., L. Hence
there are only finitely many points of Ay in each box Qp(p,q), and hence
W (h,p,q) is finite-dimensional.

(b) Since it is a linear combination of elements in W (R, p, q), it is obvi-
ous that the function ZeL=1 Z(a,b)EQR(p,q)ﬁ/lz <cr(p7 qQ)f, o(a, b)¢g> Ya b0 is One
element of the space W (R, p,q), so the Strong HAP implies the Weak HAP.

(c) The terminology for Weak and Strong HAP used in the preceding
definition is analogous to that used in Balan, Casazza, Heil, and Z. Landau [6],
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but differs from that used in Christensen, Deng, and Heil [22]. Specifically, the
definition of “Strong HAP” in [22] was equivalent to the definition of “Weak
HAP” in [22], and both of those are consistent with the definition of the Weak
HAP used in this chapter.

First we require the following technical result.
Lemma 6.9. Let 6 > 0 and R’ > 1 be given, and define
R =R’ +5e’ + 6e*.
Then for every (p,q) € A we have
Qs(p, ) \Qr#0 = Qs(p,q) N Qr = 0.

Proof. Suppose that (p,q) € A and there exists (a,b) € Qs(p,q) \ Qr. We
must show that if (¢,d) € Qs then

(pca % + d) = (p7 Q)(C7 d) ¢ QR/'
We proceed through cases, based on the facts that

(a,b) ¢ Qr=lc"%,e%)x[-£ &), (6.9)
(2,-2L+b) = (p,q) H(a.b) € Qs = e %,e%) x [-3,3),  (6.10)
(c,d) €Qs=[e3,e3) x[-2,2). (6.11)

Suppose that a > e% . Then, using (6.9)—(6.11),

p
== e

pc==—ac>e
a

R’
2
)

VS
vl
VS

pia
2

e =e 7526

the last inequality following from the fact that R = R’e® + e’ + e20 >

R’ + 6 + 6. Similarly, if a < e~ % then pc < e~ T . In either case we conclude

that (p,q)(c,d) ¢ Qr'-
Now consider the case b > %. ‘We have

R/

8 _
2ze

Nlon

€

91 s 50 E
c 2 2

1
I4+d= 7<—@+b)+bg*+d2—€§€§*+
c D a D C

)
o>

Similarly, if b < —£ then 4 4+ d < —%/. In either case we conclude that

(p,q)(c,d) & Qrr. O

The following theorem now shows that provided the analyzing wavelets
satisfy a mild regularity condition and the associated wavelet system forms a
frame, then this system automatically fulfills the strong HAP.

Theorem 6.10. Let ¢q,...,%; € By and Ay,..., A, C A be such that
Ule W(tbe, Ag) is a frame for L?*(R). Then Uf:l W (e, Ag) satisfies the
Strong HAP.
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Proof. Let A, B be frame bounds for UL,L:1 W (e, Ag). In this case %, % are
frame bounds for the canonical dual frame {Q;a,b,é}(a,b)eAe,ézL...,L-

First we will show that the conditions of the Strong HAP, i.e., equation
(6.8), are satisfied for functions in By, and then extend by density to all of
L?(R). Choose g € By and fix € > 0. Choose any § > 0. By Theorem 4.1, we
have D*(UKL:1 Ay) < o0, and hence, by Proposition 3.4(i), DT (A;) < oo for
all £=1,...,L. This implies that

M = max = sup #(ANQs(x,y)) < 0.
l=1,..., (w,y)EA

Then for any £ € {1,...,L} and (p,q) € A we also have

sup #((p,q) " AeNQs(z,y)) = sup #(ANQs((p,q)-(2,y))) < M < <.
(z,y)€A (z,y)EA

Since g, ¢ € By, it follows from Theorem 6.4 that Wy,g € Wa(C, L") C
Wa(C,L?) for all £ = 1,...,L. By Lemma 3.5, the sets Bj, = Bjx(d)
defined by (6.1) cover A, with no element of this family intersecting more than
3(2¢? + 1) of the others. Considering the discrete-type norm for Wy (C, L?)
given in (6.2), we conclude that if R’ is large enough and we set

J={(,k) €Z”: Bjy N Qr =0}, (6.12)
then B
A
> Z 1Wag - Xn,, |12 < WE (6.13)
=1 (j,k)eJ

Now set R = R(g,¢) = R'e® +6e’ +6e?° and consider any point (p, q) € A.
The function o(p, ¢)g has the frame expansion

Z Z o (a,b)0e) a0
£=1 (a,b)€A,
By applying equation (2.2) we have

o a)g Y (e (0, D)) due

£=1 (a,b)eQr(p,q)NAe

_ HZL: Y. {opa)g, ola b)) J’@”?”Hi

£=1 (a,b)€A\Qr(p,q)

Z Z (g, o((p.q) " (@, b))e)|”

a,b)€A\QR(P,q)
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- %Z > Wus o @)

=1 (a,b)eAN\QR(p,q)

L
Z > Wy, g(c.d)|”. (6.14)

=1 (c,d)€(p,q) =1 A \QR

Now, each point (¢,d) € (p,q)~" - A¢ \ Qr must lie in some set Bjj, and
furthermore by Lemma 6.9 can only do so when Bj; N Qr = 0, i.e., when
(4, k) € J. Moreover, each set Bjj, can contain at most M elements of (p,q)~*-
Ay. Hence, using (6.13), we can continue (6.14) as follows:

1 L 2 M L 2 2
IS el < 2SS <

=1 (c,d)E(p,q) ' A\QR =1 (j,k)eJ

Thus (6.8) is satisfied for the function g.
Now suppose that f is any function in L?(R), and choose any ¢ > 0. Since
By is dense in L?(R), there exists g € By such that

cA?
— g, < —+.
17 =gl < =
Set R(f,e) = R(g, §), and denote this quantity by R. Then for any (p,q) € A,
we have

o)1 Y G (0, )e) Y|,

=1 (a,b)€Qr(p,q)NA¢

<llo(p,a)f = o(p,9)g,

+ o 09 Y e (0, )e) Yane

=1 (a,b)€Qr(p,9)NAs

+HZL: > (oa)g—op.a)f. (@ b)ve) dase|,

=1 (a, b)EQR(PJZ)ﬂAe

<2 (XS e st ol

£=1 (a,b)€Qr(p,q)NAe

1
2

3+ +<AH a(p,q)g — o(p,q fH) <e.

In the above calculation, the second inequality uses the fact that g satisfies
the Strong HAP and that {¢a,b.¢}(a,b)eA,,¢=1,..., has an upper frame bound of
%. The third inequality follows from the fact that {o(a,b)¥r}(apyca, i=1,....L
has an upper frame bound of B. Thus (6.8) is satisfied for the function f, so
Ule W(3e, A¢) satisfies the Strong HAP. O
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6.4 The Comparison Theorem for Wavelet Frames

We will see that wavelet frames satisfying the Weak HAP must fulfill certain
density conditions with respect to other wavelet Riesz bases. In particular, by
Theorem 6.10, these results apply to all wavelet frames Ué;:l W(tg, Ag) with
generators ¥y, ...,%y € By.

Note that in the following result, the reference Riesz basis W(¢, A) is
not required to satisfy the HAP, so any Riesz basis can be used, including
the classical affine orthonormal bases. However, there is a very important
difference between this result and the analogous Comparison Theorem for
Gabor systems [22, Thm. 3.6], namely that the density estimate depends
on the value of the radius function associated to the frame UZL:1 W (e, Ag),
whereas in the Gabor case it is independent of this value.

In our proof we will employ the double-projection technique from
Ramanathan and Steger [107].

Theorem 6.11 (Comparison Theorem). Assume that

(i) ¥1,...,%r € L2(R) and Ay,...,Ar € A are such that Ungl W (e, Ay) is
a frame for L?(R) that satisfies the Weak HAP, and

(i) ¢ € L3(R) and A C A are such that W(¢, A) is a Riesz basis for L*(R).
Let {Q?’a,b}(a,b)eA denote the canonical dual frame of W(¢, A), and set

C= sup H(Zga,b|
(a,b)eA

2- (6.15)

Then for each € > 0, by setting A = U2L:1 Ay, we have

1-Ce - 1-Ce | N
T D (A DT and S D(A) < DA

Proof. Note that the elements of any frame are uniformly bounded in norm,
so the value C' defined in (6.15) is indeed finite. Let {96} (a,p)en, e=1,....L
denote the canonical dual frame of |J;_, W(iy, Ay).

For each h > 0 and (p, q) € A, define

W (h,p,q) = span{Pape : (a,b) € Qu(p,q) N A, € =1,..., L},
V(h,p,q) = span{c(a,b)¢ : (a,b) € Qn(p,q) N A}.

These spaces are finite-dimensional.
Fix any € > 0, and let R = R(¢,&) be the value such that (6.7) holds for

the function f = ¢. Let (p,q) € A, h > 0,¢ € {1,...,L}, and (a,b) € Qn(p,q)

be given. If (z,y) € Qr(a,b) N Ay, then since Q- Qr C QethrR, we have

(z,y) € Qr(a,b) C(p,q) - Qn-QrCQ &

Enr @)
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Thus (z,y) € Q =

57h+R(p’ q) N Ay, which in turn implies

W(R,a,b) S W(eZh+ R.p,q).
Combining this with the definition of the Weak HAP, we see that
dist(o(a,b)p, W(eZh+ R,p,q)) < dist(o(a,b)p, W(R,a,b)) <&, (6.16)

and this is valid for all (p,q) € A, h > 0, and (a,b) € Qn(p, q).

Now let h > 0 and (p,q) € A be fixed. Denote the orthogonal projections
of L*(R) onto V (h,p,q) and W(e%h + R,p,q) by Py and Py, respectively.
Additionally, define the map T : V(h,p,q) — V(h,p,q) by T = Py Py . Since
the domain of T is V(h,p,q), we have T = Py Py Py, and hence T is self-
adjoint.

By definition, {a(a,b)gb : (a,b) € Qu(p,g) N A} is a basis for V(h,p,q).
Although the elements qga,b corresponding to the same indices need not lie

in V(h,p, q), their orthogonal projections are in that space, and we have for
(a,b) and (c,d) in Qn(p,q) N A that

<U(a?b)¢7 PV((507d)> = <PV(0(a7 b)¢)v (£C7d>

= <U(aub)¢= d;c,d>
= 04, 0b,d- (6.17)

Since V' (h,p,q) is finite-dimensional, this implies that {Pv(qzayb) : (a,b) €

Qn(p, q)ﬂA} is the dual basis to {U(a, b)¢ : (a,b) € Qn(p, q)ﬁA} in V(h,p,q).
Consequently, the trace of T is

tI‘(T) = Z <T(O’(CL, b)d)): PV(Q‘[)a,b)>

(a,b)€Qn(p,g)NA
(

- Z <PVT(U(G'7 b)¢)7 (z;a,b>

(a,b)EQHn(p,q)NA

= Z <T(U(aab)¢)a an,b>-

(a,0)€Qn(p,g)NA

3

Now, for (a,b) € Qu(p,q) N A, we have

<T(U(a»b)¢)7 an,b>

= (Pv Pw(o(a,b)), ¢ap)

= (Pw(o(a,b)8), Pv(¢as))

= (0(a,0)¢, Pv($ap)) + ((Pw — I)(0(a,0)9), Pv(¢ap)).  (6.18)
By (6.17), the first term in (6.18) is
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(0(a,b)p, Pv(dap)) = 1.

By the Cauchy—Schwarz inequality and equations (6.15) and (6.16), the second
term in (6.18) is bounded by

[(Pw —=1)(0(a,0)8), Pv(a))] < II(Pow = I)(a(a, b))l [Py (dap)ll2 < eC.

This yields a lower bound for the trace of T

tr(T) > > (1-Ce) = (1 - Ce) #(Qnlp,9) N A).

(a,b)€Qn (p,g)NA

On the other hand, the operator norm of T satisfies ||T'|| < ||Py| ||Pw] < 1,
so all eigenvalues of T must satisfy |A| < ||T]| < 1. This in turn provides us
with an upper bound for the trace of T', because the trace is the sum of the
nonzero eigenvalues, so

tr(T) < rank(T) < dim(W(e%h +R,p,q) <#(@Q =

i p @) MU ).

Combining these two estimates, we see that for each h > 0 and all (p, q) € A,
we have

(1-C2) #(@Qulp,a) N A) < #(Q g, (@) N A).
Therefore,
(1—Ce) #(Qn(p,q) N AQ) _ #(QethrR(p, O)NA) (eFh+ R)?
h? = (€%h+R)2 2 .

Taking the infimum over all points (p,q) € A and then the liminf as h — oo,
or the supremum over all points (p,q) € A and then the limsup as h — oo,
therefore yields the estimates

(1-Ce)D™(A)<effD7(A) and (1 - Ce)DT(A) < e DV (A).
Since we took R = R(¢,¢), this completes the proof. O

As a corollary, we obtain the following necessary density condition. This
density condition was also obtained in Theorem 4.2, but with the restric-
tive additional hypothesis that DJF(Uf:1 A1) < co. Moreover, Theorem 6.11
provides more information, in terms of the value of the associated radius func-
tion, than merely the fact that D_(UZL:1 Ag) must be positive. In particular,
the following result applies to any frame generated by analyzing wavelets
U1,...,0 € By, since by Theorem 6.10, such a frame will satisfy the Strong
(and hence the Weak) HAP. We further mention that a similar result for
singly generated wavelet systems with analyzing wavelets satisfying a differ-
ent regularity condition, however without any additional information on the
value of the lower density, was derived by Sun and Zhou [119, Thm. 3.4] for
their notion of density.
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Corollary 6.12. Let 11,...,%; € L*(R) and Ay,..., A € A be such that
the system U£:1 W (e, Ay) is a frame for L?(R) that satisfies the Weak HAP.
Then, by setting A = Ule Ag, we have

0 <D~ (A) < DH(A) < .

Proof. The fact that DT(A) < oo follows from Theorem 4.1 and Remark
3.2(a). To show that the lower affine density is positive, let ¢ = X(g 1)=X[1 1) €
L?*(R) be the Haar wavelet and set A = {(27,k)}; xez. Then W(¢, A) is the
classical Haar orthonormal basis for L?(R). Lemma 3.3 shows that D~ (A) =
5. Therefore, Theorem 6.11 applied to the frame UeL:1 W(t)e, Ag) and the
Haar basis W(¢, A) implies that for any 0 < ¢ < 1 we have

1—c¢

eft(¢:€) In2 >0,

D-(A) =

which finishes the proof. a

6.5 Density Results for Wavelet Schauder Bases

In this section we will derive some results for wavelet systems which form
Schauder bases for L(R).

The existence of a wavelet Schauder basis (albeit requiring two generators)
which is not a Riesz basis is shown in the following example.

Ezample 6.13. Fix 0 < a < 3. Define a function 1 by D(E) = € — 3o
for £ € [1,2] and zero otherwise. It is a nontrivial result of Babenko [3]
that {e2™&0)(€)}mez forms a Schauder basis for L2[1,2] (with respect to
an appropriate ordering of Z), but this Schauder basis is not a Riesz basis for
L?([1,2]) (see also the discussion in Singer [114, pp. 351-354]). An argument
similar to the one used in Deng and Heil [45, Ex. 3.3] then shows that if we
set A = {(27,k)}; rez, then there exists an ordering of A such that W(i, A) is
a Schauder basis but not a Riesz basis for H?H which is the space consisting
of functions in L?(R) whose Fourier transforms are supported in [0, c0). If we
define 1_ by 9_ & = 1/3(—{), then W(ip, A) UW(p—, A) is a Schauder basis
but not a Riesz basis for L?(R). However, it is possible to show that this sys-
tem possesses an upper frame bound but not a lower frame bound, and hence
its dual basis possesses a lower frame bound but not an upper frame bound.

We first show that the upper affine density of any wavelet Schauder basic
sequence must be finite.

Proposition 6.14. Let 91,...,% € L*(R) and Ay,..., A, C A be such that
the system U£:1 W (1o, Ag) is a Schauder basic sequence in L*(R). Then, by
setting A = Jr_, Ay, we have D (A) < co.
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Proof. Suppose that the sequence UeL:1 W(1y, Ag) is a Schauder basis for
Y = spﬁ{Uf  W(e, Ag)} € L*(R). Schauder bases are countable, so let
Ay = {(agk, bex) }ren be an ordering of Ay for all £ =1,..., L with respect to
which the basis expansions converge in Y. Let W= {wgk}g 1,...,L,keN denote
the dual basis in Y. Let Syn(f) = Zk:1<f, wgk> (aek, bek ) e denote the as-
sociated partial sum operators for each £ =1,..., L.

Fix € > 0. Since translation and dilation are strongly continuous families
of operators on L?(R), there exists § > 0 such that

llo(a, b)pe — elly = | DaTythe — telly < e forall ¢ =1,...,L and (a,b) € Q5.

Fix ¢ € {1,...,L}. Suppose that there exist two points (@gm,bsr,) and
(agn, ben) from Ay that are both contained in some box Qs(x,y). Without loss
of generality, assume m < n. If we define

Pm,nl = U(aérru bém)wf - O'(afna bén)"/}b

then since (2,9) "1 - (agm, bem) € Qs and (2,9) " - (apn, ben) € Qs, we have

= ||0—((‘T7y)71 : (azmvim))W - 0((I7y)71 . (aen,bgn))ipdb

< lo(@,y) ™" (aem, bem) )00 — e, + |lo((@,9) ™"+ (aen, ben))e — Y|,
< 2e.

However, since UZL:1 W(1be, Ap) and W are biorthogonal,

Sem(Pm,n.e) = Z(G g, bem ) e, Vore) 0 (agk, ber) e

=1

Z (@t ben)tbe, o) o (ak, bex)tbe

k=1
= O-(aémubfm)wb
and therefore ||Sem (Vm.n.e)lly = 0 (aem, bem)ells = |[tbe]l5- But then

| Sem (m,n.0)ll Py
[Semll = sup [|Sem(f)lly > 2 o [ell
I£1,=1 l2m.n.ell 2

=

Since ¢ is arbitrary, this contradicts the fact that UZL:1 W(e, A¢) has a finite
basis constant C' = sup, y || Sen |-

Consequently, each translate Qs(x,y) can contain at most one point of A,
for all £=1,..., L. It follows from this that D" (A) < cc. O

The definition of the Strong and Weak HAPs for wavelet Schauder bases
differs from the definition for frames only in that it uses the dual basis
instead of the canonical dual frame. We use the same notation as before,
except that UéL:1 W(tbe, Ag) = {0(a,b)te}(apyen, e=1,..., is now assumed to
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be a Schauder basis, and {1/3&7“}(@71,)6/1[,4:17,“,L is its dual basis. We define
the space W(h,p,q) by (6.6), using the dual basis instead of the canonical
dual frame, and likewise make the corresponding minor changes in the defi-
nition of the Strong and Weak HAPs. By Proposition 6.14, we must have
D"’(Ué::1 Ay) < 0o, and hence W (h, p, q) will be finite-dimensional.

Note that since for each ¢ = 1,..., L all the elements of W(1)y, A;) have
exactly the same norm, the system UEL:1 W(1g, Ay) is a bounded basis. Hence
the dual basis is also a bounded basis, and thus the elements of the dual basis
are uniformly bounded in norm.

We show now that if ¥1,...,9 € By and UeL:1 W(1g, Ay) is a Schauder

basis for L2(R), then UéL:1 Wby, Ag) satisfies the Weak HAP.

Theorem 6.15. Let iq,...,%p € By and Ay,..., A, C A be such that
ULI W (e, Ay) is a Schauder basis for L*(R). Then UéLzl W (e, Ag) satis-
fies the Weak HAP.

Proof. Let W = {1/3@7;,,@}(%1,)6/17@:17,,,7L be the dual basis to Ule W (e, Ay).
Then C' = sup(, pye e=1,...L [[Yapell2 < oo. Let

M = max sup #(A,NQs(x,vy)),
¢=1...,L (z,y) €A

and note that M < oo by Propositions 6.14 and 3.4(i).

First we will show that the conditions of the Weak HAP, i.e., equation (6.7)
are satisfied for functions in By, then extend by density to all of L?(R). Choose
g € By and fix any ¢ > 0. Then, for any ¢ = 1,...,L, we have Wy, g €
Wa(C, LY) by Theorem 6.4. Therefore, if we fix any § > 0, then we can find
R’ large enough that if J is defined by (6.12) then

S Wy xsll< arp

£=1 (3,k)eJ

~

Now set R = R(g,¢) = R'e® + de® + §e?). We then proceed similarly to
the proof of Theorem 6.10, using the dual basis instead of the canonical dual
frame and applying Minkowski’s inequality instead of frame estimates. Choose
any (p,q) € A. Since Qgr(p, q¢) N Ay is a finite set for each £ = 1,..., L, we have

L
op.a)g =Y > (o(p,q)g, o(a, b)) Yape

=1 (a,b)€EQr(p,q)NAs

= Z Z <0(pa Q)gv U(a’v b)¢£> &a,b,l

=1 (a,b)eA\Qr(p,q)

with respect to some appropriate ordering of these series. Applying the trian-
gle inequality, we therefore have
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L
S ESS (o(p.0)g. 7@, D)e) Pusd|,
£=1 (a,b)€QRr(p,q)NAe
L ~
- HZ <0(pa Q)ga J(av b)¢z> ¢a,b,l”2
=1 (a,b)eA\QRr(P,q)

IN

(( o ||wabz||2>z S e o) b))

Db)EALL=1,. £=1 (a,b)eA\Qr(p,q)

L
<oy > Wy, 9((p, @)~ (a, b))

=1 (a,b)€A\QR(p,q)

L
Z Z ‘szg(cv d)‘

£=1 (c,d)€(p,q) "1 A\QR

L
<MY 0 [Wog Xaull <=

=1 (j,k)eJ

Thus (6.7) is satisfied for the function g.
Now suppose that f is any function in L?(R), and choose any £ > 0.
Since By is dense in L*(R), there exists g € By such that || f — g|[, < 5. Set
R(f,e) = R(g, §), and denote this quantity by R. Choose any (p,q) € A, and
let Py denote the orthogonal projection of L?(R) onto W (R, p,q). Then

dist(o(p, q)f, W(R,p,q))
= HU(p7 Q)f - PWU(p7 Q)fH2

<llo(p,q)f —o(p,q)glly + llo(p, 9)g — Pwao(p,a)gll,
+|Pwo(p,q)g — Pwo(p,q) fll»

< |If = glly + dist (o (p, )9, W(R,p,q)) + g = [l
< : + = + s = €
33 3
Thus (6.7) is satisfied for the function f, so Uszl W(4e, A¢) possesses the
Weak HAP. 0

We can now compare the affine density of wavelet Schauder bases satisfying
the Weak HAP with the affine density of other wavelet Schauder bases. The
proof mostly follows the steps of the proof of Theorem 6.11, therefore we omit
it here.
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Theorem 6.16 (Comparison Theorem). Assume that

(i) ¥1,...,vr € L*R) and Ay,...,Ap C A are such that the system
UZL:1 W(e, Ag) is a Schauder basis for L?(R) that satisfies the Weak
HAP, and

(ii) ¢ € L*(R) and A C A are such that W(¢, A) is a Schauder basis for
L3(R).

Let {an,b}(a,b)eA denote the dual basis of W(¢,A). Furthermore, set

C = Sup(gpyea |@aslla. Then for each e > 0, by setting A = Ué::l Ay, we
have

1-Ce __

_ 1—-Cke

7 D (4) < DH(A).

As a corollary, we obtain the following necessary density condition for the
existence of wavelet Schauder bases that satisfy the Weak HAP.

Corollary 6.17. Let 11,...,%r € L*(R) and Ay,..., A € A be such that
the system Uszl W (e, Ag) is a Schauder basis for L*(R) that satisfies the
Weak HAP. Then, by setting A = Ule Ay, we have

0 <D~ (A) < DH(A) < .

Proof. In Theorem 6.16 we let ¢ € L?(R) be the Haar wavelet and
A = {(29,k)};kez. Then W(h, A) is an orthonormal basis for L?(R), and
D= (A)=DH(A) =2 o

In2°
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