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Abstract

This thesis revolves around both geometric and functional analytic aspects of time-
frequency analysis. More specifically, the thesis deals with the following three
related topics:

Decomposition Spaces: Both Paper [A| and Paper |B| study decomposition spaces
through the lens of large scale geometry. Decomposition spaces include
the modulation spaces and the Besov spaces as special cases. We develop
a notion of geometric embeddings between different decomposition spaces
in Paper [A] In Paper [B] we advance the theory of decomposition spaces on
nilpotent Lie groups. Our main result in this direction establishes that a large
class of modulation spaces on nilpotent Lie groups is distinct from their
Euclidean counterparts.

Wavelet Spaces: In Paper|C] we study wavelet spaces by utilizing techniques from
reproducing kernel Hilbert spaces. A special case of wavelet spaces has
been investigated in time-frequency analysis under the name Gabor spaces.
We discover a connection between fully interpolating Gabor spaces and the
HRT-conjecture in time-frequency analysis.

Quantum Harmonic Analysis: In Paper [D| and Paper [E] we develop quantum
harmonic analysis on the affine group. This requires a careful examination of
the affine Wigner distribution and the affine Weyl quantization. Of particular
interest is the development of a notion of admissibility for operators in the
affine setting. Many of our results are aimed at connecting the affine Weyl
quantization with convolutions on the affine group.

As indicated by the descriptions above, the thesis is concerned with general-
izing time-frequency analysis in various directions. Despite the general approach
considered in the thesis, some of the developed results are new even in well-studied
settings. A common conceptual theme across the papers is distinctness:

Paper[Al We consider various properties from large scale geometry (e.g. asymp-
totic dimension and hyperbolicity) that allows us to distinguish different



decomposition spaces. These properties even determine whether different
decomposition spaces can embed into one another while preserving geomet-
ric properties.

Paper B We construct modulation spaces on certain nilpotent Lie groups. Of
central importance is the question of whether these new function spaces are
distinct from the classical Euclidean modulation spaces. We answer this
question affirmatively.

Paper|[C: We investigate wavelet spaces and their properties as reproducing kernel
Hilbert spaces. One side-effect is that we generalize previously known results
regarding distinctness of wavelet spaces by using well-known tools from
representation theory.

Paper D We consider the affine Wigner distribution and its basic properties.
Among the applications is a minimization problem for the affine Wigner
distribution. Even for the standard Wigner distribution it is not clear how
many distinct minimizers exist. We settle this question in both the Heisenberg
and the affine setting.

Paper [E; We develop a quantum harmonic analysis framework for the affine group.
Our framework heavily uses the so-called affine parity operator. It turns
out that our approach is distinct from previous affine quantizations in the
literature. In particular, we can represent the quantization procedure as
operator convolutions with the affine parity operator.
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Sammendrag

Denne avhandlingen omhandler geometriske og funksjonalanalytiske aspekter ved
tid-frekvensanalyse. Mer spesifikt drgfter avhandlingen de tre fglgende delvis
relaterte temaene:

Dekomponeringsrom: I artikkel[A|og artikkel [B|studerer vi dekomponeringsrom
ved & bruke teknikker fra geometri i stor skala. Dekomponeringsrom er en
klasse med funksjonsrom som inkluderer modulasjonsrommene og Besov-
rommene. Vi utvikler et begrep om geometriske avbildninger mellom
forskjellige dekomponeringsrom. I tillegg utbygger vi teorien om dekom-
poneringsrom pa nilpotente liegrupper. Hovedresultatet vért i denne retnin-
gen etablerer at en stor klasse med modulasjonsrom pa nilpotente liegrupper
er ulik fra de euklidske modulasjonsrommene.

Waveletrom: 1 artikkel [ studerer vi waveletrom ved & bruke teknikker fra re-
produserbar kjerne hilbertrom. Et spesialtilfelle av waveletrom har blitt
undersgkt tidligere i tid-frekvensanalyse under navnet Gabor-rom. Vi op-
pdager en sammenheng mellom fullstendige interpolerende Gabor-rom og
HRT-formodningen i tid-frekvensanalyse.

Kvanteharmonisk analyse: Iartikkel[D]og artikkel[E|utvikler vi kvanteharmonisk
analyse péd den affine gruppen. Dette krever en grundig undersgkelse av
den affine Wigner-distribusjonen. Av spesiell interesse er definisjonen av
tillatelige operatorer. Mange av resultatene vi gir sikter mot & knytte sammen
den affine Weyl-kvantiseringen med konvolusjoner péd den affine gruppen.

Beskrivelsene ovenfor hentyder at avhandlingen setter sgkelys pa & generalisere
tid-frekvensanalyse i forskjellige retninger. P4 tross av generaliteten i avhandlingen
utvikler vi resultater som vi tror er av interesse for konkrete eksempler. En rgd trad
gjennom avhandlingen er unikhet:

Artikkel [Ak Vi undersgker forskjellige egenskaper fra geometri i stor skala (f.eks.
asymptotisk dimensjon og hyperbolskhet) som differensierer forskjellige
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dekomponeringsrom. Slike egenskapene bestemmer hvorvidt forskjellige
dekomponeringsrom kan bli kontinuerlig avbildet inn i hverandre slik at
geometriske egenskaper blir bevart.

Artikkel Bt Vi konstruerer modulasjonsrom pa bestemte nilpotente liegrupper.
Av searskilt interesse er spgrsmalet om hvorvidt de nye funksjonsrommene
er ulike fra de klassiske euklidske modulasjonsrommene. Vi besvarer dette
spgrsmailet bekreftende.

Artikkel [C: Vi undersgker waveletrom og deres egenskaper som reproduserbar
kjerne hilbertrom. En konsekvens er at vi utvider tidligere resultater om
unikhet av waveletrom ved & bruke verktgy fra representasjonsteori.

Artikkel Vi betrakter den affine Wigner-distribusjonen og dens grunnleggende
egenskaper. En av anvendelsene er et minimeringsproblem for den affine
Wigner-distribusjonen. Selv for den tradisjonelle Wigner-distribusjonen er
det uklart hvor mange unike minimerere som eksisterer. Vi besvarer dette
spgrsmalet for Wigner-distribusjonen og den affine Wigner-distribusjonen.

Artikkel [Ek Vi utvikler et kvanteharmonisk analyse rammeverk for den affine
gruppen. Rammeverket benytter seg av en operator som kalles den affine
paritetsoperatoren. Det viser seg at var fremgangsmaéte er unik fra tidligere
fremgangsmater i den forstand at vi kan representere kvantiseringen som
operatorkonvolusjon med den affine paritetsoperatoren.
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Preface

This thesis is submitted in partial fulfillment of the requirements for the degree of
Philosophiae Doctor (PhD) in Mathematical Sciences at the Norwegian University
of Science and Technology (NTNU). The research presented here was conducted at
the Department of Mathematical Sciences at NTNU. The candidate was supervised
by Franz Luef as the main supervisor, and Felix Voigtlaender as the secondary
supervisor.

Structure of the Thesis

I'have written a rapid introduction to the topics necessary to understand the different
papers in Part [[| for the readers convenience. Chapter [I] presents an introduction
to central topics in time-frequency analysis. The emphasis will be on viewing
time-frequency analysis through the lens of representation theory. The material
in Chapter [I] will be used heavily in all five papers in Part [l Chapter [2] gives
background material on creating function spaces with a geometric flavor, namely
decomposition spaces. The material in Chapter [2] is only used in Paper [A] and
Paper [B] Chapter [3] presents the basic ideas of quantum harmonic analysis. The
material in Chapter 3]is only needed in Paper [D]and Paper[E]

Chapter [] gives a high-level overview of the five papers that constitute the
main scientific contribution of the thesis. The remaining part of the thesis, namely
Part contains the five papers [14, (16,17} 18 |19]] with minor modifications from
their published/accepted counterparts. At the end of the thesis, there is a joint
bibliography for all five papers as well as the introductory chapters.
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Chapter 1

A Biased Introduction to
Time-Frequency Analysis

Time-frequency analysis is a relatively new mathematical discipline. If one were
to trace the origin of the field from an engineering perspective, then the ground-
breaking paper Theory of communication [[72]] would be the natural starting point.
However, from the lens of theoretical physics it is undeniable that time-frequency
analysis is heavily inspired by the work of von Neumann, Weyl, and Wigner in the
1930s. When it comes to the rigorous mathematical development of time-frequency
analysis, this took off with the work of Janssen [[108],[109,|110,(111]]. In the coming
years, time-frequency analysis grew in parallel with the theory of wavelets. The two
topics have much in common, and large parts of modern time-frequency analysis
is inspired by the work of Daubechies et al. [44} 45| 46].

Since the turn of the century, time-frequency analysis has firmly established
itself as a central topic of interest in mathematical analysis. This is in no doubt due
to the plethora of connections with other interesting areas of modern mathematics
like harmonic analysis, complex analysis, representation theory, and compressed
sensing. In this chapter, we introduce some of the key players of modern time-
frequency analysis in a self-contained manner. This chapter serves as a foundation
for not only the next two chapters, but for all the five papers in Part[[I] of the thesis.

1.1 An Informal Prelude

Before delving into the details of time-frequency analysis, let us first give an
informal prelude that will motivate the topics that follow. As the name suggests,
time-frequency analysis deals with understanding both the temporal information
and the frequency information of a signal. To put this on firm ground, consider for



Chapter 1. A Biased Introduction to Time-Frequency Analysis

simplicity a continuous function f € L!(R) N L?(R) of a single variable t € R. To
borrow some terminology from engineering disciplines, we think of f as a signal
(e.g. sound signal, electrical signal, or pressure signal). For ¢y € R we refer to f(¢()
as the temporal information of f at time t9. Denote by F f the Fourier transform
of f given explicitly by

Ff(w) = / T e o g weR.

We refer to ¥ f(wo) as the frequency information of f at the frequency wy € R.
One can think of f and F f as two sides of the same coin; both contain equivalent
information regarding f. However, some information about f would be very
difficult to extract from F f and vice versa.

It is of interest to understand the temporal information and the frequency
information of a signal f simultaneously. As such, one looks for a two-dimensional
function V f(x, w) such that V f(xg, wg) represents the intensity of the frequency
wo € R precisely at the time xo € R. We call V f a time-frequency representation
of the signal f. Although intuitive, this is actually impossible to find for a general
function f € L?(R) by the classical uncertainty principle. We refer the reader
to [81, Chapter 2] for a discussion on various uncertainty principles and their
implications in time-frequency analysis.

Although a perfect time-frequency representation does not exist, it is still
possible to find useful ones. The most popular time-frequency representation is the
short-time Fourier transform (STFT) of f given by

Vof(x,w) = [ F(0)g(t —x)e 2w g,

for x, w € R where g is a rapidly decaying smooth function. The idea is to think
of Vg f as a sliding window Fourier transform. It turns out that although V f is
not a perfect time-frequency representation, it still possesses impressive properties
and is immensely useful. We will delve into the details of the short-time Fourier
transform in Section[L.2

A closely related transformation to the short-time Fourier transform is the
Wigner distribution. Given f, g € L?>(R) we can define the cross-Wigner transform
W(f,g) on R? given by

® ! ! -2nitw
W(f,g)(x,w) :=/ f(x+§)g(x—§)e dt.

When f = g we refer to Wf = W(f, f) as the Wigner distribution. Although
the short-time Fourier transform and the cross-Wigner transform look superficially
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1.1. An Informal Prelude

similar, there are major differences. As anexample, the Wigner distribution satisfies
for well-behaved f the marginal properties

/ Wi (e w) do = |F ()
T (1.1.1)

/ CWi G w) de = [FF)].

It nevertheless turns out that the Wigner distribution and the short-time Fourier
transform are related by the formula

W(f,8)(x, ) = 267 “Vpg £ (2x, 20),

where Pg(x) = g(—x) is the parity operator. The operator P plays an important
role in time-frequency analysis.

Both the short-time Fourier transform and the Wigner distribution will be
heavily used in Part [[I] of the thesis. The Wigner distribution has its origin in
quantum mechanics [154] and we will go through more details in Section
One of the things that separates the Wigner distribution from other time-frequency
representations is its connection to the Weyl quantization. We will go through this
connection in Section L4l

An important question is whether the short-time Fourier transform is integrable.
To tackle this question, let us for simplicity fix g(x) = ¢~™ and consider an
arbitrary element f € L*(R). It is straightforward to show that Vof € L*(R?).
However, it is not necessarily true that V, f € L'(R?). This leads to the definition

So(R) = {f e L*(R) : Vo f € L'(R})}.

The space So(R) is called Feichtinger’s algebra named after Hans Georg Fe-
ichtinger. Elements in Sy(R) are continuous functions and we have the inclusions

S(R) c Sy(R) c L*(R),

where S(R) denotes the Schwartz functions. The Feichtinger algebra Sp(R) is
part of a whole family of Banach spaces MP(R) for 1| < p < oo called the
modulation spaces. In this notation, we have M (R) = So(R) and M*(R) = L*(R).
It is a general consensus that the modulation spaces are the correct setting for
theoretical time-frequency analysis, see e.g. [81]]. The modulation spaces will play
an important role in the thesis and we review them more carefully in Section [I.5]
One aspect of time-frequency analysis that has been exploited more in recent
years is its relation to the Heisenberg group. We will discuss this connection further
in Section[I.6] For now, it suffices to say that the short-time Fourier transform is
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intimately related to the representation theory of the Heisenberg group. This
approach gives a new way of viewing many basic facts in time-frequency analysis.

The connection between time-frequency analysis and representation theory
gives a link to reproducing kernel Hilbert spaces. Recall that a reproducing kernel
Hilbert space is a Hilbert space H consisting of functions f: X — C on a set X
such that the functionals

= Ex(f)=fx), xeX,

is well-defined and bounded. A classical example is the Hardy space H> of analytic
functions on the unit disc D satisfying

1 2n
oo (s
It turns out that for any g € L*(R) the Gabor space Vo(L*(R)) ¢ L*(R?) is a
reproducing kernel Hilbert space. This is the starting point for involving theory
from reproducing kernel Hilbert spaces to the setting of time-frequency analysis.
We will investigate Gabor spaces further in Section
The reader should be aware that the topics we discuss in this chapter do not
in any way give a comprehensive introduction to modern time-frequency analysis.
In fact, there are several major omissions such as Gabor frames and applications
to pseudo-differential operators. We have chosen to omit these interesting topics
to focus on the parts of time-frequency analysis that are relevant for Part [[T| of the
thesis. The interested reader is encouraged to seek out the standard textbooks [81]]
and [41] for more topics in time-frequency analysis.

1

7 (re“")’2 d@)z < 0.

1.2 A Joint Time-Frequency Distribution — The STFT

Our journey into time-frequency analysis starts with the short-time Fourier trans-
form. Before giving the definition let us define two simple, yet important, opera-
tors. For x,w € R we write xw = x - w for the usual inner product on R". For
f € L*(R™) we define the operators

Tof(t) = f(t—x),  Myf(t) = ™" f(2).

The operator T is called the time-shift with respect to x, while M, is called the
Jfrequency-shift with respect to w. The motivation for the name frequency-shift
comes from the simple identity

T(Txf) = M_X(Tf),
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where ¥ denotes the Fourier transform
Ff(w) = / f(D)e 2w g,
Rn

Of fundamental importance is the non-commutativity of the operators 7y and M,,.
Specifically, one has for x, w € R" the relation

TeM,, = e 2" M, T,
Definition 1.2.1. Let f,g € L>(R") and x,w € R". We define the short-time
Fourier transform (STFT) of f with respect to g to be the function on R** given by

Ve f(x,w) = /R f (1)g(t —x)e ™" dt = (f, Moy Txg) 12 (-

Even though we can pick g € L*(R") arbitrarily, applications are typically
interested in functions g such that both g and ¥ g are well-localized around the
origin. If this is the case, then we can conceptually view the short-time Fourier
transform as a sliding window over the Fourier transform of f.

It is straightforward to verify that V, f is a bounded and uniformly continuous
function that satisfies

Vo (TyMy, f) (x,w) = e ™YV f(x = y, 0 — 1), (1.2.1)

for x,y,w,n € R". Moreover, the function V, f is square integrable on R?" and
satisfies the orthogonality relation

Ve 1, Ve ) 12 mony = (15 [2) 12y (815 82) 12 Ry s (1.2.2)

for fi, f», 81,82 € L?(R™). Hence it should be possible to reconstruct f from the
values of V, f as long as g # 0. By normalizing g so that ||g||;2rn) = 1 we have
(in the weak sense) the vector-valued integral inversion formula

f() = /Rzn Vo f(x,w)M,Txg(t) dx dw. (1.2.3)

In time-frequency analysis it is sometimes more convenient to work with the
symplectic Fourier transform ¥ on F € L?>(R?") given by

FoF(2) :=/ F(z)e 2 o= gz,
R2n

where z, 7" € R?" and o is the standard symplectic form on R?"* given by
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(1.2.4)

0 1d,,
o(z,7)=27"-Jz, J = ( )

-1d, O

The reader should pay close attention to the fact that the symplectic Fourier
transform only exists in even dimensions, i.e. for 2n where n € N. We have the
elementary relation

FoF(z) = FF(Jz) = F(Fol)(z), zeR™. (1.2.5)
For f,g € L>(R™) we use the notation f ® g for the element in L?(R>") given by

(f®@g)xw) = f(x)g(w).

The following result shows how the (symplectic) Fourier transform interacts with
the short-time Fourier transform.

Proposition 1.2.2.

* For f,g € L*(R") and 7 := (x,w) € R*" we have the formulas

Vo f(2) = e "XV F £ (J2), (1.2.6)
For (Vef) (z) = e273 (f ® T_g) (). (1.2.7)

s For fi, f>, 81,82 € L*>(R™) we have the relationship
For (Vglfl m) =Vifi Va8l (1.2.8)

For the proof of (1.2.6)), (1.2.7), and (1.2.8)) we refer the reader to the elementary
results [81, Lemma 3.1.1], [41, Lemma 1.2.4], and [41}, Proposition 1.2.13], re-

spectively. Sometimes (I.2.6) is called the fundamental identity of time-frequency
analysis. It is not uncommon to refer to the right-hand side of as the
cross-Rihaczek distribution. In applications, it is often of interest to consider the
spectrogram

Spec, f(x, w) = [Vg f(x,w)|*.
By looking at (T.2.8)) we see that we have the elegant special case

Fo (Specff) = Specy f.

In other words, for any f € L*(R") the continuous function Spec £ 1s an eigen-
function for the symplectic Fourier transform.
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Another interesting observation, coming this time from (1.2.7), is that for
non-zero f,g € L>(R™) and 1 < p < 2 we have the implication

Vof € LP(R™) = f®FgeLI(R™) = f,FgelLlR"),

where ¢ is the conjugate exponent p~' + ¢! = 1. Hence it is simple to come
up with examples showing that e.g. V, f ¢ L? (R?™). This lack of regularity will
motivate the modulation spaces in Section[I.5]

Finally, we want to mention that we can use the short-time Fourier transform to
create a whole class of interesting operators as follows: Motivated by the inversion
formula (T.2.3)) we can for g € L?>(R") \ {0} and any weight function m : R>" — C
consider the localization operator A%, on L?(R™) defined by

AL = . m(x,w) - Vg f(x,w)M,Tyg dx dw. (1.2.9)
R2n

If we pick m = 1 and ||g||;2(rny = 1, then the localization operator AS, is the
identity operator. Typically we are interested in weights m that decay reasonably
fast, giving us a localized picture of the time-frequency information of f through g.
Requiring that m is real-valued and in L” (R?") for some 1 < p < co ensures that the
localization operator A, is self-adjoint and compact, see 156, Proposition 13.3].
We will explore operators in the wavelet setting analogous to localization operators

in Paper [E]

1.3 The Wigner Distribution

In addition to the short-time Fourier transform, there is another time-frequency
representation that is omnipresent in the literature; the Wigner distribution. With its
origin in quantum mechanics [[154]], the Wigner distribution has been widely studied
in both mathematics and physics. In this section, we will give an introduction to
the Wigner distribution with the aim of contrasting it with the short-time Fourier
transform.

Definition 1.3.1. We define the cross-Wigner transform of f,g € L*(R") to be the
function on R?" given by

W(f, 8)(x,w) = /Rn f (X+ %)g (x - %)e’z’”“" dr.

If g = f then we refer to Wf = W(f, f) as the Wigner distribution of f.

There are many similarities between the cross-Wigner transform and the short-
time Fourier transform: The cross-Wigner transform W( f, g) of f,g € L*(R") is
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a continuous and bounded function on R?". Moreover, the cross-Wigner transform
satisfies similarly to (I.2.2)) the orthogonality relation

W(f1,81), W(f2, 82)) 2wy = (f15 S22 () €815 82) L2 () s (1.3.1)

for f1, f2, 81,82 € L*(R™).
To deduce more properties of the cross-Wigner transform, one can utilize the
simple connection with the short-time Fourier transform

(FeW(f,8)) (x,w) = ™V, f(x, w). (1.3.2)
In particular, we have the simple property

W(Ff,Fg)(z) =W(f,g)(-J2), 7= (x,w),

where J is given in (1.2.4). Similarly, one can deduce that the Wigner distribution
is well-behaved under time-frequency shifts

W(TyMnf)(x,w) =Wfx-y,w-n),

forx,y,w,n € R".
Another source of insight into the cross-Wigner transform is given by the
Grossmann-Royer operator

R(x,w): L*(R") — L*(R")
for x, w € R" defined by the relationship
W(f’g)(x7w) = <R(x,(l_))f,g>L2(Rn)- (133)

Rather than giving the exact formula for R, we point out that R(0, 0) = —2" P where
P is the parity operator given by Pf(x) = f(-x) for f € L*>(R") and x € R".
The factor of 2" is essential; it implies that the cross-Wigner transform satisfies

IW(fs Ml many < 2"1f 2y 181l 22 () - (1.3.4)
For any odd function f € L?(R") the bound in (I.3.4) is an equality since
_ 2
Wf(0,0) = =2"1£1172 ny - (1.3.5)

One can get a better understanding of the Wigner distribution by asking a
simple question: Why is the Wigner distribution W f called a distribution? 1t is
simple to see that W( f, g) = W(g, f), so Wf is certainly real-valued. A step in
the direction towards viewing W f as a type of probability distribution is that we
have the marginal properties given in (I.1.1). The only thing that is missing is
that we need to find functions f € L?(R") so that W f is non-negative. By looking
at (1.3.5) we see that the non-negativity of W f poses a serious restriction. The
following result of Hudson [[101]] shows how serious this restriction really is.

10
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Theorem 1.3.2. Let f € L>(R"). Then W f is a non-negative function if and only
if f is a generalized Gaussian function

f(x) — ce—nx~Ax+27rbx

where A is a symmetric invertible n X n matrix with positive definite real part,
b € C" and c € C. If this is the case, then we even have W f (x,w) > 0 for all
(x,w) € R¥ as long as f is not identically zero.

We have so far seen three time-frequency representations; the short-time Fourier
transform Vg f, the cross-Wigner transform W (f, g), and the spectrogram Spec, f
for f,g € L>(R"). The spectrogram is the only one that is always non-negative.
Moreover, we have the relationship

Spec, f=W(P(g)) * W(f), (1.3.6)

where P is the parity operator and * denotes the convolution on R**. In Paper@
we will extend (1.3.6) to the affine setting. Thus far, the reader might be tempted
to conclude that the short-time Fourier transform and the spectrogram are more
well-behaved than the Wigner distribution. However, as the following section will
show, the Wigner distribution has a central place in the theory of quantization.

1.4 Weyl Quantization

There are few terms in modern science that possess the amount of ambiguity and
vagueness as the term quantization. The reader should rest assured that quantization
for us will mean something very concrete. We will view the term quantization as
a process of associating with a function o on R?>" an operator L, sending a
function f on R" to another function L f on R". When looking for well-behaved
quantizations, there are many choices. A particular choice of quantization is often
called a quantization scheme. The interested reader should consult [92, Chapter 13]
for an elementary introduction to quantization schemes. For us and many others,
the most obvious choice is the Weyl quantization.

Definition 1.4.1. Consider a Schwartz function o € S(R?>"). We refer to the
operator L, acting on f € S(R") by

Lof ::/ Fo(n,y) e ™" T_yM,fdydn (1.4.1)
R2n
as the Weyl quantization of o. The function o is called the symbol of L.

11
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Remarks.

e There is a massive amount of variation in the literature when it comes to
terminology. For instance, [41] uses the notation Op,, (a) for a € S(R?>")
and refer to Op,, (a) as Weyl operators. Other authors refer to the quantization
o +— L as the Weyl transform.

* The reader should be aware that most functions on R?" that are of interest to
compute the Weyl quantization of are not in S(R>"). An example of physical
relevance is the coordinate functions o (x, w) = x and o, (x, w) = w for
(x,w) € R>". The reason one typically starts with quantifying elements
in S(R?") is that one can then be completely sure that expressions such as
(T.4.1) are well-defined.

An essential property of the Weyl quantization 81}, Proposition 14.3.3] is that
for f,g € S(R") and o € S(R*") we have

(Lof, 8>L2(R") =(o, W(g, f)>L2(R2n),

where W (g, f) is the cross-Wigner transform of g and f. Hence the cross-Wigner
transform is intimately connected with the Weyl quantization.

A classical result of Pool [[138]] states that the Weyl quantization is well-defined
as a map from L?(R?") to the Hilbert-Schmidt operators HS = HS(L*(R")).
Recall that the Hilbert-Schmidt operators constitute a Hilbert space with the inner
product

(A, Byus = ) (Aei, Bey),
i€l
where {e;};c; is an orthonormal basis for L (R"). The result of Pool [138] actually

reveals that the Weyl quantization o — L, is a bijective isometry from L?(R>")
to HS. Additionally, the relationship

(Lo fs8)i2mny =0, W(g, [))r2won (1.4.2)
holds for all o € L>(R?") and f, g € L*>(R").

Example 1.4.2. Let us compute the Weyl quantization of W( fi, f>) for elements
fi, f» € L>(R™). Then (T.4.2) and the orthogonality relation (T.3.1]) shows that

(Lw (fi.5)8182) 12y = (W(f1, f2), W(82,81)) 12 (r2n)
= (f1,82)12(rn) (€15 [2) L2 (R -

On the other hand, one also has the rank-one operator fi ® f» given by

(f1 ® f2)g = (g f2) f1,

12



1.4. Weyl Quantization

for f1, f», g € L*(R™). It is easy to check that

((fi ® f2)81,82) 12y = (f1,82) 2R (815 2D L2 (R) -
As such, we can conclude that Ly (5 5) is precisely the rank-one operator fi ® f>.

From a conceptual standpoint, the rank-one operators are the simplest operators
in HS. The finite-rank operators are dense in HS. Hence it follows from
Example [1.4.2] that linear combinations of cross-Wigner transforms constitute a
dense subspace of L?(R>"). However, one can consider the closed proper subset

WR™) = {Wf: feLl*R"} c L2(R™).
In [12] the authors consider for a given o € L?(R?") the approximation problem

inf |loo = Wfll2gon- (1.4.3)
feL?(Rm)

They show in [[12, Theorem 3] that the solution to (I1.4.3) is closely linked with an

eigenvalue problem. We consider this problem in the wavelet setting in Paper

Our approach relies more on the quantization picture, and we even derive new

results in the Euclidean case regarding the number of minimizers to (I.4.3).

We will use the notation S’(R™) for the anti-linear continuous functionals on
S(R™). One can, through the relation (1.4.2), extend the Weyl quantization for
o € 8’(R?) to be an operator L, : S(R") — S’(R"). To verify this one has to
check that W(f,g) € S(R**) whenever f,g € S(R"), which is straightforward.
One can now rigorously verify that the Weyl quantization of the coordinate functions
Ly  and L, are the well known position operator and momentum operator in
quantum mechanics. Also, by using (1.4.2)), it is clear that the Weyl quantization
of the function 1(x, w) := 1 is the identity operator. The following example is the
most interesting one for us.

Example 1.4.3. Consider the point measure §(x, w) € S’(R>") given by
(5(x,w), o) = o(x,w), o e S(R™M).
The Weyl quantization of §(x, w) is given by
(Lo f-8) = (6,0, W(g. /) = W(f.0)(rw),  (L44)

where f,g € S(R"). If (I.4.4) reminds you of something, that is because it is
precisely equation (I.3.3) which defines the Grossmann-Royer operator. Hence
Ls(x,w) = R(x,w). In particular we have

Ls,0) = —2"P,

where P denotes the parity operator.

13



Chapter 1. A Biased Introduction to Time-Frequency Analysis

Let us demonstrate how the Weyl quantization helps us to understand the cross-
Wigner transform with the following elementary result.

Proposition 1.4.4. Consider nonzero elements gi, g», g3 € L*>(R") with the re-
quirement that g; ¢ span{gs, g3}. Then there is no ¢ € [0, 1] such that there exists
a convex combination

Wgi=t-Wgr+ (1 —-1t) Wgs. (1.4.5)

Proof. The result becomes almost trivial when viewed through the lens of the Weyl
quantization. We obtain from (I.4.5) and Example[I.4.2]that the Weyl quantization
becomes

g1®g1=1t-220g+(1-1) g3®gs. (1.4.6)
Pick 7 € L?>(R") that is orthogonal to g, and g3, but not to g;. By evaluating both
sides of (1.4.6) on & we obtain the result. mi

While the Weyl quantization is immensely useful, there are also other ways
of obtaining results such as Proposition [I.4.4] In Corollary [C.4.6] we prove a
generalization of Proposition [I.4.4]in a setting where the Weyl quantization is not
available.

1.5 Classical Modulation Spaces

We saw in Sectionthat for f,g € L>(R") we have Vof € L*(R?"). However,
it is in general not true that V, f € LP (R?") for any 1 < p < 2. As an example,

one can show that for g(x) = ¢~ and the characteristic function f = xpo,1)» of
the cube [0, 1]" c R" we have V, f ¢ L'(R?"). Motivated by this, it is of interest
to investigate the functions f such that V, f € L? (R>") for 1 < p < oo.

Definition 1.5.1. Fix g(x) = e~™"_ Define the modulation space MP(R") for
1 < p < oo to be the space of elements f € S’(R") such that V f € LP (R?"). We
equip the space M” (R") with the norm

| fllazp ny = Ve fllLp @2ny- (1.5.1)

The modulation spaces (M? (R"), || - [|aprr &n)) for 1 < p < oo are all Banach
spaces. Moreover, we have M?>(R") = L?>(R") and the inclusions

MPR") c M9(R"), 1<p<qg<oo,

The reader might wonder about the dependence on the element g(x) = ¢™” S
turns out that one obtain the same modulation spaces with equivalent norms if one
picks any other non-zero g € S(R") in Definition The choice g(x) = e’
is convenient for explicit computations.

14
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Remarks. Before moving on, let us make a few remarks regarding the generality of
our definition.

* First of all, instead of measuring the short-time Fourier transform V f in
L?(R?") one could choose other function spaces. It is common in the
literature to consider the mixed-norm spaces LP>9(R?") for 1 < p,q < o
or weighted spaces L, (R?"), see [41, Chapter 2.2]. Mixed and weighted
spaces will be used in Paper [B] although we believe that these extensions
are mostly of a technical nature. Hence we omit them in the introduction to
simplify the exposition.

* One can relax the condition that p > 1 and consider the modulation spaces
MP(R") for the whole range 0 < p < co. However, when p < 1 we only
obtain quasi-Banach spaces. We refer the interested reader to [[148]] and the
comprehensive thesis [[147]].

* Finally, the choice of the space R can also be generalized. We will in
Section[2.3]and in Paper [B] consider modulation spaces on certain nilpotent
Lie groups. One can also consider modulation spaces M” (G) for any locally
compact abelian group G. We will not consider this setting, and refer the
reader to the original technical report [|57]] and the more recent version [58]].

The modulation spaces M”(R") for 1 < p < co are by (I.2.1)) both time-shift
and frequency-shift invariant

I Tx fllper gy = (IMo flipe gny = | fllare gy

for f € MP(R")and x, w € R". Moreover, the modulation spaces are also invariant
under the Fourier transform ¥ due to the fundamental identity of time-frequency
analysis (I.2.6). In even dimensions, the equation (I.2.3) implies that

1o fllare zeny = If lpgpgomys — f € MP(R?™).

Example 1.5.2. It is true that S(R") ¢ MP?(R") for all 1 < p < oo. Moreover,
as long as p < oo we have that S(R") is dense in MP(R"). However, there
are strict inclusions between S(R") ¢ MP(R"™) and MP(R") c M4(R™) for all
1 < p < g < o0. To see that the first inclusion is strict, the function

f) =

is in MP(R") for all 1 < p < oo, but is clearly not in S(R"). To exemplify
the second claim, the characteristic function y[o,1}» is in MP(R") for all p > 1.
However, x|o,1]» is not in M '(R™). For the more general statement, we refer the
reader to [4 1} Proposition 2.3.26].

1+x2
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Of particular interest is the space So(R") := M'(R™). This space is often
called the Feichtinger algebra, in reference to Hans Georg Feichtinger. Elements
in Sp(R") are continuous and bounded. Moreover, Sp(R") is closed under both
pointwise products and convolutions. The Feichtinger algebra Sy(R") is, in a way
that can be made precise |81, Theorem 12.1.9], the minimal Banach space invariant
under time-shifts and frequency-shifts.

Itis the authors personal opinion that the Feichtinger algebra Sp(R") is the most
important function space in time-frequency analysis. In Example[2.2.2]we will give
an equivalent definition of the modulation spaces through decomposition spaces.
In the next section we turn to representation theory to see how time-frequency
analysis is related to the Heisenberg group.

1.6 Through the Lens of Representation Theory

The aim of this section is to consider time-frequency analysis from a more abstract
perspective. To be precise, we will try to understand the short-time Fourier trans-
form through the representation theory of the Heisenberg group. As such, we will
first recall some notions from representation theory of locally compact groups for
the readers convenience. For more on this general setting, we refer to a survey of
the author [|15]] and the references within.

Definition 1.6.1. A locally compact group is a locally compact Hausdorff topo-
logical space G with a group structure such that the product (x, y) + x - y and the
inversion x — x~! for x, y € G are continuous maps.

The most important fact about locally compact groups is the existence of the
Haar measures: We say that a Borel measure u on G is left-invariant if

p(x - E) = u(E)

for all x € G and all Borel sets E ¢ G. There is a unique (up to multiplication
by a positive constant) left-invariant Radon measure uy on G called the left Haar
measure. In the same way, there exists a unique right-invariant Radon measure ug
on G. If yuy = ug, then we simply write u := p; = ug and refer to the group G as
unimodular.

In practice, the preceding discussion implies that we have a well-defined mea-
sure theory setting on any locally compact group. In particular, we can for
1 < p < oo consider the spaces LP(G) of measurable functions f: G — C
satisfying

1fllr o) = ( /G | f(x)lpd,uL(x))p <o,
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For p = oo we make the obvious modification to mimic the Euclidean case L*(R").
Examples of locally compact groups are R”, discrete groups, and Lie groups. For
time-frequency analysis the most important example is the Heisenberg group.

Example 1.6.2. Consider the topological space H" := R” xR" xR with the product
’ ’ ’ ’ ’ ’ 1 ’ ’
(x,w,1) - (¥, ' 1) = x+x,w+w,t+t+§(xa)—xw) )

We refer to H" as the (full) Heisenberg group of dimension n. The group opera-
tion of the Heisenberg group simulates the fundamental commutation relations in
quantum mechanics, see [92].

Often a different realization of the Heisenberg group is considered: We denote
by H? := R" x R" x T with the product

. ., ) ) L
()C, w, eanT) . (xl,w/,eZmT) = (x+x/,w+w/,627n(‘r+‘r)e7n(x w xw)) ,

for x,x", w,w’ € R" and 7,7 € R. We refer to H? as the (reduced) Heisenberg
group. Both groups H" and H' are unimodular with Haar measures dx dw dt and
dx dw dt, respectively. While the full Heisenberg group H" is simply connected,
the reduced Heisenberg group H' is not. However, the reduced Heisenberg group
has certain integrability advantages that we will see shortly.

We are interested in representing elements in locally compact groups as well-
behaved linear transformations on some Hilbert space . We restrict ourselves to
the group of unitary transformations U () on the Hilbert space H and give the
following definition.

Definition 1.6.3. Let G be a locally compact group and let H; be a Hilbert space.
A group homomorphism : G — U (H,) is called a unitary representation if the
maps

G3x Wef(x) = (f,n(x)g)n,

are continuous forall f, g € H,. Forafixed g € H, werefertothe map f — W, f
as the wavelet transform of f with respect to the window g.

Of particular importance are unitary representations 7: G — U (H,) that are
irreducible, meaning that there do not exist non-trivial closed subspaces M of
H, such that 7(x)f € M for all x € G and f € M. The irreducible unitary
representations of a locally compact group serves as the fundamental building
blocks for how the group can be represented as unitary linear operators. The
following example completely determines the irreducible unitary representations
of the reduced Heisenberg group.

17
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Example 1.6.4. Given the reduced Heisenberg group H!' we can first consider the
one-dimensional representations

Xap: H' > UC) =T
for @, § € R given by
Xap (x,w, eZm"r) = eZm’(ax+Bw)’ (x’ w, eZﬂiT) c H?

One-dimensional representations are often called characters, and it is straightfor-
ward to check that any character of HJ! is of the form y, g for some @, € R. In
addition to the characters, we have the Schrodinger representation

p: HY - ULARY)
given by
p (x,w,eZm'T) f — eZHiTeﬂiwaxwa, (x’ w, eZm'T) c H:z

One can also consider the slight modifications p,,: H* — U(L*(R")) for any
n € Z\ {0} given by

On (x,w, eZm‘r) f = eZmn‘remnwaanwf‘

The impressive Stone-von Neumann Theorem [81, Corollary 9.3.5] implies that
any irreducible representation of H' is equivalent to either x, g for some o, § € R
or p, for some n € Z \ {0}.

Consider a unitary representation 7: G — U (H,) and fix f, g € H,. Notice
that we immediately get that W, f € L*(G) by the elementary estimate

| We f (O = [{f, 7))t | < Nl 17N re = N Nt 18l e

for all x € G. However, it is in general not true that W, f € L*(G). As this will
be central for many arguments, we consider the following definition.

Definition 1.6.5. Let 7: G — U(H ) be an irreducible unitary representation of
a locally compact group G. We say that 7 is square integrable if there exists a
non-zero g € H, such that Wyg € L?(G). In this case, the element g € Hy is
also referred to as square integrable.
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Example 1.6.6. Consider again the Schrédinger representation p of the reduced
Heisenberg group H”. For f, g € L?>(R") the wavelet transform W, f correspond-
ing to p is given by

Wit ) = (1)),

— e—27ri‘re—7rixw<f’ TxMa)g>L2(R")

2 [
—¢ ﬂ'lTeﬂ'l.Xa)ng(x7w)'

As one can see from the calculation above, the wavelet transform corresponding
to the Schrodinger representation is essentially just the short-time Fourier trans-
form. As such, we can immediately conclude from (I.2.2)) that the Schrodinger
representation is square integrable since

”(ngHiZ(Hn):‘/ / /Ing(x,w,T)lzdxdwdT
r R JR JT
:/ Ing(x,a))|2dxd(u
RZn
= I 18122 -

It is also possible to define a Schrodinger representation for the full Heisenberg
group H", see [[81, Chapter 9] for details. However, it is only on the reduced
Heisenberg group H} that the Schrodinger representation is square integrable.
This is the main reason we consider the reduced Heisenberg group H!' instead of
the full Heisenberg group H".

Assume that 7: G — U(H,) is a square integrable representation where
g € H, is a square integrable element. It follows from [[15} Proposition 2.21] that
W, f € L*(G) forall f € H,. As such, we can ask whether the map

Hy > [ W, f € L*(G)

is an isometry. The following classical theorem of Duflo and Moore establishes
that the answer is affirmative up to a constant.

Theorem 1.6.7 (Duflo-Moore Theorem). Consider a square integrable representa-
tionn: G — U(Hy). There exists a unique self-adjoint, positive, densely defined
operator C,: D(Cr) C Hy — Hy with a densely defined inverse such that:

o An element g € Hy \ {0} is square integrable precisely when g € D(C).

* Forgi,82 € D(Cp) and f1, f» € Hy we have the orthogonality relation

(W, f1, We, 2)12(6) = {f15 2094, {C2 81, Cr82) g, - (1.6.1)
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A square integrable element g € H is called admissibl if |Crglla, = 1.
For unimodular groups G the Duflo-Moore Theorem implies that square integrable
representations 7: G — U(H,) satisfy C, = ¢, - Id, for some ¢, > 0. In the
case of the Schrodinger representation p of the reduced Heisenberg group H we
have that ¢, = 1. Hence (I.6.1)) is really just the orthogonality relations (I.2.2)) in
disguise for the Schrodinger representation.

The name wavelet transform comes from wavelet analysis. It should there-
fore not come as a surprise that we can describe wavelet analysis in terms of
representation theory. By doing this, we also emphasize the similarities between
time-frequency analysis and wavelet analysis.

Example 1.6.8. Recall that the affine group Aff .= R X R, for R, := (0, o) is the
locally compact group with the product

(x,a) -ag (y,b) = (x +ay,ab), (x,a), (y,b) € Aff.

We will discuss the affine group in more detail in Section [3.3]
An important representation of the affine group is the wavelet representation
n: Aff —» U(L*(R)) given by
1
Va
The wavelet representation is not irreducible, but consists of the two irreducible
subspaces H; and H_ where

r—x

76, a) f(1) = —f (7) . (x,a) € AFL. (1.62)

H. = {f € L*(R) : supp (F f) C R.}

Let us for simplicity consider the irreducible representation of x restricted to H.,.
The wavelet transform corresponding to the wavelet representation is given by

W, f(x,a) = (f,n(x,a)g)2r) = %'/_ f(Hg (I_TX) dt, (1.6.3)

for f,g € H,. The reader surely recognizes W, f as the continuous wavelet
transform in classical wavelet analysis. In fact, the continuous wavelet transform
is the prototypical example of a wavelet transform in the general setting.

The Duflo-Moore operator C, corresponding to the wavelet representation 7
on H, is the Fourier multiplier given by
1
%Tg(a)) . g€ D(Cr).

IThe terminology is not always consistent in the literature. In fact, in Paper @ we use the
terminology admissible for what we here have called square integrable.

Crg = 7:71 (
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1.7. Reproducing Kernel Hilbert Spaces

As such, an element g € H, is square integrable if and only if

(s3] 2
Ji Fe@P
0

|al
1.7 Reproducing Kernel Hilbert Spaces

We have throughout this introductory chapter been interested in the short-time
Fourier transform. We now consider the image space

Vo (L*(R")) = {Vof : f € L*(R")} ¢ L*(R™), (1.7.1)

for a non-zero element g € L>(R"). We refer to Vg(L2 (R™)) as the Gabor space
corresponding to the window function g.

More generally, we can for a square integrable representation 7: G — U (H)
consider the wavelet space

Wy (Hy) = {Wof : f € Hp} € L(G), (1.7.2)

where g € H; is square integrable. Sometimes it is convenient to require that g is
additionally admissible as we do in Paper[C| However, this is only for convenience
as any non-zero scalar multiple of g will give the same wavelet space. Let us for the
moment work with the general wavelet space, and then restrict to the Gabor spaces
afterwards. We will be interested in the following property of wavelet spaces.

Definition 1.7.1. A reproducing kernel Hilbert space H is a Hilbert space of
functions f: X — C on a set X such that the evaluation functionals

Ex(f)=f(x), xeX,

are well-defined and bounded. If the evaluation functions {E, } xcx are uniformly
bounded, then we refer to H as uniform.

For a reproducing kernel Hilbert space H one can, by the Riesz Representation
Theorem, for each x € X find an element k, € 9 such that

Jx) ={fr k),  feH.

The element k, is called the point kernel for x € X. The function K: X X X — C
given by
K(x,y) = (ky, kx)g (1.7.3)

is called the reproducing kernel for H. Notice that if f,, — f in the norm on H,
then we automatically get pointwise convergence since

|fn(x) = fO) = [fu = Fr k) < W fn = Fllllkxllee — 0.
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Chapter 1. A Biased Introduction to Time-Frequency Analysis

Example 1.7.2. The Bargmann-Fock space F>(C") is the Hilbert space consisting
of all holomorphic functions F on C" such that

1Fllg = \// |F(2)|2e~712" dz < oo.
Cn

The inner product on F2(C") is given by

(F,G)g = ./c" F(z)?z)e"r|Z|2 dz.

The Bargmann-Fock space #2(C") is a reproducing kernel Hilbert space with the
point kernel for w € C" given by

ky(z) = ™7, zeC".

By considering F(z) = z; for z := (z1,...,2,) € C"itis clear that #2(C") is not
uniform.

As the reader probably suspects, we have the following result.

Proposition 1.7.3. Let 7: G — U (H,) be a square integrable representation and
fix a square integrable element g € H ;. The wavelet space ‘W, (H) is a uniform
reproducing kernel Hilbert spaces with reproducing kernel

K(x,y) =W, (n(y)g) (x),  x,y€G.

For a simple proof of Proposition we refer to the proof of Proposi-
tion[C.3.3] Finally, let us consider the question of whether the wavelet spaces have
an interpolation property.

Definition 1.7.4. Let H be a reproducing kernel Hilbert space on the set X with
reproducing kernel K. We say that H is fully interpolating if for any m € N and
any set

Q:={x1,...,xm} X
with |Q| = m the m X m matrix

m

Kq = {K(xi’xj)}i,jzl

is strictly positive definite.
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1.7. Reproducing Kernel Hilbert Spaces

The definition above probably requires some explanation. That a reproducing
kernel Hilbert space 7 is fully interpolating is equivalent to the following condition:
For finitely many points Q = {xy,...,x,;,} C X and possibly non-distinct scalars
A1, ..., Ay, € Cthereis afunction F € H such that F(x;) = A; foralli =1,...,m.

A relatively straightforward computation shows the Gabor space V, (L*(R"))
with g(x) = 257 g fully interpolating. What about the other Gabor spaces?
We show in Proposition that this question is equivalent to the well known
HRT-conjecture:

Conjecture (Heil-Ramanathan-Topiwala). Is the set

{Mwag}(x,a)) €R2n

linearly independent in L?(R") for all non-zero g € L*(R")?
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Chapter 2

In the Business of Constructing
Function Spaces

As described in Section[I.5] the modulation spaces MP (R") on R" for 1 < p < co
play an important role in time-frequency analysis. From a more abstract per-
spective, the modulation spaces are a special case of decomposition spaces. The
origin of decomposition spaces can be found in the papers [56, 59]. Decomposi-
tion spaces have a geometric flavor, and are general enough to encompass many
interesting function spaces.

In this chapter, we aim to introduce decomposition spaces from the perspective
of large scale geometry. By doing this, we lay the groundwork for Paper [A] and
Paper B] In Section [2.1] we review some basic notions from large scale geometry
for the readers convenience. In Section [2.2] we define and discuss decomposition
spaces as a general class of function spaces. Finally, in Section [2.3] we define
stratified Lie groups and develop some basic properties in preparation for Paper B}

2.1 Basic Facts From Large Scale Geometry

We begin by giving some elementary definitions from large scale geometry. Large
scale geometry is interested in the geometry of spaces when they are viewed from
“far away”. We will utilize large scale geometry when discussing decomposition
spaces in Section [2.2] The reader should consult the standard reference on large
scale geometry [[133]] for a more thorough introduction to the topic.

Definition 2.1.1. Let (X,dx) and (Z, dz) be two metric spaces. We say that a
map f: X — Z is a quasi-isometric embedding if there exist constants C, L > 0
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2.1. Basic Facts From Large Scale Geometry

such that for all x, y € X we have

Fdx(5,7) = C < dz (f(x), F() < Lax(x,7) +C.

Remark. Notice that f does not need to be injective nor surjective to be a quasi-
isometric embedding; a trivial example is any map between finite metric spaces. A
quasi-isometric embedding does not even need to be continuous; the map sending
x € R" to the nearest point on the integer lattice Z" is a quasi-isometric embedding
that is not continuous.

We say that N C Z is anet in (Z, dz) if there exists an absolute constant C > 0
such that for any y € Z there exists an n € N with dz(y,n) < C. This leads to the
following definition.

Definition 2.1.2. Let (X, dx) and (Z, dz) be two metric spaces. A quasi-isometric
embedding
f:(X,dx) - (Z,dz)

is said to be a quasi-isometry if the image f(X) C Z is anetin (Z,dz). If a
quasi-isometry between (X, dx) and (Z, dz) exists, then (X, dx) and (Z, dz) are
called quasi-isometric.

The notion of being quasi-isometric is an equivalence class on the collection
of all metric spaces. The following example illustrates that quasi-isometries can
be radically different from traditional isometries.

Example 2.1.3. It is clear that the inclusion map i: Z" — R" is a quasi-isometry.
Hence two metric spaces of different cardinalities can be quasi-isometric. The
intuition is that Z" looks more and more like R" when zooming out.

We say that two maps f,g: (X,dx) — (Z,dz) are close if there exists a
constant C > 0 such that

dz(f(x),g(x)) <C,

for all x € X. The following equivalent characterization of quasi-isometries is
straightforward to show.

Proposition 2.1.4. Let f: (X,dx) — (Z,dz) be a quasi-isometric embedding
between two metric spaces. The map f is a quasi-isometry if and only if there
exists a quasi-isometric embedding g: (Z,dz) — (X, dx) suchthat fogandgo f
are close to the identity maps /dx and Idz, respectively.

Remark. There are a lot of structural similarities between quasi-isometries and
homotopy equivalences in algebraic topology. While homotopy equivalences relax
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Chapter 2. In the Business of Constructing Function Spaces

the notion of homeomorphisms between topological spaces, quasi-isometries relax
the notion of classical isometries between metric spaces. In this analogy, closeness
of quasi-isometric embeddings corresponds to homotopic maps. Both notions
of equivalence are not cardinality dependent, e.g. R" is homotopy equivalent to
a point. The motivations for quasi-isometries and homotopy equivalences are
also similar, namely to study invariant properties of spaces. In the same way
that homotopy equivalences preserve homology and cohomology groups, quasi-
isometries preserve several metric space invariants such as asymptotic dimension
and hyperbolicity. We will study these metric space invariants in Paper [A]

In the next section we are interested in a special class of metric spaces that we

now develop.

Definition 2.1.5. Let Q := (Q;);er be a collection of subsets of a non-empty set X
such that U;¢;Q; = X. Define the admissibility constant Ngq as

Ng = supli’|, i*::{jeI:Qiﬂqut(Z)}.
iel

We say that Q is an admissible covering if Ng < oco.

We refer to i* as the set of neighboring indexes of i € I. Conceptually, the
requirement Ng < oo ensures that admissible coverings are not too clustered.

Example 2.1.6. For examples of admissible coverings we refer the reader to Ex-
ample[A.2.4] Example[A.2.8] and Example[A.2.9] For a counterexample, consider
X = B(0,1) \ {0} c R? and start with the two sets in polar coordinates

IA
IA

1,0

IA

r

¢

IA
3
_

01,1 = {(7,@ €X:

IA
IA
IA
IA

r<l,n

¢

D= N =

2a).

We refer to {Q1,1,01.2} as the first layer. The second layer will have radius
values 1/4 < r < 1/2. More generally, the n’th layer will have radius values
1/2" < r < 1/2"!. As we go further inwards, we rapidly divide the length of the
angles. More precisely, for the n’th layer we divide [0, 2] into (n + 1)! elements.
Hence we have a collection Q = (Qy.x)nenw Where k = 1,...,(n + 1)! for each
n € N. It is clear that Q is a covering of X. However, Q is not an admissible
covering since

Q1,2 = {(ra@ €X:

{(n, k) : Qo) N Qi) # O} = [{k : Qo) N Qa1 k) # O} =m + 1.
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2.1. Basic Facts From Large Scale Geometry

Figure 2.1: The first three layers of the non-admissible covering.

Let us connect the admissible coverings with concepts from large scale geom-
etry. Firstly, we need to associate to any admissible covering a metric space. To

do this, we use the terminology Q-chain to refer to a sequence Q;,,...,Q;, € Q
suchthat Q;; N Q;,,, # O forevery 1 <l < k-1.Ifx € Q; and y € Q;,, then we
call the sequence Q;,, ..., Q. a Q-chain of length k between x and y. We use the

notation Q(k, x, y) to denote the (possibly empty) set of all Q-chains of length k
between x and y. With this, we have the following definition.

Definition 2.1.7. Let Q := (Q;);c; be an admissible covering on X. Define dg to
satisfy dg(x,x) = 0forx € X and

do(x,y) =inf{k: Q(k,x,y) #0}, x,yeX, x#y,

where we use the convention that infimum over an empty set is infinity. We refer
to dq as the associated metric to the covering Q.

Despite the name, it is possible that dp(x,y) = oo for some x,y € X. As
an example, consider Q = {Q, O¢} where both Q and Q¢ are non-empty. Then
do(x,y) = co wheneverx € Q and y € Q°. To ensure that the associated metric dq
is in fact a metric in the classical sense, we need to require that for all x, y € X there
exists k € N such that Q(k, x, y) is non-empty. We refer to admissible coverings
that satisfy this criterion as concatenations.
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Chapter 2. In the Business of Constructing Function Spaces

Now that we have a metric space (X, dgq) associated to any concatenation we
can apply the theory from large scale geometry to coverings. This is investigated
in detail in Paper[A]

2.2 Decomposition Spaces

The goal of this section will be to give a conceptual overview of decomposition
spaces. Moreover, we will use the notions from large scale geometry developed in
Section[2.1]to discuss geometric embeddings between decomposition spaces. This
is a novel concept that is investigated in Paper[A]and Paper[B] We omit some details
in the following definitions for brevity. Precise definitions are given in Section[A.4]

Let Q := (Q;)ier be an admissible covering on a locally compact space X.
We say that a collection of non-negative continuous functions @ = (¢;);cs i a
bounded admissible partition of unity for Q if supp(¢;) C Q; and for every x € X

we have
Z pi(x) =1.
iel

For simplicity, we refer to ® as a Q-BAPU.

Definition 2.2.1. Let Q = (Q;);er be a concatenation on a locally compact space
X with a Q-BAPU @ := (¢;);c;. We consider a Banach space (B, || - ||g), where
B is a subspace of a set of distributions on X. Let (Y, || - ||y) be a Banach space
consisting of sequences on the index set I. The decomposition space D(Q, B,Y)
consists of all distributions f such that

Ifllp@zy) = || (f - @illB)ier |ly < oo (2.2.1)

We refer to B as the local component of D(Q, B,Y), while Y is called the global
component of D(Q, B,Y).

The idea behind decomposition spaces is that we are looking for distributions
that are locally well-behaved with respect to (B, || - || ), while being globally well-
behaved with respect to (Y, || - |ly). Under suitable assumptions on @, B, and Y,
the decomposition space D(Q, B,Y) does not depend on the choice of bounded
admissibly partition of unity ®. However, it heavily depends on the choice of the
concatenation Q.

The decomposition space D(Q, B,Y) is a Banach space with the norm (2.2.1).
Moreover, the dual space of D(Q, B,Y) is also a decomposition space and can be
identified with

D(Q,B,Y) ~D(Q,B",Y").

In particular, if both B and Y are reflexive Banach spaces, then D(Q, B,Y) is a
reflexive Banach space as well.
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Example 2.2.2. Some of the most well known examples of decomposition spaces,
like the modulation spaces and the Besov spaces, are not precisely of the form in
Definition[2.2.1] They instead incorporate the Fourier transform in their definition.
For the case of the modulation spaces M? (R") we can use the covering

Q= ([-1,1]" + k)xezn

on R and the norm
Iflor@.Lr.ir) = “(HT_l (F1 i) HU’(R"))

where @ = (@i )kezn is a Q-BAPU. The norm ([2.2.7)) is equivalent to the norm on
MP(R™) given in (I.5.1).

More generally than Example 2.2.2] we denote decomposition spaces on R”"
that use the Fourier transform as in by DF(Q, LP,Y). Here Y is a general
global component, I < p < oo, and Q is a concatenation on R". The space
DT(Q, LP,Y) is called a F-type decomposition space. For more details we refer
the reader to Subsection [A.4.1]

To weave together the material in Section [2.1] with decomposition spaces, we
consider embeddings between decomposition spaces that play well with the large
scale geometry of the underlying coverings. While we give a precise definition
in Paper [A] for this, let us give an intuitive description here. As the definition
we give does not depend on whether we consider decomposition spaces or ¥ -
type decomposition spaces, we restrict ourselves to decompositions spaces for
simplicity.

Let X and Z be locally compact spaces with concatenations Q and P, respec-
tively. We can consider two decomposition spaces D(Q, By,Y;) and D (P, B,,Y>)
and a Banach space embedding

F: D(Q,Bl,Yl) i D(P,Bz,YZ).

, 222
(2 (2.2.2)

kezn

The map F is called a geometric embedding if F induces a quasi-isometric embed-
ding F.: (X,dq) — (Z,dp) between the associated metric spaces (X, dg) and
(Z,dp). What we have described here is really a consequence of the more careful
definition of a geometric embedding, see Definition [A.4.5] However, it is really
this consequence we are interested in. From a geometric standpoint, geometric em-
beddings between decomposition spaces are Banach space embeddings that respect
the large scale geometric structure of the underlying coverings.

Parts of Paper |A| and Paper [B| are dedicated to determine the existence of
geometric embeddings between decomposition spaces. To show non-existence, a
strategy is to prove that there is no quasi-isometric embedding between the underly-
ing metric spaces. As an example, we derive the following result in Theorem|[A.5.2]
for the classical modulation spaces:
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Chapter 2. In the Business of Constructing Function Spaces

Theorem 2.2.3. Forany 1 < p,q < oo there is a tower of geometric embeddings
MP4(R) — MP4(R?}) — -+« — MP4(R") —> -,

while there are no geometric embeddings in the other direction. As a consequence,
the Feichtinger algebra So(R) := M1 (R) embeds geometrically into any modu-
lation space MP9(R") for 1 < p,q < oo andn € N.

2.3 Modulation Spaces on Stratified Lie Groups

In Paper [B| we study a-modulation spaces on certain stratified Lie groups. As this
is a technical topic, we go through modulation spaces on stratified Lie groups as
a special case. We refer the reader to [27, 28| 30} [54} (91} 93] |94, 95]] for more
on a-modulation spaces in the Euclidean setting. Let us quickly recall some basic
notions for stratified Lie groups.

Definition 2.3.1. Let G be a Lie group that is both connected and simply connected.
We say that G is stratified if its Lie algebra g can be given a stratification

G=Vie- Vs [Vl = {Vj+1, %f].— 1,...,5—1 .
{0}, if j=s

The two numbers s and k = dim(V;) are invariant under the choice of strat-
ification and are called the step and rank of G, respectively. A stratified group is
nilpotent, and hence also unimodular.

An important tool for stratified Lie groups is the fact that the exponential map
expg: § — G is a global diffeomorphism. As such, we can represent any stratified
Lie group G as (R", %) for n = dim(G) and a product *g. The product ¢ is
polynomial and thus relatively concrete to work with. Under the identification with
the exponential map we have that L?>(G) is identified with L?>(R"). Moreover,
we can, due to the polynomial nature of the exponential map, define the Schwartz
space S(G) on G as simply the usual space S(R™). Phrased another way, we have
the following observation:

Neither the space L?(G) nor the space S(G) really sees the geometry of G. If we
have another stratified group H with dim(G) = dim(H) = n, then we can identify
L*(G) = L>*(H) = L*(R") and S(G) = S(H) = S(R").

This leads to a natural question: Is there a nice space (or class of spaces) on a
stratified group that detects the geometry of the group? We show in Paper [B] that
the answer is affirmative for the @-modulation spaces. In this introductory section,

30



2.3. Modulation Spaces on Stratified Lie Groups

we are content with defining the modulation spaces MP-4(G) for 1 < p,g <
that corresponds to the case a = 0.

Recall that in Example we used the covering Q = ([—1,1]" + k)gezn
to define the modulation spaces M?-4(R™). To generalize this, we first need to
pick an analogue to the “reference set” [—1, 1]". A suitable way to do this for a
general stratified Lie group (R", *¢) is to pick a homogeneous quasi-norm || - ||
and consider the reference set given by the unit ball

BI,1) = {x e R" : ||x]|| < 1}.

We refer to Definition [B.2.2]for the definition of a homogeneous quasi-norm.

Another obstacle is that we do not necessarily have a natural analogue of Z".
In fact, not every stratified Lie group possess lattices. However, we can bypass this
obstacle with the following construction: Consider the collection:

{xxg BV, D}, .= {BI"(x, D} 0. (2.3.1)

It is obvious that the collection (2.3.1)) is not an admissible covering. However, we
show in LemmaB.3.4]that it is always possible to find elements {x;};c; C R” such
that the sub-collection

UG) = {B"x;, 0},

is a concatenation.

To continue towards a definition of modulation spaces on (R",*5) we need
the existence of a U (G)-BAPU. For this, we actually need to restrict to rational
groups that have step less than or equal to two. We say that a stratified Lie group
G is rational if there exists a lattice in G. Although we hope that this restriction
can be lifted in the future, we need these conditions for now. We refer to a rational
stratified Lie group of step less than or equal to two as an admissible Lie group for
simplicity. With this in place, we can define the modulation spaces M7-4(G) as
follows:

Definition 2.3.2. Let (R”, ¢, ||-||) be an admissible Lie group with ahomogeneous
quasi-norm || - ||. Fix a U(G)-BAPU @ = (¢;)ic; for (R", xg,| - ||). The
generalized modulation space MP-4(G) for 1 < p,q < oo consists of appropriate
distributions f on R that satisfy the condition

< oo.
14(1)

1 lrace = (17" G- T ller

iel

We have been purposely vague with regard to what we mean by “appropriate
distributions” to simplify the exposition. The reader should rest assured that all
the technical details are carefully explained in Paper Bl We also develop basic
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Chapter 2. In the Business of Constructing Function Spaces

properties of the spaces M?-9(G) in Paper [B| For p = g = 1 we obtain the space
So(G) as a direct analogue to the Feichtinger algebra So(R™). A special case of
the main result of Paper B given in Theorem [B.5.6]can be stated as follows:

Corollary 2.3.3. Let (R", %) be an admissible Lie group. Assume that the spaces
So(G) and Sy(R™) coincide, that is,

So0(G) = So(R™).

Then (R”", %) is isomorphic to (R”, +) where + denotes the usual addition on R”.
Hence the Feichtinger algebra can detect the geometry of the group.

Remark. Recently, there has been increased interest in extending classical time-
frequency analysis to the nilpotent setting. We refer the reader to [83]] where certain
modulation spaces are constructed on nilpotent Lie groups from the perspective of
coorbit theory.
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Chapter 3

From Classical to Quantum
Harmonic Analysis

In this chapter, the aim is to give a short introduction to quantum harmonic analysis.
We have already started to lay the groundwork for this in Section[I.4] One can trace
the origin of modern quantum harmonic analysis back to the paper [[153]]. While
this is a rather specialized topic, we hope to convince the reader that the viewpoint
of quantum harmonic analysis is both natural and valuable.

In Section we will explain the Fourier Wigner transform and how this
connects with the Weyl quantization and the symplectic Fourier transform. We will
introduce operator convolutions in Section [3.2]and develop some basic properties.
Finally, in Section we will move towards the affine setting and set up the affine
Weyl quantization and the affine Wigner distribution. This is the starting point for

Paper D] and Paper [E]

3.1 The Fourier Wigner Transform

The aim of quantum harmonic analysis is to extend the basic objects in harmonic
analysis, namely the Fourier transform and convolutions, to the operator setting.
By doing this in the correct way, one obtains a framework able to represent objects
such as the short-time Fourier transform and localization operators in an elegant
manner.

In this section we will explain how one obtains an operator-theoretic version
Fw of the symplectic Fourier transform ¥,. The approach to do this is based on
the representation-theoretic viewpoint we developed in Section [I.6] For a Hilbert
space H we will denote by B(H) the space of bounded linear operators on H.

Definition 3.1.1. Let 7: G — U(H,) be a unitary representation of a locally
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compact group G. The integrated representation of n is the map
7 L'(G) — B(Hy)

given by
(P = /G FO) W du(x). v e Hy

The integrated representation satisfies the property
7(f *G g) =7(f) o A(g),

where *g denotes the convolution product

(f 6 9)(x) = /G FO)8(y %) dur (y). G.LD)

where f,g € L'(G) and x € G. Let us see how this construction manifests itself
for the Schrodinger representation p of the reduced Heisenberg group.

Example 3.1.2. Consider the integrated Schrodinger representation
p: L'(H}) - B(L*(R"))

given by

1
ﬁ(f)lﬁZ/ / f(x,w, e¥7T) 2T e IXO M T dT dx dw.
r2n Jo

Notice thatany f € L' (H") of the form f(x, w, e™7) = f(x,w, 1) forallt € [0, 1]
satisfies 5(f) = 0. To avoid this, we restrict to the subspace U ¢ L!'(H") of
functions of the form

f(x, w, 627”'7) — g(x’a))e—Zm'T,

for some g € L'(R?"). Then the integrated Schrodinger representation for f € U
becomes

ﬁ(f)tﬁ:/ g(x, w)e XM T dx dw. (3.1.2)
RZn

Due to the clear correspondence U «> L'(R?") we will simply write 5(f) for
f € L'(R?") for simplicity when we consider (3.1.2).
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An important observation is that the integrated Schrodinger representation p is
an isometry when viewed as a map

5. LY(R*™) n L*(R*) —» HS(L*(R™)),

where the left-hand side is equipped with the L?-norm. In fact, it follows from e.g.
(68, Theorem 1.30] that g extends to a unitary map

p: LX(R*) — HS(L*(RY)).
Hence the following definition is well-defined.

Definition 3.1.3. For an operator T € HS(L?(R")) the function
Fw (1) = p~(T) € L*(R*")
is called the Fourier Wigner transform of T.

The Fourier Wigner transform is thus a unitary operator
Fw : HS(L*(R")) — L*(R™).
This should be viewed as the Plancherel Theorem in quantum harmonic analysis.

Definition 3.1.4. Let S be a compact operator on a separable Hilbert space H and
let1l < p < co. We say that S is a Schatten-class operator of order p if the sequence
of singular values {s,(S)},en of S belongs to [P (N). For p = 1 we say that S is
a trace-class operator. For p = 2 the operator S is precisely a Hilbert-Schmidt
operator.

Recall that the symplectic Fourier transform %, maps functions in L' (R?") to
continuous functions on R?" that vanishes at infinity. The analogous statement for
quantum harmonic analysis [[125, Proposition 6.5] is that Fy (.S) is continuous on
R2" and vanish at infinity whenever S is a trace-class operator.

Let {e,}nen be an orthonormal basis for the Hilbert space 4. Then for a
trace-class operator S we can define the frace of S as the complex number

tr(S) = Z(Se,,,enm (3.1.3)

neN

It should come as no surprise that the trace in (3.1.3)) does not depend on the choice
of orthonormal basis, see [67, Appendex A]. It is important to realize that any
trace-class operator is also a Hilbert-Schmidt operator. For trace-class operators
we have the following result, see [[125| Proposition 6.2].
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Chapter 3. From Classical to Quantum Harmonic Analysis

Proposition 3.1.5. For a trace-class operator S the Fourier Wigner transform
Fw (S) is given by

Fw (S)(x, w) = e ¥ tr (M_, T_S) . (3.1.4)

Example 3.1.6. Consider a rank-one operator ¢ ® 7 for ¢,1 € L*>(R"). A simple
computation based on (3.1.4) shows that

Fw (¢ ® ) (x,w) = ™V, 0(x, w),

where V;,¢ is the short-time Fourier transform. More generally, consider a finite-

rank operator
m
S = Z i ®n;
i=1

where ¢;,1; € L*>(R") for i = 1,...,m. The Fourier Wigner transform of S is
given by

Fw (S)(x,w) = Z Fw (@i @ 1) = ™ Z Vi (x, w).

i=1 i=1

Recall from Section that any Hilbert-Schmidt operator S on L?(R") can
be uniquely written as § = L, for some o= € L*(R*"). For simplicity we write
S = S, when we want to emphasize the symbol o of §. We end this section with
the following elegant relationship between the Fourier Wigner transform and the
Weyl quantization.

Theorem 3.1.7. Let S, be a Hilbert-Schmidt operator on L*(R™) with symbol p.
Then p is given by
p = FoFiv (Sp), (3.15)

where F is the symplectic Fourier transform.

Proof. Recall that finite-rank operators are dense in the space of all Hilbert-Schmidt
operators. Hence it suffices to prove (3.1.5)) in the case of rank-one operators since
both Fourier transforms ¥y and ¥, are unitary transformations. Let S = ¢ @ n
for ¢, n € L?>(R™). Then, as we saw in Example we have

Fw (5)(x, 0) = ™V, 0(x, w)

for (x,w) € R?". On the other hand, it follows from Example that the symbol
of S is W(¢, n), where W is the cross-Wigner transform. Hence the conclusion of

Theorem follows from (1.3.2). mi
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There are many other properties of the Fourier Wigner transform that have been
investigated. We refer the reader to [[125] Proposition 6.6] for an operator-theoretic
version of the Hausdorff-Young inequality for the Fourier Wigner transform. In the
next section, we will see how the Fourier Wigner transform interacts with certain
operator convolutions.

3.2 Operator Convolutions

Central to classical harmonic analysis is the notion of convolution. Recall that for
a locally compact group G the space L'(G) is an algebra under the convolution
product g in (3.1.1). An important property is that ¢ detects whether or not the
group G is commutative; the convolution product *¢ is commutative if and only if
G is a commutative group, see [47, Theorem 1.6.4]. Moreover, in the case where
G = R?", the symplectic Fourier transform 7 satisfies the formula

7_-0'(f *R2n g) = 7:0'f : 770'8 (3-2-1)

for f,g € L'(R?"). If there is no cause for confusion, we will simply write f * g
instead of f #gon g for the convolution on the group R?"*.

The goal of this section is to extend the convolution (3.1.1) to the setting of
operators. Firstly, we would like to define a convolution between a function f and
an operator S. To mimic (3.1.1) we need to be able to shift the operator S in an
appropriate way.

Definition 3.2.1. Write z := (x,w) € R* and n(z) := M,T,. Then we can for
any bounded operator A € B(L*(R")) define the shift a;(A) by z as the bounded
operator given by the conjugation

az(A) = n(z)An(z)".

The reader can verify that we have the elementary property @ a,, = @;1y,,. We
can now define the convolution between a function and an operator as follows.

Definition 3.2.2. Let f € L'(R?") and let S be a trace-class operator on L?(R").
The (function-operator) convolution f % S is the trace-class operator on L*(R")
acting on ¢ € L?>(R") by

(Fx90= [ f@epd (322)

We remark that should be interpreted as a vector-valued integral, see
[125] Section 2.3] for details. The fact that f % § is a trace-class operator follows
from [125 Proposition 2.5]. If we have two elements f,g € L'(R**), then
a straightforward computation shows that the two expressions (f * g) x S and
f * (g % S) coincide.
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Chapter 3. From Classical to Quantum Harmonic Analysis

Example 3.2.3. Let us consider the case when S := ¢ ® ¢ for some ¢ € L>(R").
Then for f € L'(R*") we have

(rxsw= [ rateow

= /Rz” f@Ven(2)e dz
= ALY,

where ﬂf is the localization operator given in (I.2.9). As such, localization
operators are a special case of operators that can be investigated through operator
convolutions.

We would also like to define the convolution between two operators S and 7.
To do this, we will first need to extend the parity operator P to the operator setting.

Definition 3.2.4. Given an operator A € B(L*(R")) we can define the flipped
operator A as
A = PAP* = PAP,

where P is the parity operator Pg(x) := g(—x) for g € L>(R").
It is clear that flipping an operator is an idempotent operation, i.e. A= A. The

purpose of the parity operator is to make the convolution between two operators
commutative.

Definition 3.2.5. Let S and T be two trace-class operators on L>(R"). The
(operator-operator) convolution S % T is an integrable function on R** given by

(S*T)(z) =tr(Soa, (T)), z € R,

We refer the reader to [|125, Lemma 4.1] for a proof of the integrability of Sx 7.
The following result, which follows from a straightforward computation, shows
that the new convolutions are compatible.

Theorem 3.2.6. Let f € L'(R?") and let S and T be two trace-class operators on
L%*(R™). Then
(f*S)*T=f*(SxT).

Moreover, we have S * T =T % S.

Central to the theory of quantum harmonic analysis is the following result,
mimicking the classical relationship (3.2.1). For a proof we refer the reader to
(125} Proposition 6.4].
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Proposition 3.2.7. Let f € L'(R?") and consider two trace-class operators S and
T on L?(R™). We have the decoupling equations

Fw (f *xS) =Fof Fw(S)
Fo(S*T) =Fw(S) - Fw (T).

Example 3.2.8. Assume that § := ¢ ®17 for ¢, 7 € L>(R"). What can we say about
the function S x §*? By using Proposition and Example [3.1.6| we have that

For (S *87)(x,w) = Fw (¢ @) (x,w) - Fw (7 ® ¢) (x, w)

= ez”ix“’Vngo(x, w) - Von(x, w)
=Vye(x, w) - Vyo(=x, —w).

If the pair (¢, ) is such that V,,¢(—x, —w) = V,¢(x, w) for all (x,w) € R2", then

For (S % S7) = Spec,, .

In this case, it follows from (1.2.8)) that
S*S*=Vyp- V.

To exemplify, if ¢(x) = n(x) = 2% ¢~ then we have that

S*S*(x,w) — e—7r(|x|2+|a)|2)‘

3.3 Turning Towards the Affine Setting

In Paper D] and Paper [E| we are concerned with an affine version of the Weyl
quantization. In Paper [E] we also consider operator convolutions and an affine
Fourier Wigner transform. The end-result is that we build a full-fledged affine
quantum harmonic analysis framework. As a setup, we will go through some
constructs on the affine group and define the affine Weyl quantization in a rigorous
manner.

Recall the affine group Aff from Example[1.6.8] To elaborate, the affine group
Aff and its Lie algebra aff can be given the matrix representations

Aff:{(g )lc):a>0,x€R}, aﬁ={(g 5):u,v€R}.

The affine group is not unimodular; the left and right Haar measures are given by

dx da dx da
/lL(x’ (1) = az 5 :uR(x’ a) = a .
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Chapter 3. From Classical to Quantum Harmonic Analysis

The wavelet representation 7: Aff — U(L*(R)) in gives rise to the
continuous wavelet transform W, f for f,g € L*(R) defined in (I.6.3). Rather
than working with 7, we work with a unitary representation defined as follows: The
unitary representation U: Aff — U (L?(R,)) of the affine group Aff is given by

U(x,a)y(r) = e*™"y(ar), v € L*(R,).

We remark that L?(R,) is the space of square integrable functions on the multiplica-
tive group R, := (0, co) with the Haar measure ~' dr. Using the representation U
we can form the following operator.

Definition 3.3.1. Let A: R — R, denote the function

uet

A =
() = ——.

u € R.

We can for each point (x, a) € Aff form the Stratonovich-Weyl operator Q(x, a) as
the densely defined operator given on L*(R,) by

vet

Qx,a)y(r) = a/Rz e 2milxurav) iy (m

e“) Y(r)dudv.

To get a quantization scheme, we will need to consider the space LZ(Aff)
consisting of measurable functions f: Aff — C that satisfy

Y dad
s = [ sl it = [~ [ lrwar 28 <o

Using the Stratonovich-Weyl operator we can form the following correspondence:
For f € L?(Aff) we consider the operator A fe L*(R,) — L*(R,) given by

Apu(r) = / /0 FraQEaw) By e 2w,

a

We refer to f +— Ay as the affine Weyl quantization. We have the following result
from [73]]:

Proposition 3.3.2. The affine Weyl quantization f — Ay is a bijective isometry
between L2 (Aff) and the space of Hilbert-Schmidt operators on L?(R,). Given a
Hilbert-Schmidt operator A on L?(R,) we can calculate the inverse of the affine
Weyl quantization as

fA(-x’ (l) = IOOAK (a/l(u)’a/l(_u)) e—27rixu dl/t,

where Ax € L?(R, x R,) is the integral kernel of A. The element £} is called the
affine Weyl symbol of A.
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Using the affine Weyl quantization, we can define a notion of an affine Wigner
distribution motivated by the relation (1.4.2)). More specifically, by considering the
affine Weyl symbol of a rank-one operator we obtain the following definition.

Definition 3.3.3. For ¢,y € L*(R,) we define the affine (cross-)Wigner distribu-
tion WZ&'Z’ by the formula

WK&(Z)(X,Q) = —/_mlﬁ(aﬂ(u))me—bﬁxu du,

where (x, a) € Aff.

Remark. An important observation is that the affine Wigner distribution and the
affine Weyl quantization are defined using the right Haar measure pg. On the
other hand, the continuous wavelet transform W, f of f,g € L*(R) is heavily
linked with the left Haar measure ur, see e.g. [44, Proposition 2.4.1]. This
dichotomy is invisible in the classical Euclidean setting since the Heisenberg group
is unimodular.

Much of Paper [D| is dedicated to understanding subtle features of the affine
Wigner distribution. The results developed in Paper [D] are used in Paper [E] to
develop a quantum harmonic analysis framework for the affine setting. We remark
that the affine Wigner distribution has been present in the engineering literature for
many years, see Section [D.4]for a brief overview.
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Chapter 4

Summary of Papers

The main scientific contribution of the thesis consists of the five papers presented
in Part [IIl All five papers have been given minor modification from their pub-
lished/accepted counterparts to ensure consistent notation throughout the thesis.

Before commencing, we give a succinct overview of each of the papers from
Section [4.1] to Section [4.3] 1t is assumed that the reader has read the previous
chapters of the thesis so that we can utilize the built up terminology. For a more
in-depth overview of each paper, we refer the reader to the introductions of the
respective papers. Finally, we outline open problems and further directions of
study in Section .6]

4.1 PaperA—A Large Scale Approach to Decomposition
Spaces [19]

In Paper [A] we investigate general decomposition spaces through the lens of large
scale geometry. We build on the definitions and results presented in Section [2.1]
and Section 2.2] One of the main goals of the paper is to identify obstructions
to the existence of geometric embeddings between decomposition spaces defined
on different underlying sets. While there is not a singular main result in Paper [A]
we would like to highlight Theorem [A.4.9] describing the existence of spatially
implemented geometric embeddings between decomposition spaces.

The reader has already seen a concrete example illustrating the general theory
developed in Paper [A]in Theorem [2.2.3] Other examples include Besov spaces in
Proposition[A.4.10|and decomposition spaces on the Heisenberg group in Proposi-
tion[A.5.4] Throughout the paper, we employ techniques from large scale geometry
to derive the results. The paper is influenced by the works [59} |[115].
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4.2 Paper Bl—a-Modulation Spaces for Step Two Strati-
fied Lie Groups [14]

In Paper [B] we investigate modulation spaces (and more generally a-modulation
spaces) on a particular class of nilpotent Lie groups. The paper builds on the
ideas presented in Paper [A] and Section [2.3] The main aim of Paper [B] is to
determine whether the new function spaces on these nilpotent Lie groups are
in fact distinct from their Euclidean counterparts. The paper has a clear main
result, namely Theorem [B.5.6] A special case of Theorem [B.5.6| was presented in
Corollary 2.3.3] We also emphasize throughout Paper [B| that &-modulation spaces
on certain nilpotent Lie groups can be realized as distributions on Euclidean space.
This makes them more concrete to work with and less intimidating for readers
unfamiliar with nilpotent Lie groups.

Throughout the paper, tools from large scale geometry are used to prove results
that would otherwise be difficult to approach. The notion of geometric embeddings
introduced in Paper [A] is investigated in Section in the nilpotent setting. We
emphasize that the new a-modulation spaces can be realized on Euclidean spaces,
making them less obscure. The paper is influenced by the works [56), (64].

4.3 Paper [C—Interpolation in Wavelet Spaces and the
HRT-Conjecture [16]

In Paper [C| we attempt to extend the understanding of general wavelet spaces as
defined in (I.7.2)). Of particular interest are the Gabor spaces defined in (I.7.1). One
of the main results is Theorem|[C.4.2] showing that wavelet spaces are either equal or
completely distinct in the sense of having trivial intersection. A quick consequence
is Corollary[C.4.5] showing that differences between “wavelet functions” are never
non-zero functions of positive type.

Another interesting point is the connection in Proposition [C.6.1] between the
HRT-Conjecture and whether the Gabor spaces are fully interpolating as reproduc-
ing kernel Hilbert spaces. While there has been much work towards the solution of
the HRT-Conjecture in the last decades, we hope that involving reproducing kernel
Hilbert space theory can shed some light on the problem. Many of the results in the
paper are derived by using techniques from representation theory and reproducing
kernel Hilbert spaces. The paper is influenced by the works [77,|124].
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4.4 Paper D—The Affine Wigner Distribution [17]

In Paper [D| we investigate an affine Wigner distribution through the affine Weyl
quantization described in Section [3.3] While we formalize certain results present
in the engineering literature, we also develop new results that we believe are of
interest. As an example, we show existence and uniqueness results regarding a
minimization problem for the affine Wigner distribution in Theorem[D.8.1] In fact,
the precise number of minimizers of the minimization problem did not seem to be
known even for the Euclidean minimization problem (T.4.3).

Another result of interest is Theorem showing the connection between
the scalogram and the affine Wigner distribution. This result is the affine analogue
of (I.3.6). In Proposition [D.7.3] we show, as a side-effect, that the affine Wigner
distribution can not produce any analytic functions. This is in stark contrast with
the Euclidean Wigner distribution we considered in Section[[.3] We approach the
affine Wigner distribution from a more functional analytic standpoint than many
other sources. As such, proofs for various results emphasize arguments from
functional analysis rather than concrete computations. The paper is influenced by
the works [[12, 73]].

4.5 Paper E—Affine Quantum Harmonic Analysis [[18]

In Paper [E] we extend the quantum harmonic analysis framework described in Sec-
tion [3.1] and Section [3.2] to the affine setting. The goal is to represent concrete
operators, e.g. affine localization operators, in the language of operator convolu-
tions. One of the main results is Theorem [E.3.20] showing that affine convolution
can be used to represent the affine Weyl quantization. Another pleasant result is
Theorem [E.3.10] showing that coordinate functions are correctly quantized in the
affine setting by our approach. This indicates that our choice of quantization on the
affine group is the right one.

Quantum harmonic analysis in the affine setting is greatly affected by the non-
unimodularity of the affine group. We develop a theory of admissible operators in
the non-unimodular setting in Section This concept reduces to the traditional
notion of square integrability when considering rank-one operators. Although we
primarily use techniques from functional analysis to derive new results, we also
employ representation theory in many parts of the paper. The paper is influenced
by the works [76} 125}, [153]].
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4.6 Open Problems for Further Research

The five papers in Part|[[I| generate several new problems and directions of interest.
Let us, to intrigue the reader, mention a few of these:

Paper[Al In Subsection [A.5.3] we consider a decomposition space of hyperbolic
type. Specifically, we consider a decomposition space on the special lin-
ear group SL(2,R) where the underlying metric space is quasi-hyperbolic.
Almost nothing is known about this space, or more general decomposition
spaces of hyperbolic type. An interesting direction for further research is
to find relations between decomposition spaces of hyperbolic type and other
well-established mathematical objects.

Paper B The obvious open problem is to extend the main result, namely Theo-
rem to nilpotent Lie groups with higher step than two. Other than
this, Section discusses many directions of interest to pursue. One par-
ticularly appealing direction is to investigate the Feichtinger algebra Sy(G)
for an admissible Lie group G. Another problem is to determine whether the
modulation spaces M?-9(G) in Definition 2.3.2] can be given a coorbit de-
scription. We refer the reader to the author’s survey [[15]] for an introduction
to coorbit theory.

Paper|[C: Except for the HRT-Conjecture, we consider the following problem in
Section[C.7} Let 7: G — U(H,) be a square integrable representation and
let A, denote the equivalence classes of admissible vectors in H,; modulo
rotations by elements of T. We denote by G s the equivalence classes of
square integrable representations of G. Can we characterize the groups G
such that

D span {W,f : f € Ha} = L2(G)?
8€Ax

neGyg

Groups G satisfying the above criterion are called wavelet complete. We
refer the reader to Section [C.7] for some remarks and examples regarding
wavelet completeness.

Paper D In Section we discuss two open questions. The most pressing one
concerns the non-negativity of the affine Wigner distribution. Motivated by
Theoremthe goal is to characterize the functions ¢ € L?(R,) such that
the affine Wigner distribution WZH is non-negative on the affine group Aff.
We conjecture that this is the case precisely when y is a generalized Klauder
wavelet on the form

W (r) = Crrix+a) i i) C €C, (x,a),(y,b) € AfL.
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Paper [E; The most prominent direction to work on would be to generalize ad-

46

missible operators to the general non-unimodular setting. Moreover, since
affine quantum harmonic analysis is so new, it would be beneficial to connect
it with other mathematical objects. We refer the reader to Section for
connections to affine localization operators, covariant integral quantizations,
and affine Cohen class operators.
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Paper A

A Large Scale Approach to
Decomposition Spaces

Abstract

Decomposition spaces are a class of function spaces constructed out of
“well-behaved" coverings and partitions of unity of a set. The structure of
the covering determines the properties of the decomposition space. Besov
spaces, shearlet spaces, and modulation spaces are well known decompo-
sition spaces. In this paper, we focus on the geometric aspects of decom-
position spaces and utilize that these are naturally captured by the large
scale properties of a metric space associated to the covering. We demon-
strate that decomposition spaces constructed out of quasi-isometric covered
spaces have many geometric features in common.

The notion of geometric embedding is introduced to formalize the way
one decomposition space can be embedded into another decomposition space
while respecting the geometric features of the coverings. Some consequences
of the large scale approach to decomposition spaces are (i) comparison of
coverings of different sets, (ii) study of embeddings of decomposition spaces
based on the geometric features and the symmetries of the coverings, and (iii)
the use of notions from large scale geometry, such as asymptotic dimension
or hyperbolicity, to study the properties of decomposition spaces.

A.1 Introduction

Large scale geometry has its origins in the seminal work of Gromov in 86, 88]] and
has led to substantial progress in group theory, operator algebras, and geometry.
In this paper we add another item to the long list of applications of large scale
geometry: The theory of function spaces, in particular the decomposition spaces
of Feichtinger and Grobner 56, |59]]. The link between decomposition spaces and
coarse geometry has also been pointed out in the Ph.D. thesis of Koch [115].
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Paper A. A Large Scale Approach to Decomposition Spaces

Several function spaces in time-frequency analysis and harmonic analysis pos-
sess a description through a geometric decomposition of the domain space. These
spaces are referred to as decomposition spaces and contain among them Besov
spaces and modulation spaces. Since the inception of decomposition spaces in
[59]], a fundamental question has been to decide whether one decomposition space
embeds into another decomposition space. The first serious study of embeddings
between decomposition spaces was in [80].

Embedding questions have mostly been considered when the two decomposi-
tion spaces in question consist of functions/distributions on the same underlying
space, e.g. [[25} 54, 93] [118]]; an exception is the tour de force paper [[148|] where
many results treat the case where the underlying spaces are different open subsets
of the same ambient Euclidean space with non-empty intersection. We will inves-
tigate embeddings of a geometric nature between decomposition spaces defined on
entirely different sets by utilizing tools from large scale geometry.

Let us briefly sketch the construction of decomposition spaces, see Section[A.4]
for details. Consider a well-behaved covering Q = (Q;);ey on a set X and consider
a partition of unity ® = (¢;);e; subordinate to the covering Q. Decomposition
spaces consist of functions f: X — C that have nice local behavior with respect
to the partition @ measured in terms of a Banach space (B, || - ||g): This local
information is encoded in the sequence

fi=If- il el

Furthermore we want to ensure global regularity of f, which we obtain by
imposing the sequence (f;);e; to be an element of a suitable sequence space
(Y, || - |ly) over the index set I. Hence, the decomposition space D(Q, B,Y) is the
space of functions such that

Ifllo@.B.y) = I(fiietlly < co.

The way to relate decomposition spaces with large scale geometry is to associate
to any well-behaved covering Q on X a metric space (X, dg). The metric dg(x, y)
essentially counts the minimum number of borders of the sets Q; one needs to cross
when going from x to y. The important features of the covering Q are encapsulated
in the metric space structure of (X, dg).

Recall that a map F: (X,dx) — (Z,dz) between metric spaces is called a
quasi-isometric embedding if there exist constants L, C > 0 such that

Tdx(5.9) = C < d(F(), F() < Ly (v,0) +C.

for all x,y € X. Quasi-isometric embeddings are generalizations of isometric
embeddings that allow the spaces to be locally different as long as they have the
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A.1. Introduction

same global behavior. There is a standard notion of equivalence between coverings
Q, P on the same space X present in the literature [36} |59, [118] [148]]. We give a
new proof of Proposition[A.2.7]stating that the coverings Q and ¥ are equivalent if
and only if the identity map Idy : (X,dq) — (X, dp) is abijective quasi-isometric
embedding. The statement goes back to the paper [59]] and has been recently proved
in a special case in the Ph.D. thesis of Koch [[115]] where its purpose was to compare
decomposition spaces with coarse geometric methods. This framework provides a
natural extension of equivalent coverings to coverings defined on different sets.

The functorial way of associating the metric space (X, dgq) to the space X
equipped with the well-behaved covering Q allows us to consider quasi-isometric
invariant properties of the covering Q. In particular, we discuss the asymptotic
dimension, growth type, and quasi-hyperbolicity of a well-behaved covering. These
properties will be used time and time again in later sections to simplify arguments
already present in the literature.

There is a canonical way of associating to a path-connected, locally compact
group G a covering U (G) reflecting the group operation introduced in [56]]. We
will show in Theorem [A.3.2] that we can reduce the problem of understanding
the covering U (G) to the study of the asymptotic dimension, the growth type, or
the hyperbolicity of certain finitely generated subgroups of G. This is explored
in more detail for stratified Lie groups in Proposition [A.3.4] and solvable groups
in Proposition [A.3.10 where the finitely generated subgroups are respectively
nilpotent and strongly polycyclic.

For a stratified Lie group G and a lattice N in G, we establish in Theorem|[A.3.6|
a correspondence between the growth type of the metric space (N, dq/(c)) and the
homogeneous dimension of the stratified Lie group G. We remark that in a sub-
sequent paper [14], the first author constructs decomposition spaces (specifically
a-modulation spaces) on a wide range of stratified Lie groups. Techniques devel-
oped in this paper are heavily used in [[14] to deduce non-trivial results regarding
the resulting decomposition spaces.

Consider two decomposition spaces D(Q, By, Y1) and D (P, By, Y») related to
the coverings Q and P on the locally compact spaces X and Z, respectively. We
will investigate the existence of Banach space embeddings

F: D(Q,B1,Y1) = D(P, B, Y2)

that induce a quasi-isometric embedding between the metric spaces (X, dg) and
(P,dp). These embeddings are called geometric embeddings and are introduced
in Subsection[A.4.2] Two highlights are Proposition[A.4.6] showing that geometric
embeddings induce quasi-isometric embeddings of the underlying coverings, and
Theorem[A.4.9] showing when quasi-isometries between the metric spaces (X, dq)
and (Z, dp) can induce geometric embeddings between the decomposition spaces
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D(Q, Bl, Y]) and D(P, BQ, Yg).

In Section[A.5| we look at geometric embeddings between well known decom-
position spaces such as the modulation spaces M?-4(R"). In Theorem [A.5.2] we
show that there is a tower of compatible geometric embeddings

r} T e
MP4(R) — MP9(R?) = ... 5 MP9(R") 2 ...

2

while there are no geometric embeddings in the other direction. Combining this
result with [[81, Theorem 12.2.2] shows that there exists a geometric embedding
from the Feichtinger algebra Sy(R) := M !(R) to any of the modulation spaces
MP-4(R").

Finally, we consider in Subsection [A.5.3|the decomposition space

DP9 (SL(2,R)) = D(U(SL(2,R)), LP, 19)

on the semisimple Lie group SL(2, R). The associated metric space (SL(2,R), dq)
is quasi-hyperbolic by Proposition[A.3.TT]and we show in Proposition[A.5.7]that the
decomposition space DP9 (SL(2,R)) is radically different from the modulation
spaces and Besov spaces.

In order to make this paper accessible for a broad audience we have included
basic results and definitions from large scale geometry. These are given when
they are needed rather than including them in an appendix since there are several
excellent introductory texts available [121}|133]].
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A.2 From Admissible Coverings to the Large Scale Setting

A.2.1 Covered Spaces and Associated Metric Spaces

The first order of business is to associate a metric space to any sufficiently nice
covering. Let X be a non-empty set. A collection Q = (Q;);c; of non-empty
subsets of X is called an admissible covering if it is a covering of X such that

Ng=supli’| <o,  i"={jel:0;NQ;+0}.

iel
We will call the constant Nq the admissibility constant of the covering, while i* is
called the set of neighboring indices of i € I. The sets Q; for j € i* are called the
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neighbors of the set Q;. This notion can be inductively extended by i** = (;(k=D*)*
for k > 2. Moreover, the abbreviations

Q; = U Qj, oF = (Q("‘”*)*, k>2

JEi*

will be used to ease the notation. Note that i € jX* if and only if j € i** for all
k > 1. For other properties of neighboring indices, see [59, Lemma 2.1][T]

We call a sequence Q;,,...,Q;, € Q withx € Q; andy € Q;, a Q-chain from
x to y of length k whenever Q;; N Q;,,, # 0 forevery 1 <[ < k — 1. The notation
Q(k,x,y) will be used to denote all Q-chains of length k from x to y. We will
need one additional assumption on admissible coverings so that we can associate
to them metric spaces in a natural manner.

Definition A.2.1. An admissible covering Q on a set X is called a concatenation
if for every pair of points x,y € X there exists a positive number k € N such that
Q(k,x,y) # 0. We will refer to the pair (X, Q) as a covered space whenever Q is
a concatenation on X.

The notion of a concatenation first appeared in [[59] and is equivalent to the
requirement that
x=|JoF,
k=1

for some (and hence all) Q; € Q.

Definition A.2.2. Define the metric dgq on the covered space (X, Q) by the rule
dq(x,x) =0, dq(x,y) =inf{k:Q(k,x,y) # 0}, x,ye€X, x#y.

The defining properties of a covered space ensure that (X, dg) is a metric space.
We will refer to (X, dgq) as the associated metric space to the covered space (X, Q).

The metric space (X, dq) was introduced in [59] together with a few basic prop-
erties. Notice that (X, dg) is a uniformly discrete metric space since dg(x,y) > 1
whenever x and y are distinct points.

A common way of comparing two coverings on the same space is as follows: Let
X be a set equipped with two admissible coverings Q = (Q;)ier and P = (P})jecs.
We say that Q is almost subordinate to P and write Q < P if there exists a k € N
such that for every i € [ there is a j € J with Q; C Pj?*. The coverings Q and
P are said to be equivalent if both Q < £ and £ < Q hold. It follows that any
admissible covering Q on a set X is equivalent to the covering Q** := {Ql’F* |iel}
for any £ > 1. So far in the study of decomposition spaces, only coverings on the
same set have been compared in the literature.

IThe reader should be aware that first statement in |59, Lemma 2.1] is false.
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Definition A.2.3. A (metric) net in a metric space (X, dx) is a subset N of X such
that there exists a constant M > 0 with

inf dx (x,y) < M,
yeN

forevery x € X. Amap F: (X,dx) — (Z,dz) between metric spaces is called a
quasi-isometric embedding if there exist constants L, C > 0 such that

Fdx(6,) = € < dz(F(x), F(y)) < Ldx (x,7) +C,

forall x, y € X. The constants L, C are called the parameters of the quasi-isometric
embedding. The map F will be called a guasi-isometry if it in addition satisfies
that F(X) is a netin Z.

The notation (X, dx) =~ (Z,dz) indicates that there exists a quasi-isometry
between the metric spaces (X, dx) and (Z, dz). It is common to refer to the quasi-
isometry class of a metric space as its large scale geometry. A quasi-isometric
embedding can have discontinuities and need not be injective. We can always
choose the parameters L and C of a quasi-isometric embedding to be integers by
enlarging them.

Two maps F,G: (X,dx) — (Z,dz) between metric spaces are said to be
close if there exists a constant C > 0 such that

dz(F(x),G(x)) < C,

for every x € X. It follows from [121} Proposition 5.1.10] that a quasi-isometric
embedding F: (X,dx) — (Z,dz) is a quasi-isometry if and only if there exists a
quasi-isometric embedding G: (Z,dz) — (X, dx) suchthat G o F and F o G are
close to their respective identity maps.

Example A.2.4. It is illustrative to see that the class of metric spaces that can be
obtained as the associated metric space of a covered space is rather large. Let G
be a finitely generated group with a symmetric generating set X that contains the
identity element of G. We obtain a left-invariant metric dg on G by defining

dg(g.h) =min{n: g 'h=0y- -0y, 0y €Z}. (A.2.1)

Consider the covering Q := (gX)gec on G. The admissibility condition is satisfied
due the cardinality of the generating set X.

To see that Q is a concatenation it suffices to connect the identity to an arbitrary
element g := o --- 0y where o; € Xfori =1,..., k. The chain

2,012, 0100%,...,8%
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connects the identity to g and we have

o1 Osp1 € (012 05Z) N (01 -+ Ts412)

ldg: (G,dq) — (G,dg) is a quasi-isometry. Moreover, it follows from the result
(133 Theorem 1.3.12] that any other choice of finite generating set than X in (A.2.1)
would give a quasi-isometric metric space.

for every 1 < s < k — 1. Hence (G, Q) is a covered space where the identity

Proposition A.2.5. Let (X, Q) and (Z, P) be covered spaces. Then a map
F: (X,dg) — (Z.dp)

is a quasi-isometric embedding if and only if there exist constants L, C € N such
that

k-C
Q(L(k+C),x,y) 20,  Q ({TJ ,x,y) =0, (A2.2)
for every x,y € X, where k is the smallest natural number such that
P(k,F(x), F(y)) # 0.

Proof. Let F: (X,Q) — (Z,P) be a map that satisfies (A.2.2). Fix x,y € X
and choose the smallest k € N such that dp(F(x), F(y)) < k. Then we have
P(k, F(x), F(y)) # 0 and it follows that

Q(L(k+C),x,y) #0.

Hence dq(x,y) < L(k+C). The upper bound in the definition of a quasi-isometric
embedding is verified similarly. Conversely, let F: (X, dq) — (Z, dp) be a quasi-
isometric embedding with integer parameters L,C > 0. Fix x,y € X and let
k :==dp(F(x), F(y)). Then we have

k-C

Lk+C) >dg(x,y) = 7

These inequalities imply that F satisfies (A.2.2)) by the definition of the distance
function dg. O

A metric space (X, d) is coarsely connected if there exists a constant ¢ > 0
such that for any two points x, y € X there exists a sequence x = xg, X[, ...,X, =y
such that d(x;,x;+1) < cfori =0,...,n— 1. Coarse connectedness is a property
that is invariant under quasi-isometries. It is clear from the construction that the
associated metric space (X, dg) of a covered space (X, Q) is coarsely connected.
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Example A.2.6. Consider N with the metric
d(n,m) = max{n,m}, whenn #m

and d(n,n) := 0 for any n,m € Ny. Clearly (Ny, d) is a uniformly discrete metric
space. However, for m > 1 we have d(1,m) = m and d(n,m) > m for every
n € Np. Since we can pick m arbitrary large the metric space (Ny,d) is not
coarsely connected. Therefore, the metric space (Ny, d) is not quasi-isometric to
any associated metric space of a covered space.

Remark. Let (X, Q) be a covered space with associated metric space (X, dq).
It is often more convenient to work with a smaller metric space; we do this by
considering a net N in (X, dgp). The inclusion N < X is then a quasi-isometry
when we restrict the metric dgp to the set N. We will usually consider nets in X
with bounded geometry, that is, nets N such that

|BN (x,r)| < (r), r>0,

for some function ¢ that does not depend on the point x € N. One option for
a bounded geometry net N in (X, dq) is picking a uniformly finite number k of
points in each Q; € Q. Then we have

|Bn(x,7)| < kNg, x€N,r>0.

The following proposition originates in the paper [[59, Proposition 3.8 C)]
where it was formulated in terms of bi-Lipschitz equivalences. The fact that any
bijective quasi-isometry on a uniformly discrete, bounded geometry metric space
is a bi-Lipschitz equivalence [[121], Proposition 9.4.2] gives the transition between
their statement and the one below. Prior to our investigations, a special case of the
result [59, Proposition 3.8 C)] was proved in the Ph.D. thesis [[115, Theorem 5.2.6]
containing more details than the original source. We will give a new proof since a
detailed proof of the general version of the statement is lacking in the literature.

Proposition A.2.7. Let (X, Q) and (X, %) be covered spaces. Then Q < P if
and only if the identity map Idx: (X,dgq) — (X, dp) is Lipschitz continuous.
Hence the coverings Q and # are equivalent if and only if the identity map /dx is
a quasi-isometry between (X, dgq) and (X, dp).

Proof. We start by assuming that Q is almost subordinate to #. For two distinct
points x,y € X, there exists a number M € N such that Q(M,x,y) # 0. Pick a
Q-chain Q;,, 0y, . .., Qi,, fromx to y of length M. Then there exists a k € N such
that foreach / = 1,..., M we can find Pj(;) € # such that

ko
Qil C P](l)
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Since Pka) has non-empty intersection with P* () We know that

: k* ko«
diamep (Pj(l) P,(z)) < 2k.

Continuing this, we obtain by iteration that

M
diamp (U Pj?;‘l)) < Mk.

=1

Hence we can find a P-chain between x and y with length at most M k. This shows
that

dp(x,y) < kdo(x,y),

and hence the identity map Idx : (X, dq) — (X, dp) is Lipschitz continuous.

Conversely, assume that dp (x,y) < Mdg(x,y) for every x,y € X and some
M > 0. We can assume that M is an integer by enlarging it. Fix xo € X and
choose Q; € Q and P; € P such that xo € Q; N P;. Then for any y € Q; we have
do(xp,y) < 1 and thus dp(x,y) < M. Hence there is a -chain

P; =P, ,Pj,....Pj,

from xo to y. This shows that y € PM *forany y € Q; and so Q; C PM *. Since
the constant M does not depend on x and y we have that Q is almost subordmate
to P. O

The notion of quasi-isometries between associated metric spaces of covered
spaces is more flexible than the notion of equivalent coverings since we can com-
pare coverings on different sets. This will allow us to consider quasi-isometric
invariant properties of covered spaces through the associated metric space in Sub-
section[A.2.3] The motivation for considering this is to show that certain decompo-
sition spaces can not embed nicely into other decomposition spaces in Section[A.4]
and Section

Example A.2.8. Consider the uniform covering
ﬂ = (Qn] ..... nk)m ..... ni €Zs Qn1 ..... ng = [0’ l]k + (nla e 7nk)7

on RF. Tt is straightforward to check that U is a concatenation. We will call the
resulting metric space (R¥, dq;) the uniform metric space on R¥. The set Z* is a
net in (R¥, d¢;) and we have

d(u((nly' . -,nk)a (mla- . -ymk)) = max{lml _nll’ ) |mk _nkl}’
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where (n1,...,nx), (my,...,my) € Z*. In this example a special feature emerges;
the integer lattice Z* is also a group that acts on itself by isometries when equipped
with the metric dq;. Hence the symmetries of the uniform covering U on R is
incorporated in the metric d¢; through being left (and right) invariant under the
action of Z*.

Example A.2.9. Consider the dyadic covering B := B(R") = (Dpn)men, on R"
given by the dyadic intervals Dy := {x € R" : ||x||]» < 2} and

Dy = {xeR": 2" <|x[p, <2™'}, meN,

where || - ||» denotes the Euclidean norm. As only the magnitude of elements
in R" determines which dyadic interval they are in, the covering is inherently
one-dimensional. Hence by picking the net

N = {(2",...,0):HEN()},

we have that (R", dg(rn)) = (N,dgmn)) is quasi-isometric to Ny with its usual
metric. In particular, the metric spaces (R", dg(rn)) and (R™, dg(rm)) are quasi-
isometric for all n,m > 1.

A.2.2 Incorporating the Symmetries of a Covering

We take a closer look into the symmetries of a covering implemented by group
actions, as seen in Example[A.2.8] First we have to introduce some terminology to
describe the setting. Let G be a finitely generated group acting on a metric space
(X, dx) by isometries. For x € X and R > 0, the R-stabilizer Stabg (x) is the set

Stabr(x) == {g € G : dx(gx,x) < R}.

We will call the action of G on (X, dx) large scale stable if any non-identity
element g € G satisfies
0 < sup dx(gx,x) < oo,

xeX
Note that a large scale stable action is actually effective due to the lower bound, that
is, gx = x for every x € X implies that g is the identity element of G.

We call a point xg € X almost transitive if for every x € X there existsa g € G

such that

dx (gxo,x) < C,

where C > 0 does not depend on the point x € X. This is a large scale analogue of
a transitive action where one allows for some uniform error. Finally, recall that a
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finitely generated group N is nilpotent if its lower central series terminates; there
should exist n € Ny such that

N = Co(N) > Ci(N) > --- > Co(N) = {e},

where
Ci(N) = [N,Ci-1(N)], i=1,...,n.

Theorem A.2.10. Let (X, Q) be a covered space with associated metric space

(X,dgq). Assume there is a large scale stable action of a finitely generated group
Gon (X,dg).

(a) The function

dc(g,h) = supdqg(gx, hx), g,heG,
xeX

defines a left-invariant metric on G.

(b) Assume that there exists an almost transitive point xo € X such that

sup dq(gx,x) < Ldg(gxo,x0) +C (A.2.3)
xeX

holds for arbitrary g € G and uniform constants L,C > 0. Then (G,dg) is
quasi-isometric to (X, dg).

(c¢) Assume that we have the bound
|Stab, (x)| < p(n) (A2.4)

foreveryx € X andn € N, where p is a polynomial with integer coefficients.
Then G is quasi-isometric to a finitely generated nilpotent group.

Proof.

(a) The function dg is well-defined by the upper bound in the definition of a
large scale stable action. If dg (g, ) = 0, then we have dg(gx, hx) = 0 for
every x € X and the positivity of dg implies that 4~ gx = x for every x € X.
Since the action is effective we conclude that g = k. The left-invariance of
the metric dg is a reformulation of the fact the G acts by isometries on X.

(b) Assume there exists an almost transitive point xo € X such that (A.2.3)) is
satisfied and consider the map ¢: G — X defined by ¢(g) = gxo. We
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want to show that ¢ is a quasi-isometry between (G, dg) and (X, dg). Itis
tautological that

dq(¢(8),¢(h)) < dg(g. h).

Moreover, the estimate is a simplification of the lower-bound esti-
mate for a quasi-isometric embedding with parameters L, C > 0 where the
isometry property is incorporated. Finally, the image of ¢ is a net because
Xo 1s a transitive point.

(c) The n-stabilizer bound (A.2.4) implies in particular that the metric dg is
proper, that is,

|Bg(e,n)| < oo, for every n € N.

It follows from [[133, Theorem 1.3.12] that all proper, left-invariant metrics
on G give quasi-isometric metric spaces. Moreover, Gromov’s celebrated
Polynomial Growth Theorem [87]] implies that the bound (A.2.4)) is equivalent
with G being virtually nilpotent, that is, possessing a nilpotent subgroup
N c G with finite index. The result follows from [121, Corollary 5.4.5]
stating that finite index subgroups of finitely generated groups are nets. O

Example A.2.11. Let P = (P m.1)n.m.1cz be the concatenation on R3 given by
Py = (n,m, 1)+ [0,1]%,

where
(n,m, D)« (n',m",l") = (n+n’,m+m’ [+ +nm’).

This is almost the same as the uniform covering U on R3 introduced in Exam-
ple[A.2.8] except for the intertwining in the third component. It is straightforward
to check that the discrete Heisenberg group Hz(Z) = (Z3,*) acts on the metric
space (R3, dp) by isometries. It satisfies all the assumptions in Theorem
(b) and we deduce that the associated metric space (R3,dp) is quasi-isometric to
the discrete Heisenberg group with any proper, left-invariant metric. We will see
after Example that the concatenation ¢ on R? is not equivalent to the uniform
covering U on R3.

A.2.3 Large Scale Invariants of a Covered Space

Let P denote a quasi-isometric invariant property of a metric space. We say that
the covered space (X, Q) has property P if the associated metric space (X, dg) has
property P. The first property we will introduce for covered spaces is a variant of
topological dimension adapted to the quasi-isometric setting.
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Asymptotic Dimension

Definition A.2.12. Let U be a covering of a metric space (X,dx). The R-
multiplicity of U for R > 0 is the smallest integer n such that each ball B(x, R)
intersects at most n elements of U for all x € X. The asymptotic dimension of
X is the smallest number n € Ny such that for each R > 0 there exists a covering
U = (U;);e; with uniformly bounded diameters and with R-multiplicity n + 1.
If no n € Ny satisfies the condition, then the metric space (X,dx) is said to
have infinite asymptotic dimension. We use the notation asdim(X, dx) or simply
asdim(X) if the metric is clear from the context.

The asymptotic dimension is invariant under quasi-isometries, for details see
(133, Theorem 2.2.5]. In particular, if Q@ and # are two concatenations on a set
X such that asdim(X, dq) # asdim(X, dp), then Proposition implies that Q
and P are not equivalent coverings.

Example A.2.13. As an illustration we will show that a covered space has asymp-
totic dimension zero if and only if it is quasi-isometric to a point. Let (X, Q) be
a covered space with asymptotic dimension zero. Consider a net N C X formed
by picking one element x; € Q; for each i € I. It suffices to consider (N, Q) since
asymptotic dimension is invariant under quasi-isometries. For R = 2 there exists
a covering U = (Uj) e; with uniformly bounded diameters such that B(x;,2)
only intersects one of the U;’s for x; € N. Since U is a covering it follows that
B(x;,2) c Uj for some j € J. If x; € N with dq(xi,x;) = 1, then B(xg,2) also
has to be contained in the same U;. Continuing this way shows that N C U since Q
is a concatenation. Since U; is bounded it follows that (N, dq), and hence (X, dq),
is quasi-isometric to a point. Conversely, any bounded metric space clearly has
asymptotic dimension zero.

We emphasize that the argument in Example |A.2.13|relies on that (X, dg) is
coarsely connected. The set of p-adic numbers Q,, for a prime p has asymptotic
dimension zero as a consequence of the inequality

dg, (x,z) < max {de (x,y),dg, (¥, z)} . X,,2€Qp,
without being bounded as a metric space.

Proposition A.2.14. The uniform metric spaces (R", d¢;) and (R™, d;) consid-
ered in Example[A.2.8are quasi-isometric only when n = m. Moreover, there exists
a quasi-isometric embedding from (R", d¢/) to (R™, dq¢;) precisely when n < m.

Proof. We have already established in Example that (R", dq) is quasi-
isometric to the integer lattice Z" with its usual left-invariant metric. A standard fact
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in large scale geometry [|133, Example 2.2.6] states that the asymptotic dimension
of Z" is n. Hence the first statement follows from the quasi-isometric invariance of
asymptotic dimension.

For the second statement, assume that there is a quasi-isometric embedding
¢: 2" — Z™. The subspace ¢(Z") C Z™ has to have asymptotic dimension less
than m by restricting any covering fulfilling the definition of asymptotic dimension.
Hence Z" ~ ¢(Z") implies the necessity of n < m. If n < m, the inclusion from
Z" into the first n coordinates of Z™ is clearly a quasi-isometric embedding. O

Example A.2.15. The associated metric space of (R”, B(R")), the dyadic covered
space considered in Example[A.2.9] is quasi-isomorphic to Ny with its usual metric.
Since Ny € Z and Ny is not bounded, we can conclude from Example[A.2.T3|that the
asymptotic dimension of (R", B(R")) is one. Hence the dyadic covering 8 (R")
and the uniform covering U (R") considered in Example[A.2.8|are not equivalent as
coverings unless possibly when n = 1. However, it follows from a straightforward
calculation that there are no quasi-isometries between Ny and Z with their usual
metrics. Hence the associated metric spaces (R", d¢;) and (Rl,dB(Rz)) are not
quasi-isometric for any values n,l > 1. Although this is rather straightforward to
show directly as well, it showcases the potential of the large scale approach.

We showed in Example [A.2.4] that every finitely generated group may be con-
sidered as the associated metric space of a covered space. There are examples
of finitely generated groups that do not have finite asymptotic dimension, such
as the wreath product Z ! Z. We refer the reader to [[133, Proposition 2.6.3] for
the definition of wreath product and the calculation giving that Z ¢ Z has infinite
asymptotic dimension.

Representations as Graphs

We will associate a graph to any covered space and demonstrate how this makes
certain properties of covered spaces more apparent. Consider a covered space
(X,Q) and form a net N := (x;);e; € X where x; € Q; for each i € I. We can
consider the graph G (N) whose vertices are indexed by the points in N. We declare
that there is an edge between the vertices x; and x; if and only if dq(x;,x;) < 2.
Then the metric space (N, dg) is quasi-isometric to the usual graph metric on the
vertices of G(N), see [[133, Example 1.1.10]. Moreover, we can extend the graph
metric to the edges by identifying each edge e = x;x; with the interval [0, 1]. The
resulting metric space (G(N), dg) is quasi-isometric to (X, dg).

Definition A.2.16. A metric space (X, dx) is said to be (quasi-)geodesic if there
exist constants L, C > 0 such that for every two points x,y € X we can find a
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(quasi-)isometric embedding y: [0, dx (x,y)] — X with parameters L, C where
¥(0) = x and y(dx (x,y)) = y.

Since (G(N), dg) is a geodesic metric space it follows that (X, dg) is a quasi-
geodesic metric space. The relationship between covered spaces and graph theory
is more than superficial, and there is parallel terminology in the two subjects.
Recall that the degree of a vertex in a graph is the number of neighboring vertices.
A connected graph is said to have bounded geometry if the degrees of the vertices
are uniformly bounded. Hence the associated metric space of any covered space
is quasi-isometric to a connected graph with bounded geometry. This allows us to
borrow results from the well-established theory of graphs, a connection that to our
knowledge has not been made before. In particular, we have the following result
from [[155) Example 3.8].

Proposition A.2.17. Let (X, Q) be any covered space with admissibility constant
Nq = 3. Then (X, dq) is quasi-isometric to a connected graph (G, d) equipped
with the graph metric and with degrees bounded above by 3.

If the number of elements in each Q; is larger than N, then it is clear from the

construction in [[155, Example 3.8] that we can take the vertices of G to be elements
in X in Proposition[A.2.17} The number 3 is clearly sharp, as any concatenation Q
with Ng = 2 can only have two elements.
Remark. There is a more general notion than quasi-isometries present in the large
scale literature known as coarse equivalences, see [133, Definition 1.4.1]. The
reason we consider quasi-isometries rather than coarse equivalences follows from
the fact that the two definitions coincide between quasi-geodesic metric spaces by
[133, Theorem 1.4.13].

Hyperbolicity

There is a notion of hyperbolicity of a quasi-geodesic metric space that we will use
as an invariant of a covered space. First of all, a (L, C) quasi-geodesic triangle
in a metric space (X, dy) is a triple (y1,v2,7%3) of quasi-isometric embeddings
vi: [0, L;] — X with parameters L, C > 0 such that

yi(L1) =72(0),  y2(L2) =¥3(0), v3(L3) =y1(0).
We call such a quasi-geodesic triangle ¢-slim if there exists § > 0 such that

my)c ) B0,

xelm(y;)UIm(yx)

where i, j, k € {1,2,3} are all distinct.
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Definition A.2.18. Let (X, dyx) be a quasi-geodesic metric space. We say that
(X, dx) is quasi-hyperbolic if there exist constants L,C,5 > 0 such that every
(L', C’) quasi-geodesic triangle in (X, dx) is 6-slim for all L’ > L and C’ > C.

Quasi-hyperbolicity is a quasi-isometric invariant by [121, Proposition 7.2.9].
Hence we can declare a covered space (X, Q) to be quasi-hyperbolic if the asso-
ciated metric space (X, dq) is quasi-hyperbolic. If a finitely generated group G
is quasi-hyperbolic with any (hence all) proper, left-invariant metric, it is com-
mon in the literature to simply call it a hyperbolic group and we will follow this
convention. We will now present basic results regarding quasi-hyperbolic metric
space assembled from [[121} Chapter 7] that will be used in Subsection [A.3.3]and
Subsection[A.5.3]

Lemma A.2.19. (a) Let (X, dx) be a quasi-geodesic metric space andlet (Z,dy)
be a quasi-hyperbolic metric space. Then the existence of a quasi-isometric
embedding ¢: (X,dx) — (Z,dz) implies that (X,dx) is also quasi-
hyperbolic.

(b) The hyperbolic plane H* = {(x,y) € R*|y > 0} with its usual hyperbolic
metric is quasi-hyperbolic.

(c) Among the groups Z"* for n > 1, only the group Z is hyperbolic. Moreover,
if G is any hyperbolic group and g € G has infinite order, then the map

lﬁ? (Z’dZ) — (G’dG)’ n'_)gn
is a quasi-isometric embedding.

(d) Any group that contain a subgroup isomorphic to Z* is not hyperbolic.

A.3 Uniform Metric Spaces on Locally Compact Groups

In this section we investigate coverings on path-connected, locally compact groups
that reflect the group structure. While starting generally, we quickly focus in
on stratified Lie groups and solvable Lie groups to obtain concrete examples.
Finally, we examine a hyperbolic covering on the special linear group SL(2,R). In
Section[A.4] we will start to build decomposition spaces on top of these coverings.
The metric space machinery developed in Section [A.2]together with results in this
section will be used in Subsection [A.4.2] and Section to show that certain
embeddings between different decomposition spaces are impossible.
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A.3.1 Uniform Metric Spaces

We begin by recalling some basic definitions related to locally compact groups.
A locally compact group G is a locally compact Hausdorft space with a group
structure such that the multiplication and inversion are continuous maps. A subset
A c G is called symmetric if Al = A, where

Al =y y e A).

One can always find a symmetric and precompact neighborhood of the identity
on a locally compact group G by considering U~!'U, where U is a precompact
neighborhood of the identity.

On any locally compact group G there exists a unique left Haar measure y up to
scaling, that is, a non-zero Radon measure satisfying u(gE) = pu(E) for any Borel
set E C G and g € G. The analogous statement also holds true for a right Haar
measure. Locally compact groups where the right and left Haar measure coincide
are called unimodular. We will later consider the spaces L”(G) = LP(G, B, u)
for p € [1,00), where B is the Borel sigma-algebra and u is a fixed left Haar
measure.

In Subsection and Subsection |A.3.3| we will consider lattices in locally
compact groups G; they are discrete subgroups I' in G such that there exists a
G-invariant Borel measure ugr on the quotient G /I" with ug/r(G/I') < co. The
prototypical example to have in mind is the lattice Z" inside the locally compact
group R". The concrete examples considered in Section[A.5|will all be Lie groups.
We refer the readers to [67] and [[152] for basic material about locally compact
groups and Lie groups, respectively.

Let G be alocally compact group that is path-connected and fix a Haar measure
pon G. We will associate to G a metric space that will reflect the group structure.
Pick a precompact and symmetric set Q9 C G with non-void interior called a
reference set and consider the continuous covering {gQo}¢ec in the language of
[56]. The precompactness of Qg insures that y(Qgp) < oo while the non-void
interior guarantees that 0 < u(Qp). It follows from the symmetry of Qg and the
result [56, Theorem 4.1 (A)] that there exist elements {g; };c; in G such that

U =UG) ={giQo}ier

defines an admissible covering on G.

We simplify the notation Q; = g;Q¢ and assume without loss of generality
that go = e to make the notation compatible with the one already in place for
the reference set Q¢. Furthermore, we have from [56, Theorem 4.1 (B)] that any
other family {P;} ;e in G with the same property defines an equivalent covering.
Moreover, the specific choice of the reference set Qy is easily seen to be irrelevant.
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Hence we can always choose Qg, and hence Q;, to be open if we so desire. We refer
to U(G) as the uniform covering of the path-connected, locally compact group
G. Notice that this notation is compatible with Example[A.2.§|since U (R") is the
uniform covering on R".

Lemma A.3.1. The uniform covering of any path-connected, locally compact group
G is a concatenation.

Proof. Fix g,h € G and let y: [0,1] — G denote a continuous path such that
v(0) = g and y(1) = h. We choose Qg to be open and consider the sets

Ui =y (QinIm(y)), iel.

The collection (U;);¢; forms an open covering of [0, 1] and the compactness of the
interval [0, 1] implies that there exists a finite sub-covering Uj,, . .., U;,. Thus

m(y) ) Qq,
=1

and we have that U (x, y, n) # 0. The necessity of requiring that G is path-connected
follows from considering G = Z;. O

In our language, we obtain that (G, U) is a covered space such that the quasi-
isometry class of (G, d¢;) does not depend on the construction. We will call the
resulting metric space (G, dq;) the uniform metric space on the path-connected,
locally compact group G. We make the convention that a covering U on a path-
connected, locally compact group G is assumed to be the uniform covering unless
stated otherwise.

Remark. Uniform metric spaces have also been considered by René Koch in his
exceptional Ph.D. thesis [115]] through a slightly different construction: The author
defines a metric dw on any locally compact group G by fixing a symmetric and
precompact unit neighborhood W and defining the distance dw (x, y) between two
distinct points x, y € G to be the minimal number m such that yx~' € W™, This
description is convenient and makes it obvious that the resulting metric dw on G
is left-invariant. The reader should be aware that [[115]] allows the metric to take
infinite values as he also consider locally compact groups that are not necessarily
path-connected.

A metric d on a set X is said to be proper if the balls induced by d are
precompact. This coincides with our use of the term proper in the proof of
Theorem [A.2.10] and in Example [A.2.T1] The following result shows that we
can sometimes understand the uniform metric space on path-connected, locally
compact groups by understanding the large scale geometry of a finitely generated
subgroup.
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Theorem A.3.2. Let G be a path-connected, locally compact group and let d be
a proper, left-invariant metric on G that is compatible with the topology on G.
Assume N is a finitely generated subgroup of G that is a net in G and that d
restricts to a locally finite metric on N. Then the uniform metric space (G, dqy) is
quasi-isometric to the space (N, d).

Proof. Since N is a net in G we can find a constant M > 0 such that
U = {nB(e, M)}nen = {B(n,M)}nen

is a covering on G. By picking a left Haar measure u on G it follows that
0 < u(B(n,M)) < oo since the balls B(n, M) for n € N are precompact due to the
properness of the metric. If we can show that U is a concatenation, then it follows
that U is the uniform covering on G.

Since d restricts to a locally finite left-invariant metric on N we have

IB(n, R) N N| = |B(e, R) N N| < oo

for every R > 0. Assume that B(n, M) N B(m, M) # ( for n,m € N. Then the
triangle inequality implies that m € B(n,2M) and we have the bound

N < |B(e,2M) N N| < oo,

where Nq, is the admissibility constant of the covering U. Hence U is admissible
and it is straightforward to see that U/ is a concatenation since

B(e, kM) C B(e, M)**, U B(e,kM) = G.
k=1

By picking n € B(n, M) we conclude that (N, dqs) is quasi-isometric to the
uniform metric space (G, dq;). Moreover, it is clear that dq; is a left-invariant
metric on N by construction. The result follows since the quasi-isometry class of a
finitely generated group does not depend on the choice of the proper, left-invariant
metric. O

Note that the uniform metric space (G, dq;) is also quasi-isometric to (G, d)
since N was anetin G. However, two left-invariant and compatible metrics on G are
not necessarily quasi-isometric. While the uniform metric space is quasi-isometric
to N with any proper, left-invariant metric, this does not hold for G.

Although the number of assumptions in Theorem[A.3.2]might look overwhelm-
ing at first, there are many examples fitting into settings of this type. In particular,
any left-invariant Riemannian metric on a connected Lie group G induces a left-
invariant and proper metric d on G. Notice that any two left-invariant Riemannian
metrics on a Lie group induce quasi-isometric distances.
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It is important to keep in mind that an arbitrary locally compact group might
not have a proper, left-invariant metric compatible with its topology. In fact, a
classical result of Struble [[145]] gives that the existence of a compatible, proper,
and left-invariant metric on G is equivalent to G being second countable. Therefore,
we restrict our attention to second countable and path-connected locally compact
groups to avoid pathological examples.

A.3.2 Stratified Lie Groups

We will now investigate a large class of examples within nilpotent Lie groups
called stratified Lie groups. In this setting, we will obtain stronger statements in
Proposition [A.3.4] and Theorem [A.3.6] than what was possible for general path-
connected, locally compact groups.

Definition A.3.3. A stratified Lie group G is a connected and simply connected
Lie group such that its Lie algebra g has a stratification

g=V1€B-~-GBVS, [Vl’vj]:‘/j-f-l’ j:1’~--9s_1, [V17VS]:O‘

The homogeneous dimension of a stratified Lie algebra is defined to be

Q= Zj -dimg (V).

Jj=1

The homogeneous dimension of a stratified Lie group is by definition the homo-
geneous dimension of its Lie algebra and is independent of the chosen stratification
of the Lie algebra by [48| Proposition 1.17]. The Lie group exponential map from g
to G is a diffeomorphism for stratified Lie groups. Moreover, the Haar measure on
G is simply the push-forward of the Lebesgue measure on g under the exponential
map. In particular, every stratified Lie group is unimodular and diffeomorphic to
Euclidean space.

On stratified Lie groups there is a class of metrics that are intimately tied with
the stratification of the Lie algebra: Fix an inner product (-, -) on V| and left translate
this to obtain a Riemannian metric g on G that is only defined on the subbundle

HcTM, H, =dL,V,, xe€G.

The metric g is called a sub-Riemannian metric on G. An absolutely continuous
curve y: [a,b] — G is called horizontal if

dL;/%z) (7(1‘)) € Vl cg,
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for almost every ¢ € [a, b]. This gives a left-invariant distance function dc¢ by
considering the infimum over horizontal curves: For x,y € G we define

b
dec(ry) = inf / ()] dt,
Y Ja

where the infimum is taken over all horizontal curves such that y(a) = x and
v(b) = y. The distance function d¢ is called the Carnot-Carathéodory distance
on G. The completeness of the metric space (G, dcc) follows from Chow’s
Theorem [[131] Chapter 2] in sub-Riemannian geometry. It is also common to refer
to a stratified Lie group G together with the data (#, g) as a Carnot group in the
sub-Riemannian literature.

Finally, recall that if X, ..., X, is a basis for g then {cf.‘l.} defined by

n

(X X1 = Y ekXe,  ijk=1,....n,
k=1
are called the structure constants of the Lie algebra g in the basis Xi,..., X,. We
call a Lie group realizable over the rationals if there exists a basis for its Lie algebra
such that the resulting structure constants are rational numbers.

Proposition A.3.4. Let G be a stratified Lie group that is realizable over the
rationals and let N € G be any lattice in G. Then the uniform metric space
(G, dq;) is quasi-isometric to (N, d), where d is any proper, left-invariant metric.

Proof. Fix astratificationg = V| ®- - -®V; for the Lie algebra g of G. The existence
of a lattice N in G is equivalent to the requirement that G is realizable over the
rationals by [[139, Theorem 2.12]. Moreover, every lattice in a stratified Lie group
is a finitely generated nilpotent group [[139, Theorem 2.10] that is additionally
uniform [[139, Theorem 2.1], that is, the quotient space G /N is compact.

Fix a Carnot-Carathéodory distance dcc on G arising from an inner product
on V; and notice that N is then a net since we can write

G = U nC,
nenN

where C is some compact subset. Moreover, it follows from [121], Corollary 5.5.9]
that the quasi-isometry class of (N, dc¢) does not depend on the choice of the
lattice. The inclusion

Bacc (e,R)NN C Bdcc(e’ R)

together with the properness of dcc implies that B, (e, R) N N is finite due to
the discreteness of N. Hence the metric dcc restricted to N is locally finite and
the result follows from Theorem[A.3.2] m|
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Remark. Whenever the dimension of the Lie group is less than seven, the assump-
tion that the Lie group is realizable over the rationals is automatically satisfied. This
follows from the classification of real nilpotent Lie algebras with low dimension
given in [79].

Another useful invariant of a finitely generated group is its growth type. We
will not go into the explicit definition of this since it slightly cumbersome and is
well explained in [121, Chapter 6]. The idea is that the number of elements in
B(e, n) for a finitely generated group N with proper, left-invariant metric is not
a quasi-isometric invariant. However, the growth type (e.g. if it grows linearly,
quadratically, or exponentially) is a quasi-isometric invariant of the group. We will
illustrate how this can be used in the following example.

Example A.3.5. Forn € N we consider the Heisenberg group (Hy;,+1, *) consisting
of all matrices on the form

1 a c
0 I,xn bl:a,beR" ceRy,
0O 0 1

where the operation * denotes the usual matrix multiplication. Itis a connected and
simply connected Lie group whose Lie algebra g,,4+; can be identified as a vector
space with R”*! = R> @ R. If ey, ..., e, is the standard basis for R>"*! then
the Lie bracket satisfies

[eiyej] = 6i+n,j62n+1a i < ] < 27’l+ 15 [ei’62n+l] = 0

Fix an inner product (-, -) on R c d2n+1 making the basis ey, . . ., e, orthonor-
mal. We can equip (Hy,,+1, *) with a sub-Riemannian metric g by left translating
(-,-). The subset Z*"*! c Hy,,; is a finitely generated subgroup. The metric d¢cc
restricts to a locally finite metric on 727+1 guch that Z2"*! is a net in Hy,,4; due to
the reasons pointed out in the proof of Proposition[A.3.4] Hence by Theorem[A.3.2]
it follows that the uniform metric space (Ha,.41, dq/) is quasi-isometric to (Z2"*1, x)
with any proper, left-invariant metric. A tedious but straightforward computation
shows that the group (Z>"*!, %) has polynomial growth of order 2n+2, while (Z*, +)
has polynomial growth of order k. Since growth type is a quasi-isometric invariant
by [121}, Corollary 6.2.6] we have that

(Hops1, du) # (Homsr, dy), m # n, (Hogs1, dyg) # (R¥, dyy), k # 25 +2.

However, since (Z>"*!, ¥) and (Z>"*?, +) have the same polynomial growth we need
a different approach to show that (Hy,,, 1, dq/) is not quasi-isometric to (R>**2, dq;).
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Assume by contradiction that (Hy,.1,dg) =~ (R**2,dq/). Then it follows
from [121, Corollary 6.3.16] that (Z>"*!, ) then would have a finite index sub-
group isomorphic to (Z>"*2, +). By intersecting all the conjugates of (Z>"*?, +) in
(Z>"*1, ) one can assure that there exists a normal abelian subgroup of (Z>"*!, x)
with finite index. The reason the intersection still has finite index is due to the
easily verifiable formula

|G:BNC|<|G:B|-|G:C]|,

when B, C are subgroups of G with finite index. However, since (Z2"*!, %) is nilpo-
tent and torsion free, it follows from [|114, Lemma 3.1] that this forces (ZZ””, %)
to be abelian. Since this is not the case the claim follows.

Remark. The uniform covering U/ (H3) is can be considered on R? since Hj is
diffeomorphic to R3. There, it is precisely the covering # introduced in Exam-
ple[A.2.11] It thus follows from Example [A.3.5]that the two coverings  and U in
Example[A.2.11] are not equivalent coverings.

Given a stratified Lie group G with Lie algebrag=V; & - - - & V, we call the
multi-index
®(G) = (n’17 MR ns)’

the growth vector of G, where n; := dimg(V;) fori = 1,...,s. The argument we
used in the last part of Example [A.3.5] does not generalize easily. We remedy
this by proving a stronger statement about when two uniform metric spaces on
different stratified Lie groups can not be quasi-isometric. The first statement in
the following theorem is folklore, but we provide a proof as we could not find a
complete reference.

Theorem A.3.6. Let G be a stratified Lie group and assume that N C G is a lattice
in G. Then N has polynomial growth type of order equal to the homogeneous
dimension of G. Let H be another stratified Lie group that is realizable over the
rationals such that the uniform metric spaces (G,dq;) and (H,dq) are quasi-
isometric. Then their growth vectors ®(G) and & (H) have to be equal.

Proof. We will build a correspondence between the lower central series of N and the
stratification on the Lie algebra g = V;®- - -®V;. Consider the commutator subgroup
[G,G] c G. Then [152, Theorem 3.50] implies that [G, G] is a Lie subgroup of
G whose corresponding Lie algebra is isomorphic to [g,g] = Vo @ - - @ V;. Denote
the projection onto the quotient by 7: G — G/[G, G].

It is straightforward to check that G/[G, G] is isomorphic as a Lie group to
Euclidean space and 7 (N) is a lattice in G/[G, G]. However, lattices in Euclidean
spaces are finitely generated abelian groups whose rank is equal to the dimension
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of the ambient Euclidean space. Hence it follows that 7(N) is generated by
dim(G/[G, G]) = dim(g/[g, g]) = dim(V}) elements. This gives

rankzCo(N)/C1(N) = dimg (V}),

where C;(N) denotes the i’th term in the lower central series of N. We can proceed
inductively to obtain that

rankz (C;(N)/Ciz1(N)) =dimg (Viy1), i=0,...,5s— 1. (A3.1)

The first statement of the theorem now follows from the Bass - Guivarc’h formula
[10} Theorem 2], stating that the polynomial growth of a finitely generated nilpotent
group N is precisely
n
Dk - rankz (Ce1 (N)/Ci(N)) .
k=1
Let H be another stratified Lie group that is realizable over the rationals and

pick a lattice M in H. A quasi-isometry between the uniform spaces on G and
H induce a quasi-isometry between (N, dy) and (M, dpy), where dy and dyy are
any proper, left-invariant metrics. Since the rank of the the quotients in the lower
central series of a finitely generated nilpotent group are quasi-isometric invariants,
we have that

rankz (C;(N)/Cis1(N)) = rankz (C;(M)/Ci11(M)) .

The correspondence (A.3.1)) gives that the growth vectors (G) and & (H) are the
same. |

Example A.3.7. Let g be the nilpotent Lie algebra spanned by the elements
X1, X», X3, X4 with non-trivial bracket relations

[XI’XZ] :X35 [Xl, X3] :X4.
We call g the Engel algebra and it is has a stratification given by
g = spang{ X1, X»} @ spang{ X3} @ spang{X4}.

The connected and simply connected Lie group G corresponding to g is called the
Engel group and appears for instance in [49].

Since G is diffeomorphic to R* through the exponential map, we can consider
the two coverings U(G) and U (R“) on R*. To check that the two coverings
are not equivalent is not a complete triviality from a computational perspective.
However, their uniform metric spaces are not quasi-isometric by Theorem [A.3.6]
since their growth vectors are different. Hence the coverings they induce on R* are
non-equivalent by Proposition This illustrates the novelty of the large scale
approach, even when the coverings are on the same space.
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A.3.3 More Examples
Solvable Groups

We will now consider the more general class of solvable Lie groups and we begin
by recalling the definition of an (abstract) solvable group. The derived series of a
group N is defined by

NO =N, NO .= [NGD NGD]

fori > 1. A group N is said to be solvable if its derived series eventually reaches
the trivial group. Every nilpotent group is solvable, although the converse is false.
A group N is called virtually solvable if it contains a solvable subgroup of finite
index.

To see that virtually solvable groups play a prominent role in the setting of
uniform metric spaces on Lie groups, consider a connected Lie subgroup G of
GL(n,R) for n > 1. Assume that d is a proper, left-invariant metric on G and
that N is a finitely generated subgroup of G such that d restricts to a locally finite
metric on N. Then Theorem shows that (G,dq;) = (N, dy), where dy is
any proper, left-invariant metric on N. Since N is a finitely generated subgroup of
G L(n,R) we can apply the famous Tits Alternative [[121, Theorem 4.4.7] in group
theory to conclude that NV is either virtually solvable or has a free subgroup of rank
two as a finite index subgroup. Motivated by this, we examine the uniform metric
spaces on solvable Lie groups more closely.

Definition A.3.8. A solvable Lie group is a connected Lie group such that its Lie
algebra g satisfies ¢" = {0} for some n € Ny, where

=9 o =[g""g7] ixL

An example of a solvable Lie group is all upper-triangular n X n matrices with
positive determinant. As we will be interested in lattices in solvable Lie groups
so that we can apply Theorem [A.3.2] let us remark that the existence of lattices
in solvable Lie groups are more complicated that in the nilpotent case. Unlike
a stratified Lie group, a solvable Lie group does not need to be unimodular, that
is, the right and left Haar measures might be different. There are no lattices in a
non-unimodular locally compact group by [139, Remark 1.9]. In particular, the
affine group (also known as the Ax + b group) given by

a b
Aff.—{(o 1).a>0,beR}

does not admit lattices even though it is solvable. We will relate the uniform metric
spaces on solvable Lie groups admitting lattices to the following subclass of finitely
generated solvable groups.
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Definition A.3.9. A group I" is polycyclic if it admits a chain of subgroups
F=Ty2I'12--- 2T ={e},

where each term in the chain is a normal subgroup of the previous term and the
quotients I';_; /T’; are cyclic groups fori = 1,..., k. It is called strongly polycyclic
if it admits such a chain where each quotient I';_; /I'; is infinitely cyclic.

Proposition A.3.10. Let G be a connected and simply connected solvable Lie
group and assume there exists a lattice I in G. Then the uniform metric space
(G, dqy) is quasi-isometric to (I', d) where d is any proper, left-invariant metric on
I". Moreover, I' is strongly polycyclic.

Proof. Any lattice in a solvable Lie group is uniform by [139, Theorem 3.1]. It
follows from [[139, Proposition 3.7] that any lattice in a simply connected solvable
Lie group is strongly polycyclic and hence finitely generated. By fixing a Rieman-
nian metric g on G by left translating an inner product on the Lie algebra, it is clear
that all the conditions in Theorem[A.3.2] are satisfied and the result follows. O

The Special Linear Group and the Hyperbolic Plane

We will illustrate a uniform metric space that has fundamentally different properties
than those built on solvable Lie groups. Consider the Lie group SL(2,R) of 2 x 2
matrices with real coefficients and unit determinant. It is related to the hyperbolic
plane H? with the usual hyperbolic distance by the fact that SL(2, R) acts on H? by
Mobius transformations

a b _az+b _[a b >
(C d) -7 = m, A = (C d) [S SL(Z,R), z € H.

Notice that both A and —A induce the same transformation.

An action of a discrete group G on a topological space X is said to be properly
discontinuous if every point x € X has a neighborhood U such that (g-U)NU = 0
for every non-identity element g € G. Finally, recall that a group action is said to
be free if g - x = x for some x € X and g € G implies that g is the identity element
of the group G.

Theorem A.3.11. The uniform metric space (SL(2,R), dq;) is quasi-isometric to
the fundamental group of any compact Riemann surface of genus g > 2. Moreover,
this is again quasi-isometric to the hyperbolic space H* with its usual hyper-
bolic distance. In particular, the uniform metric space (SL(2,R), dq;) is quasi-
hyperbolic.
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Proof. Fix an inner product {-, -) on the Lie algebra sI(2,R) of SL(2, R) consisting
of 2 x 2 matrices with real coefficients and zero trace. Left translate this to obtain
a Riemannian metric on SL(2,R) and consider the Carnot-Carathéodory metric
dcc associated to it. Then (SL(2,R), dcc¢) satisfies all the initial assumptions in
Theorem[A.3.2]

Let X be a compact Riemann surface of genus g > 2. The fundamental group
m1(X) of X can be realized as a uniform and torsion free discrete subgroup I"
of SL(2,R). Conversely, any uniform and torsion free discrete subgroup I' of
SL(2,R) acts on H? freely and properly discontinuously such that the orbit space
H?/T is a compact Riemann surface. These observations are built from several
standard results about compact Riemannian surfaces and they can all be found in
the lecture notes [71]].

Fix such a uniform and torsion free discrete subgroup I' of SL(2,R). Then I
acts on SL(2,R) by left translations and it follows from the Milnor-Svarc lemma
[133, Proposition 1.3.13] that I" is finitely generated. The fact that I" is uniform
implies that it is a net in (SL(2,R), dcc). The discreteness of I' implies that dec
is locally finite on I'. We can conclude by Theorem [A.3.2] that the uniform metric
space (SL(2,R), dqs) is quasi-isometric to I with any proper, left-invariant metric.
The choice of I does not matter since [121}, Corollary 5.5.9] implies that any two
uniform, discrete subgroups of SL(2,R) are quasi-isometric. The quasi-isometry
between the fundamental group 7;(X) and the hyperbolic plane H? is well known
and can be found in [121, Corollary 5.4.10]. The final statement follows from

Lemmal[A.2.19|(b). mi

Remark. In the proof of Theorem it is tempting to consider the lattice
SL(2,Z) in SL(2,R) instead of I'. However, SL(2,7Z) has a free group of rank
two as a finite index subgroup as shown in [121, Example 4.4.1]. This implies
together with [26, Theorem 1] that SL(2,Z) is not quasi-isometric to H2. The
reason for this failure lies with the non-compactness of the homogeneous space
SL(2,R)/SL(2,Z).

Proposition A.3.12. The metric space (SL(2,R), dq/) is not quasi-isometric to
(Hopt1,dgs) or (R, dqg) for any n,k € N. In fact, there are no quasi-isometric
embeddings

(R¥,dq)) — (SL(2,R),dy;),  (Hans1,dy) — (SL(2,R), dyy),
unless k = 1.

Proof. Consider the elements

1 e O 1 0 1
A=(0 Inxn O, B=(0 Inxn 0] € Hous1,
0 0 1 0 0 1
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where ¢; = (1,0, ...,0). The subgroup (A, B) generated by A and B is commuta-
tive and the mapping

¢: (A, By —> 77
A"B* +— (r,s)

gives an isomorphism between (A, B) and Z2. Hence Lemma (d) implies
that the Heisenberg groups are not hyperbolic. We mentioned in Lemmal[A.2.19(c)
that Z* is not a hyperbolic group unless k = 1. Hence neither of the quasi-isometric
embeddings

(R¥,dy) — (SL(2,R),dy),  (Hans1,dy) — (SL(2,R),dq))

are possible due to Lemma[A.2.19|(a) for n € N and k > 2.
For k = 1 one obtain several quasi-isometric embeddings

(R,dg) — (SL(2,R),dqy)

from Lemma|A.2.19|(c). We can not use hyperbolicity to conclude that (R, dq;) is
not quasi-isometric to (SL(2,R), d¢s). However, we can consider their asymptotic
dimensions together with Theorem[A.3.TT]to derive

asdim(SL(2,R), d¢) = asdim(H?) = 2 # 1 = asdim(Z) = asdim(R, d¢;).

Here we have used that the asymptotic dimension of H is equal to two, a result
going back to Gromov [86]]. Hence the claim follows from the quasi-isometric
invariance of asymptotic dimension. O

Notice that we used both asymptotic dimension and hyperbolicity in the proof
of Proposition [A.3.12] Arguments such as these are our main motivation for
considering invariants from large scale geometry. For another class of examples,
we refer the reader interested in shearlet groups to the Ph.D. thesis of René Koch
[115] Section 5.4] and the subsequent paper [70] where novel results are derived.

A.4 Decomposition Spaces and Geometric Embeddings

This section is devoted to introducing embeddings between decomposition spaces
that induce quasi-isometric embeddings between the underlying coverings called
geometric embeddings. In Subsection [A.4.3| we will give some criteria for when
quasi-isometries between the underlying coverings can induce geometric embed-
dings between decomposition spaces.
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A.4.1 Definitions and Basic Properties

We will start by reviewing basic definitions and results regarding decomposition
spaces given in [59]. This is done to make our exposition complete as well as to fix
notation and settle our conventions. Throughout this section, we let X denote an
arbitrary locally compact topological space and denote by (A, || - ||.#) a subspace
of Cp (X, C) with a norm || - || # making it into a Banach algebra under pointwise
multiplication. Moreover, we additionally stipulate that (A, || - || #) is closed under
complex conjugation and that it is regular, that is, (A, || - || #) is sufficiently large
to separate points from closed sets by continuous functions.
A partition of unity ® = (¢;);e; on X subordinate to an admissible covering
Q = (Qy)ier is a collection of non-negative continuous functions such that for all
x € X one has
supp(@i) € Qis ), pi(x) = 1. (A4.1)
i€l
Since the covering Q is assumed to be admissible, there is no convergence issue in

the sum (A.4.7).

Definition A.4.1. Let Q := (Q;);c; be an admissible covering on X. A bounded
admissible partition of unity (BAPU) in (A, || - || #) subordinate to Q is a partition
of unity ®@ = (¢;);e; subordinate to Q where ¢; € A for every i € I and

sup [|gi|la < . (A4.2)

iel
It is common to refer to @ as a Q-BAPU to emphasize the covering Q in question.

We denote by A, the elements of A that have compact support. When forming
the decomposition space D(Q, B,Y) in Definition we need some weak
assumptions on the Banach spaces (B, || - ||g) and (Y, || - |ly) to deduce nice
properties of the decomposition space D(Q, B,Y).

Our standing assumptions are that B is continuously embedded into the dual
A, that A, is densely embedded into B, and that B is a Banach module over A
under pointwise operations. We assume that (Y, || ||y) is a Banach space consisting
of sequences on the index set I. Moreover, we assume minimality of (Y, || - ||ly),
meaning that the finitely supported sequences are required to form a dense subspace
of (Y, ] - |ly). Define the clustering map T'q: Y — Y by

(ai)ier — (Z aj) .
JEir iel

It will henceforth be assumed that the clustering map I'q is well-defined and
bounded on Y. Finally, we impose that Y should be solid, meaning thatif x = (x;);es
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is a sequence in Y and y = (y;);¢; is a sequence in C! such that |y;| < |x;| for every
i €I, theny €Y with ||y|ly < |lx|ly. We refer the reader to [[59, Section 2] for a
more thorough discussion of these assumptions.

Definition A.4.2. Let B and Y be Banach spaces satisfying the standing assumptions
above. Moreover, let ® = (¢;);e; be a Q-BAPU in A corresponding to an
admissible covering Q on X. The decomposition (function) space D(Q, B,Y)
consists of all elements f € A such that

< o0, (A.4.3)

1fl@sr = (1 eillsier |,

We call B the local component and Y the global component of the decomposition
space D(Q, B,Y).

Equipping D(Q, B, Y) with the norm given by (A.4.3)) gives us a Banach space
by [59, Theorem 2.2 A]. The observant reader will have noticed that we have
excluded the Q-BAPU @ := (¢;);cs from the notation D(Q, B,Y). This is because
(59l Theorem 2.3] implies that different Q-BAPU’s give rise to the same spaces with
equivalent norms. We summarize some well known properties of decomposition
spaces in Proposition below. The last statement of Proposition is a
straightforward extension of [59, Corollary 2.6].

Proposition A.4.3. The (continuous) dual space of D(Q, B,Y) can be identified
with the decomposition space D(Q, B*,Y*). In particular, reflexivity of the local
and global components gives reflexivity of the corresponding decomposition space.
Moreover, we have the norm convergence

F=>f e
iel
in D(Q, B,Y) where ® = (¢;);es is any Q-BAPU for D(Q, B,Y). Finally, a
function f belongs to D(Q, B,Y) if and only if there exist k € N and f; € B with
supp(f;) C QF* such that {|| fillp}ier € Y and f = 3;¢; fi in AL

Remark. The requirement that A, is dense in B is only needed for the duality state-
ment in Proposition[A.4.3] while the requirement that the finite sequences are dense
in Y is required for both the duality statement and the norm convergence statement
in Proposition [A.4.3] The reader interested in cases where these requirements do
not hold, such as Y = [*(I), can safely use all subsequent results that do not invoke
these properties.

Many of the decomposition spaces appearing in the literature such as mod-
ulation spaces and Besov spaces are built on open subsets of some Euclidean
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space. However, they are not precisely decomposition spaces as defined in [S9],
but rather a variation that incorporates the Fourier transform. We briefly outline
this distinction and refer the reader to the paper [[148|] for more details.

Let Q := (Q;)ics be an admissible covering for the open set @ # O c R* with
a Q-BAPU @ := (¢;);c;. Moreover, let B and Y be Banach spaces satisfying the
standing assumptions where A := FL! is the Fourier transform of all integrable
functions. Then the decomposition space D(Q, FLP,Y) consists of all elements
f € A such that

(7

The local component # L” is a Banach module under pointwise multiplication over
A since

< 00, (A4.4)

Il ol

'7‘1!’)1‘61 LP)iEI

If - allgre = 1F (f - @) lle = 1F71(F) * FH(@llee < I fllgee - lalla,

fora € A and f € FLP. The expression (A.4.4) is well-defined by the uniform
bound (A.4.2).

Definition A.4.4. The F-type decomposition space D (Q, LP,Y) is defined by
DT(Q,LP,Y) = F (D(Q,FL.Y)).
For f € D7 (Q, LP,Y) we are interested in the natural norm

1l ar = | (|7 (-0 (A43)

Lp )ie 1 |Y'

If we want to indicate that a decomposition space in a statement can be either
a 7 -type decomposition space or a standard decomposition space, we refer to it as
a (7 -type) decomposition space.

Remark. One avenue that we have not pursued is to consider the quasi-Banach
setting, that is, where the local component (B, || - ||z) and the global component
(Y, || - lly) of (F-type) decomposition spaces are quasi-Banach spaces. The most
common examples are B = L? and Y = [9 for 0 < p,q < 1. Although these
have received increased interest in the last few years, we will avoid this more
technical case since the underlying geometry of the coverings are not affected by
this extension. We refer the interested reader to [[148]|| for the most comprehensive
exposition on decomposition spaces with quasi-Banach spaces as local and global
components.
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A.4.2 Geometric Embeddings

We now take up the question of whether one (7 -type) decomposition space embeds
nicely into another (7 -type) decomposition space. As the (¥ -type) decomposition
spaces are Banach spaces, they can embed into each other as Banach spaces
without this actually reflecting the underlying geometry of the coverings. Moreover,
the embedding may then be artificial and not readily available. Hence we will
consider a refined notion of embeddings between (7 -type) decomposition spaces
that incorporates the underlying coverings.

Recall that an embedding between Banach spaces (By, || - || 3,) and (Ba, || - || 5,)
is an injective linear map F: By — Bj such that ||F(f)||z, < Allf||s, for some
constant A > 0 not depending on f € Bj. Let (X,Q) be a covered space and
consider a decomposition space D(Q, B,Y). We define the adapted support of an
element f € D(Q, B,Y) with respect to the Q-BAPU ® = (¢;);cs to be

clfl = J1Qi: If - @ills # 0}
iel
Notice that f; = ¥+ ¢i € D(Q,B,Y) is a non-zero function that satisfies
Clfil c 07
If we are considering ¥ -type decomposition spaces, then the adapted spectrum
of f € DT (Q, LP,Y) with respect to the Q-BAPU ® := (¢;);¢; is defined to be

CLf1 = J{Qi : IF () - eillrir # 0}
iel
Notice that the adapted support and adapted spectrum might depend on the choice of
Q-BAPU. However, it will be clear in Definition [A.4.5] that the choice of Q-BAPU
is irrelevant.

Definition A.4.5. Let D(Q, By,Y1) and D (P, B,,Y>) be (F -type) decomposition
spaces with underlying covered spaces (X, Q) and (Z, P).

* We say that a map
F: D(Q,B.,Y)) = D(P,By, 1))

is a geometric embedding of decomposition spaces if it is an embedding of
Banach spaces with the following additional requirement: There should exist
constants L, C > 0 such that for any k € Ny and any f,g € D(Q, B, Y1)
with C[f] C Qf.‘* and C[g] C Qf*, we have

1
ng(x,y) -C <dp(z,w) < Ldg(x,y) +C, (A.4.6)

where x € Qf.‘*, y € Qll‘.*, 7€ C[F(f)] and w € C[F(g)] are arbitrary.
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» Two decomposition spaces D(Q, By,Y;) and D (P, By, Y») are said to be
geometrically isomorphic if there exists an invertible geometric embedding
from D(Q, By,Y1) to D(P, By, Y,) whose inverse is also a geometric em-
bedding.

Although it would seem more convenient to require (A.4.6) only for f = xo,
and g = xg,, this is often not sufficient for the simple reason that yp, might
not be in D(Q, By,Y;). An example where this happens is the modulation space
M (R") defined in Subsection since every element in M ! (R") is continuous.
Moreover, we will give an example at the end of Subsection showing that
two decomposition spaces D(Q, By, Y1) and D (P, B,, Y>) can be equal as Banach
spaces without being geometrically isomorphic.

To see why the definition of geometric embeddings encodes the geometry of
the decomposition space, we consider the case where X = Z. Assume that the
identity mapping

D(Q,Bl,Yl) 35fr— fe @(P,BQ,YQ)

is a geometric isomorphism. Then the identity map from (X, dgq) to (X, dp) is
a quasi-isometry by (A.4.6). Hence it follows from Proposition [A.2.7] that the
coverings Q and P are equivalent. Conversely, if the identity map from (X, dgq) to
(X, dp) is a quasi-isometry, then the identity map acting on functions f: X — C
satisfies the estimate (A.4.6). However, it is not guaranteed that the identity map
f — fembeds D(Q, B, Y;) continuously into D (P, By, 1>).

Proposition A.4.6. Let D(Q, By,Y;) and D(P, B,,Y>) be (F -type) decomposition
spaces with underlying covered spaces (X, Q) and (Z, P). If

F: D(Q,B1,Y1) = D(P, B, Y2)

is a geometric embedding, then F induces a quasi-isometric embedding between
the metric spaces (X,dq) and (Z,dp). In particular, the decomposition spaces
D(Q, B1,Y;) and D(P, B,,Y,) can be geometrically isomorphic only when the
associated metric spaces (X, dg) and (Z, dp) are quasi-isometric.

Proof. Assume that F: D(Q, B1,Y) — D(P, B, Y,) is a geometric embedding.
We define amap n: (X,dq) — (Z,dp) as follows: For x € X we have x € Q; for
some i € I. Choose a non-zero function f € D(Q, B,Y;) with C[f] C Qf?* for
some k € Ny. Since F is injective there exists an element y € C [F(f)]. Define
n(x) = y. The estimate gives that 7 is a quasi-isometric embedding. mi

We can now use results we have developed for covered spaces to deduce
obstructions about geometric embeddings between (7 -type) decomposition spaces.
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Whenever we consider the uniform covering U (G) on a path-connected, locally
compact group G, we use the simplified notation

D(G,B,Y) = D(U(G),B,Y), D7(G,B,Y) = DT (U(G),B,Y).

Proposition A.4.7. There are no geometric embeddings

D(RY, B1.Y1) — D(R', By Y2), I <k,
D(H2m+l’ B3’ Y3) - D(H2n+l’ B4’ Y4)’ n< m,
D(RY, B1,Y1) — D(Hans1, Ba, Ya), 2n+1 <k,
D(Homq1, B3, Y3) — D(R', By, Ya), 1 <2m+1,
where By, ...,BsandYy, ..., Y, are arbitrary Banach spaces satisfying the standing

assumptions. The decomposition spaces Z)(Rk, B1,Y1) and D (Hy,41, Bg, Ys) are
not geometrically isomorphic for any n, k € N.

Proof. Tt follows from Proposition that it suffices to show that there are
no quasi-isometric embeddings between the underlying uniform metric spaces.
Assume by contradiction that there exists a quasi-isometric embedding

F: (Homr, dy) — (Hanet, da), n<m.

Then
asdim(Ho41, dqg) < asdim(Hyap41, dy).

However, this contradicts [33 Theorem 3.5] stating that the asymptotic dimension
of the net (Z*"*!, %) in Ha,, is equal to 27 + 1. Since we know that

asdim(R¥, dq;) = asdim(ZF, +) = k,
the other statements follows. The last claim follows from Example [A.3.5] |

Remark A.4.8. Since Hy,,4; is diffeomorphic to R+ we can consider the uniform
covering U on Hy,,41 as a covering on R>"*!. Hence D7 (Hayt1, LY, Y5) is well-
defined. The statements in Proposition also hold if we consider the 7 -type
decomposition spaces DT (R¥, LP,Y)) and DT (Hopms1, L9,Y5) for 1 < p, g < oco.

A.4.3 Spatially Implemented Geometric Embeddings

In Proposition [A.4.6| we showed that geometric embeddings

F: D(Q,B1,Y)) > D(P,B,,Y)
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between (F -type) decomposition spaces induce quasi-isometric embeddings be-
tween the associated metric spaces (X, dg) and (Z, dp) of the underlying coverings.
A question that naturally arises is whether the opposite might be true in certain
situations: Does a quasi-isometric embedding between (X, dg) and (Z, dp) induce
a geometric embedding between the (7 -type) decomposition spaces D (Q, By, Y1)
and D(P, B,,Y,)? Although the answer in general is no, we present criteria for
when this holds and examine an illustrative example.

Firstly, we need to examine how a quasi-isometric embedding affects the global
components of decomposition spaces. Let Y be a sequence space on the countable
index set / satisfying the standard assumptions given in Subsection[A.4.1] Consider
two admissible coverings Q = (Q;)ier and P = (P;);es on the sets X and Z,
respectively. Assume that ¢: (Z,dp) — (X, dq) is a surjective quasi-isometric
embedding. For each j € J we pick i € I, denoted by ¢( ), such that

d(P;))NQ; #0.

If this selection can be performed such that each i € [ is picked precisely once,
then we say that ¢ induces a bijection between index sets. If this is so, we define
the normed sequence space (Y, || - [ly,) by

Y¢ = {(x])Je] € CJ . (x¢_l(i))iel [S Y} N

with norm

lensesll, = (xo0), [,

Let us see why the sequence space Yy does not depend on the precise choice
of bijection that ¢ induces: Consider two induced bijections ¢, ¢g: J — I and let
i € I be arbitrary. Then for j := ¢>I1(i) and [ = qﬁal(i) we have ¢1(P;) N Q; # 0
and ¢o(P;) N Q; # 0. Forx € ¢1(Pj) N Q; and y € ¢po(P;) N Q; we use that ¢ is a
quasi-isometric embedding to obtain

dp(zyx, Zy) <L+C, zxE€ ¢_1(x), Zy € ¢_1()7)-

Hence there exists a k = k(L, C) € N such that j € [¥*. The fact that the clustering
map ["g is bounded on Y ensures the required independence. It is straightforward
to check that all properties required of the global component of a decomposition
space are satisfied for Y if they are satisfied for Y.

iel

Theorem A.4.9. Let ¢: (Z,dp) — (X,dgq) be a surjective quasi-isometric em-
bedding between the associated metric space of two covered spaces (X, Q) and
(Z,P) that induces a bijection between index sets. Consider two (F -type) decom-
position spaces D(Q, B1,Y) and D(P, B2,Ys) where the local components By
and By consist of functions on X and Z, respectively. Assume that the mapping

" f(y) = f(¢()
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between B and Bj is bounded. Then ¢ induces a geometric embedding from
D(Q, B1,Y) to D(P, By,Yy) on the form

$°f = 6°(f - 90),
iel
where © = (¢;)ics is any choice of Q-BAPU.
Proof. Let us fix a Q-BAPU @ = (¢;);e; and write f = X,y f - ¢; for each

f € D(Q,B;,Y) by Proposition Then using that ¢ induces a bijection
between the index sets allows us to write

$F=D 8" (F )= 0" (f pop)s
iel jeJ

where ¢*(f - ¢¢(;)) € B2 by the boundedness of ¢*. We want to apply the last
statement Proposition to conclude that ¢* f € D(P, B2,Y,). To do this, we
need to first check that the support condition is satisfied.

We denote as usual the quasi-isometric parameters of g by L,C > 0. Let j € J
be arbitrary and seti := ¢(j). Since ¢(P;) NQ; # O we can find y; € P; C Z such
that ¢(y;) € Q;. Then the constraint dp(y,y;) > L(C + 1) on y € Z ensures that
¢(y) ¢ Q; since we have

1
do(¢(y), ¢(yi)) = de(y,yi) -C> 1.
Hence

supp (¢ (f - @4(j))) = supp (¢"(f - ¢i))
c{yeZ:dp(y,yi) < L(C+1)}

ko
- Pj ,
for some fixed k = k(C, L) € N. The equivalence

(1" (f - eoi)lBy) jey €Yo = (16°(f - @)llB) ;e €Y

together with the boundedness of ¢*: By — B; ensure that we can apply the last
statement of Proposition to obtain ¢*f € D(P, B,,Y,). Moreover, the
boundedness of ¢ implies that there exists a constant S > 0 such that

" flloP.Boy,y) < SIfllD(@.B..Y)-

To show injectivity of ¢* we make the following observation: For an element
feD(Q,B1,Y) wehave f - ¢; € B; as a genuine function. Since },;c; f-¢i = f

86



A.4. Decomposition Spaces and Geometric Embeddings

in the norm of D(Q, B1,Y) by Proposition [A.4.3] we can make sense of f as a
function on X. Assume that ¢* f = 0. Then

0= 0(f-e) =) (fod) (pio9).

iel iel

Since (¢; o ¢);¢s is a partition of unity on Z we have that f o ¢ is the zero function
on Z. Thus the surjectivity of ¢ implies that f is the zero function on X. Hence
f =0in By and injectivity follows. O

Remark. There are several ways of modifying the statement in Theorem [A.4.9to
obtain useful variants. To illustrate this, let us consider By = L? and B, = L4 for
1 < p,q < oo on the spaces X = R" and Z = R™. Since the spaces B; and B,
consist of equivalence classes of functions and not functions themselves, we can
not apply Theorem|[A.4.9]in this setting. A closer look at the proof of injectivity of
¢* above shows that we the only thing we can conclude from the statement ¢* f = 0
in By = L4 is that ¢* f is zero almost everywhere as a function on R™. If we add
the assumption that ¢: Z = R™ — X = R” should map sets with measure zero to
sets with measure zero (with respect to the respective Lebesgue measures), then
the following argument carries through: If ¢*f = 0 in B; then f o ¢ is zero on a
set Z\ N C Z where N has measure zero. Then X = ¢ (Z \ N) U ¢(N) due to the
surjectivity of ¢ and ¢(NN) has measure zero. Hence f is zero almost everywhere
and hence represents the equivalence class of the zero function in LP. Therefore
@™ is injective. The assumption that ¢ should preserve sets with Lebesgue measure
zero is easily satisfied in concrete situations.

We will refer to the geometric embeddings in Theorem[A.4.9]as being spatially
implemented. It should be remarked that not all geometric embeddings need to be
spatially implemented, see Theorem [A.5.2] Since surjective quasi-isometric em-
beddings are quasi-isometries, we can only hope to find spatially implemented geo-
metric embeddings between decomposition spaces D(Q, By, Y1) and D (P, By, Y>)
whenever (X,dgq) ~ (Z,dp). Looking back at Example gives an obvious
candidate that we now examine.

Consider the decomposition space

— q
By (R") = D (8,L7,12, ), (A4.7)
for 1 < p,q < oo where B(R") is the dyadic covering on R" given in Example
and w(s) is the weight w(s)(j) := 2/ for j € Ny. We denote by BY, 4(R+) the
decomposition space whose underlying covered space (R, B(R.)) is the positive

line with the restricted dyadic covering and the local and global components are
the same as in (A.4.7). The notation B, A (R") is motivated by the fact that the
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(inhomogeneous) Besov spaces B, ,(R") appearing in classical harmonic analysis
have the #-type decomposition space description

— T q
By (&) = D7 (8,L7,1%, ).

The reason we consider Bj, /(R") instead of the Besov spaces B, ,(R") is be-
cause we can then use Theorem[A.4.9]to obtain a spatially implemented geometric
embedding.

Proposition A.4.10. There is a spatially implemented geometric embedding from
B} .4 (Ry) to By (R™) for any n > 1.

Proof. To invoke Theorem[A.4.9| we define a map
¢:R" — R,
X=Xy Xn) = (e +x2) T = x5

The first step is to show that ¢ is a quasi-isometry. Associate to any x € R” the
smallest number m(x) € Ny such that ||x|> < 2. It is clear that the distance
dg(rn)(x,y) between two points x, y € R" satisfies

dggny(x,y) = dgen (2™, ...,0),(2"9),...,0) +a = [m(x) - m(y)| +a,

where a will denote a constant that is either one or zero (consider when x and y
are in the same dyadic interval to see the necessity of a). Then we have

du(s) (900, 9()) = dis,y (270,270 4 @ = nl(x) = m(3)] + .

This is clearly a quasi-isometric embedding with parameters L = n and C = 1. It
is also clear that ¢(R") is all of R, by considering the image of any line through
the origin. Hence ¢ is a surjective quasi-isometry.

However, ¢ induces the map Ny > m +— nm € Ny between the index sets. Since
this is not a bijection (unless n = 1) we need to make the following modification:
Scale the dyadic covering on R” so that the dyadic intervals have the form

Dy = {x eR":|lx]l2 < 2%}, D, = {x eR": 2" < Ix||h < ZMT“}.

The scaled dyadic covering still defines the same decomposition space Bj, ,(R")

and the map ¢ satisfies ¢(D;) = D; for all [ € Ny. Hence we obtain that ¢ induces
a bijection between index sets and the correct sequence space on R" is

q —_ 749
(lw(s))¢ - lw(ns)'
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We can apply Theorem as longs as we can show that the mapping
o* f(y) = f(¢(y)) between LP (R, ) and L (R™) is both bounded above and below.
A computation using spherical coordinates gives that

1" ()l ey = (/R ’f ((x%+-~+x,%)2)
= —nﬂ'% ’ N M| P dr -
“(wivp) [ )

1

LP(Ry)»
I‘(l ' n) ,( )

Sl

P

dx; --'dxn)

where I' denotes the Gamma function. Hence Theorem implies that ¢* is a
spatially implemented geometric embedding from B, / (R,) to B, (R"). O

A.5 Examples

In this final section we will put our developed machinery to the test in concrete
settings. We will consider the modulation spaces, both on R” and on the Heisenberg
group Hj,41; the latter case was recently considered in [64]]. Finally, we describe a
class of decomposition spaces in Subsection [A.5.3| where the underlying covering
is quasi-hyperbolic.

A.5.1 Euclidean Modulation Spaces

Modulation spaces are a class of function spaces in time-frequency analysis that
have been extensively studied in the last decades. They were introduced by Hans
Georg Feichtinger and is widely recognized as the correct setting for theoretical
time-frequency analysis after its appearance in the standard reference on the topic
[81]. The original description was given by Feichtinger in the language of de-
composition spaces, while the modern approach is usually through integrability of
the short-time Fourier transform. We will begin by giving a brief review of the
modern approach. In Theorem[A.5.2|we show that geometric embeddings between
modulation spaces in different dimensions can only exist when the dimension is
increasing.

The two fundamental operators in time-frequency analysis are the time-shift
operator Ty and the frequency-shift operator M,. They act on f € L*>(R") by

T f(t) = f(t—=x), Myf(t) =™ “f(), x,weR"
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Given two functions f, g € L?>(R") where g # 0 we define the short-time Fourier
transform (STFT) of f with respect to g to be

Vof(x,w) = /R" f()g(t —x)e 2™ dr = (f, M, Txg) 12 (mn)- (A5.1)

This gives us localized frequency information about f by looking through the
“window” g. It is clear from the inner product interpretation in (A.5.T)) that we can
extend the STFT to the setting where f € S’(R") and g € S(R") by duality.

Definition A.5.1. Fix g € S(R") \ {0} and constants 1 < p,q < co. We define
the (non-weighted) modulation space MP-4(R™) to be all tempered distributions
f € 8'(R") that satisfies || f|psp.a (rn) < o0, Where

| fllarp.a@ny = (/Rn (/Rn Ve f (x, w)|? dx)p dw) )

It follows from [81, Proposition 11.3.2] that different choices of functions
g € S(R™) \ {0} yield equivalent norms. Moreover, the spaces MP-4(R") are
Banach spaces where the time-shift operators and the frequency-shift operators act
by isometries [[81, Theorem 11.3.5].

The modulation spaces have, in addition to their STFT-description, a presenta-
tion as ¥ -type decomposition spaces

MP9R") =~ DT (R", LP,19). (A5.2)

One refers to the description of MP-4(R") given in Definition as the coor-
bit description of MP-4(R"), while (A.5.2) is referred to as the decomposition
description of MP-4(R").

Theorem A.5.2. There is a tower of compatible geometric embeddings

2 r; m n+l

I - I
MP4(R) LN MP4(R?) = ... LN MP9(R") s ...
where there are no geometric embeddings in the other direction.

Proof. Tt follows from Proposition and Remark that there are no
geometric embeddings from M”94 (R") to MP4(R™) whenever n > m. We will
now show that MP-4(R") can be geometrically embedded into M?-4(R™) as long
asn < m.

Define the map

I S (R") € MP4 (R") — MP4 (R™)
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given by

Fr= T (EL e m) = T (TP Erne s €N (Ennt) - 1(Em))

where 0 # n € C2(R) and ¥, denotes the n-dimensional Fourier transform. It is
clear that the condition (A.4.0) is satisfied. Since S(R") is dense in M?-9(R") by
(81, Theorem 12.2.2] it suffices to show boundedness of I'}. To show this, we utilize
the coorbit description of MP-4(R™). Since the Fourier transform interchanges
time-shift operators and frequency-shift operators, it follows that 7, is a bounded
operator from MP-4(R™) to M?P(R"). Hence it suffices to show that the map
f — f ®nis abounded map from S(R") ¢ MP-4(R") to MP-9(R™*!) whenever
0#neCr(R)and 1 < p,g < oo.
The standard Gaussian g,41(x) = e™™ x* on R splits as

gn+1(X) = (g0 ® 1) (%) = gn(X)g1(Xn+1),

where x = (x,...,xu41) and X = (x1,...,x,). Hence

Vgn+1(f ®n)(x,w) = Vgn®g1 (fenkxw) = Vgnf(i, ) - ng(xn+1,wn+1)-

A straightforward calculation gives that

Lf ® 1l prpa gy

4 q

2
/(/|Vglﬂ(xn+1,wn+1)|p dxn+1) dwn+1) NS llazpagny.
R \JrR

Since 0 # n € C(R) ¢ S(R) ¢ MP4(R) it follows that I")"* is a bounded map
from MP-4(R") to MP-4(R™).

The reason I' is injective when viewed as a mapping from MP-4(R") to
MP-4(R™) is because the Fourier transform is an injective map from M?-4(R")
to M?-P(R") and that 5 # 0. Hence I')' extends to a geometric embedding from
MP-9(R"™) to MP-4(R™) forn < m. Finally, the embeddings we constructed respect
composition T, oI =T foralll >m >n > 1. O

We can say even more by allowing the indices 1 < p, g < oo to vary. It follows
from [81, Theorem 12.2.2] that we have the estimate

||f||MP2-q2(Rk) < A”f”MPlstu(Rk)

for some A > 0 whenever p; < py and g1 < ¢».
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Corollary A.5.3. Whenever p; < pj, g1 < g2, and n < m there exists a geometric
embedding from MP1-91 (R") to MP>92(R™). In particular, there exists a geometric
embedding from the Feichtinger algebra So(R) := M"!(R) to any modulation
space MP-4(R").

Hence the Feichtinger algebra is universal in the class of (non-weighted) mod-
ulation spaces on Euclidean spaces. Therefore, any (¥ -type) decomposition space
that embeds geometrically into Sp(R) does in fact embed geometrically into all the
modulation spaces MP-9(R").

A.5.2 Heisenberg Modulation Spaces

The STFT introduced in (A.5.1)) is intimately related to the Heisenberg group Hy,+1
in the following way: Define the Schrodinger representation

p: Hoper = UL*(RY))

by
p(x,w,t) — em(2t+x-w)TxMw,

where x,w € R", t € R and U (L*(R")) denotes the unitary operators on L?(R").
Then a short computations shows that the matrix coefficients of the Schrodinger
representation are (up to a phase factor) the STFT. The Stone-von Neumann theorem
[81, Theorem 9.3.1] emphasizes the importance of the Schrodinger representation
as it is essentially the only interesting irreducible unitary representation of the
Heisenberg group.

Although it is clear from Definition[A.5.T|that the Heisenberg group Hy,.4; play
a role in the traditional modulation spaces, the underlying covering of M”49 (R")
has Z" as its associated metric space and not the discrete Heisenberg groups. Re-
cently, decomposition spaces originating from a coorbit description of a certain
nilpotent Lie group have been investigated in [64]]. These decomposition spaces are
truly related to the large scale geometry of the Heisenberg group. We outline their
construction and extend one of their main results |64, Theorem 7.6] to geometric
embeddings in Proposition[A.5.4]since all the hard work has already been done in
Section [A.3]and Section[A.4] We believe that our approach can make arguments
clearer and emphasize the importance of viewing coverings from a metric perspec-
tive. Thus we are able to approach some of the novel results in [64] from a different
angle because of our large scale machinery.

The (abstract) Dynin-Folland Lie algebra b, » is the nilpotent Lie algebra with
basis

Kuays oo Xuys X o X Xoos Xops oo X Xy o0 Xy X Xs)y (AS3)
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and with non-vanishing commutation relations

[Xuj, Xvk]bn,z =0k Xw, [Xuj’ Xxk]bn.z =0k Xs, [Xuj’ XZ]bn,z = _%ij’
1
[XVJ'9 ka]bn,z = 6j,kXS’ [XV]" XZ]bn,z = EXXj’ [XWa Xz]f)ng = X,
where j, k = 1,...,n. The first 2n+ 1 basis vectors in (A.3.3)) generate a subalgebra
that is isomorphic to the Lie algebra of the Heisenberg group Hy,,.;. We denote by
H,, » the connected and simply connected Lie group corresponding to b, » called
the Dynin-Folland group.

In |64, Theorem 4.5 and Corollary 4.7] the authors classify all the irreducible
and projective representations of the Dynin-Folland group by using Kirillov’s orbit
method. One of these projective representations is used to define the Heisen-
berg modulation spaces similarly to how the Schrodinger representation is used
to define the modulation spaces MP-4(R"). We refer the reader to [64] for the
explicit description as we will only need the decomposition space description of
the Heisenberg modulation spaces.

In [64] they consider the lattice in Hy,+; ~ R>**! defined by

I:={(a,b,c) eR™' :a,be (22)", c €2Z}.
From this a covering $ on Hp,,11 =~ R?"*! is induced by defining
P={Pxy:P= (-€,2+€)" 1y ery,

where € € (0, %) and the multiplication P =7 is with the Heisenberg group structure.
Define the ¥ -type decomposition spaces

EP9 (Hapsy) = DT (P, LP,19),

where 1 < p, g < oo and the reservoir is the tempered distributions.
We remark that [64] consider the spaces with weights derived from the homo-
geneous Cygan-Koranyi norm

1
(p,q,t) — ((|p|2+ lg]?)* + 16t2)4 .

We omit this extension as all the geometric features are already present in the case
without weights. Moreover, we refer the reader to [64, Theorem 7.3] where the
authors show that the spaces EP-9 (Hy,,41) coincide with the Heisenberg modulation
spaces arising from the projective representations of the Dynin-Folland group H,, ».

Proposition A.5.4. None of the spaces E”% (Hy,1) , MP-4(R¥), and B3,  (R')
are geometrically isomorphic for any values n, k,l > 1, p, g € [1, ).
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Proof. 1Ttis clear from the results in Section[A.3|that the covering P is the uniform
covering on Hp,;. Since any lattice in a stratified Lie group is uniform, the lattice
I'is anetin (Hy,+1,dp). Thus Proposition implies that the uniform metric
space (Hyy,+1,dp) is quasi-isometric to I equipped with any proper, left-invariant
metric.

The fact that E”9 (Hy,,1) and MP-9(R¥) are not geometrically isomorphic
follows from Proposition The order of the polynomial growth of I" is
2n + 2 by Theorem [A.3.6] while the growth of the underlying covering of the
Besov space B9 (R!) is linear. Hence the spaces E”>? (Hy,.) and By, , (R!) are
not geometrically isomorphic by Proposition since growth type is a quasi-
isometric invariant. The modulation spaces M?-4(R¥) and Besov spaces By, 4 (RY)
are not geometrically isomorphic by Proposition[A.4.6/and Example[A.2.15] O

Notice that for p = ¢ = 2, all three spaces M>2(R?>"*!), B, ,(R*"*!) and
E*? (Hppy1) are all simply L?*(R¥*1) as Banach spaces by [148, Lemma 6.10].
However, the identity map

Id: M>*(R¥) — E?2 (Hppst)

is not a geometric isomorphism between ¥ -type decomposition spaces since the
associated metric spaces of the underlying coverings are not quasi-isometric. Hence
geometric isomorphisms incorporate the coverings and thus treat decomposition
spaces as more than Banach spaces.

A.5.3 A Decomposition Space of Hyperbolic Type

So far, we have looked at several examples of decomposition spaces that have
already been present in the literature. We conclude by examining a new decom-
position space having an underlying covering whose associated metric space is
quasi-hyperbolic (and not infinite cyclic).

Definition A.5.5. We call the space
DP9 (SL(2,R)) == D(SL(2,R), LP,1?)

the hyperbolic decomposition space with parameters 1 < p,q < oo. Here LP
denotes the (equivalence classes of) p’th integrable functions on SL(2,R) with
respect to the Haar measure on SL(2,R). Whenever p = ¢ = 1, we call
D (SL(2,R)) := DV (SL(2,R)) the standard hyperbolic decomposition space.

Since the group SL(2,R) is unimodular we do not need to distinguish between
the left and right Haar measure on SL(2,R). The terminology hyperbolic decom-
position space is motivated by Theorem [A.3.TT] We can take the reservoir to be
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A = Cp(SL(2,R),C) as this is of minor importance by [55, Theorem 1 (ii)]. It
follows from Proposition that DP-9 (SL(2,R)) is reflexive as a Banach space
whenever 1 < p, g < oo.

Example A.5.6. Let us, for the sake of concreteness, give an example of an
element in the standard hyperbolic decomposition space D (SL(2,R)). Every
element @ € SL(2,R) has an Iwasawa decomposition

_ (cos(@) —sin(@)) (y x)

|—

sin(@)  cos(6) 3

for0 < 6 <2, x € R, and y > 0 [31, Chapter 26]. We will write elements in
SL(2,R) as (6,x,y) according to their Iwasawa decomposition. In these coordi-
nates, the Haar measure on SL(2, R) is given by y~2dx dy dé.

Consider the function f: SL(2,R) — R, given by

f(0,x,y) =y e,

Then a short computation shows that

1l = /SL(ZRf(z)du(z)— / - [ ve RS ok

by utilizing the value of the Gamma function at zero. Since f is positive, we have
the trivial estimate ,
I fllosLer) < Nu2n?,
where Nq, is the admissibility constant of the uniform covering U.
We will now show that the hyperbolic decomposition space D4 (SL(2,R))
is fundamentally different from the decomposition spaces we previously examined.

Proposition A.5.7. There are no geometric embeddings

$n: MP1(R") — DP9 (SL(2,R)),
Ym: EPY (Hypsr) — DP9 (SL(2,R)),
04: B, ,(R?) — DP9 (SL(2,R)),
ni: DP9 (SL(2,R)) — MP4(RF),
70 DP9 (SL(2,R)) — EP9 (Hyp1),
oy DP9 (SL(2,R)) — B;, ,(R"),

forn > 2 and m,d, k,l,r > 1. However, for n = 1 the Feichtinger algebra Sy(R)
embeds geometrically into D (SL(2,R)).

95



Paper A. A Large Scale Approach to Decomposition Spaces

Proof. The fact that ¢,,, ¥ ,,, and 8, can not be geometric embeddings for n > 1
and m,d > 1 follows from the hyperbolicity of (SL(2,R),dq) together with
Proposition[A.4.6|and Lemma[A.2.19| (a).

If we assume that 7; is a geometric embedding, then Proposition [A.4.6] and
Theorem [A.3.T1] imply that there is a quasi-isometric embedding between the
hyperbolic plane H? and R¥. Since R is quasi-isometric to Z* and H? is quasi-
isometric to 711 (X) by Proposition[A.3.11] where X is a compact Riemann surface
of genus g > 2, we then have a quasi-isometric embedding

ks T (X) — Z*.

Any hyperbolic group that is not finite or contain Z as a finite index subgroup
does contains the free group on two generators as a subgroup [88|]. The free group
is easily seen to have exponential growth type. Hence it follows that ;(X) also
has exponential growth type since any finitely generated group can have at most
exponential growth type. On the other hand, the growth type of ZF is, as we have
mentioned previously, polynomial. Hence the impossibility of 77; follows from the
basic result [[121}, Proposition 6.2.4]. The same argument works for 7; and o since
the growth types of Hy;41(Z) and Ny are both polynomial.
For the case n = p = ¢ = 1, we can define a map

é1: So(R) — D (SL(2,R))

given by

=

~ cos(8) —sin(0)\ [y
$1(f)(@) = ¢1(f) ((Sm@ cos(6) ) (0
1

where 0 # n € CZ(R) is supported in [5, 1] and we have used the Iwasawa
decomposition of @ € SL(2,R). The pointwise evaluation in (A.5.4) is well-
defined since every function in Sp(R) is continuous [81}, Proposition 12.1.4]. Let
@ = (¢i)icr be a U-BAPU for the uniform covering U on SL(2,R). Then a
computation similar to Example shows that ¢ (f) - ¢; € L' (SL(2,R)) for
every i € I and

)) = fOn(y), (A.5.4)

1
y

{le1() - eilleiszmy b €1 D 1(F) - ¢i = $1(6).

iel
Hence we can conclude from Proposition that ¢1(f) € D (SL(2,R)) and

o1 (Hlloseer) < Allfllsyw)s
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where the constant A > 0 does not depend on f € Sy(R). If f € Sp(R) with
Clflcn—k,n+k]forn e Zandk € N then

C[¢1()] € (0,27) X [n - k,n+k] X

1

_? 1 b

2

with respect to the Iwasawa decomposition. Hence ¢ satisfies (A.4.6)) since

1 n 1 1"
Z>3n+— o 11710 1 € SL(2,R)

is a quasi-isometric embedding by Proposition[A.2.19|(c).

Finally, the map ¢; is injective since the bump function 7 is assumed to be
non-zero. Thus ¢; is a geometric embedding. It is not a geometric isomorphism
since the image of ¢ does not contain any function that depends on the variable
0 with respect to the Iwasawa decomposition. Moreover, ¢; is not a spatially
implemented geometric embedding since Z is not quasi-isometric to H? as they
have different asymptotic dimension. O

Since every stratified Lie group G is diffeomorphic to R" for some n € N
we can identify the uniform covering U (G) with a covering on R" where the
Fourier transform makes sense. Hence we can consider the decomposition space
DT (G, LP,19). Both MP-4(R"™) and EP-9(H,,,,1) are particular examples in this
class, and one might refer to them as ¥ -type stratified decomposition spaces.

In the case where the stratified Lie group is realizable over the rationals, we
know from Theorem[A.3.6]that the uniform metric space (G, dq;) is quasi-isometric
to a finitely generated group N with polynomial growth type. Hence the argument
used in the first part of the proof of Proposition[A.5.7| carries through to show that
N is not hyperbolic unless N is quasi-isometric to Z. This is only possible for
G =R, so MP-4(R) is the only ¥ -type stratified decomposition space built on a
quasi-hyperbolic covering.

Thus a straightforward extension of Proposition shows that there are no
geometric embeddings from D7 (G, LP, 1) to DP-9(SL(2,R)) or vice versa when
G is a stratified Lie group realizable over the rationals that is not R. In particular,
this holds for the #-type stratified decomposition space where the stratified Lie
group is the Engel group introduced in Example[A.3.7] Showing statements such as
these without using invariants from large scale geometry seems highly non-trivial
and highlights the usefulness of our approach.
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Paper B

a-Modulation Spaces for Step
Two Stratified Lie Groups

Abstract

We define and investigate a-modulation spaces M}, (G) associated to a step
two stratified Lie group G with rational structure constants. This is an exten-
sion of the Euclidean @-modulation spaces M;;’,‘q’ (R™) that act as intermediate
spaces between the modulation spaces (@ = 0) in time-frequency analysis
and the Besov spaces (¢ = 1) in harmonic analysis. We will illustrate that
the group structure and dilation structure on G affect the boundary cases
@ =0, 1 where the spaces M, ,(G) and B;, /(G) have non-standard transla-
tion and dilation symmetries. Moreover, we show that the spaces M}, 5 (G)
are non-trivial and generally distinct from their Euclidean counterparts.

Finally, we examine how the metric geometry of the coverings Q(G)
underlying the @ = 0 case M}, ,(G) allows for the existence of geometric
embeddings

. ; k K
F: M5, (RY) — M3 (),

as long as k (that only depends on G) is small enough. Our approach
naturally gives rise to several open problems that is further elaborated at the
end of the paper.

B.1 Introduction

The modulation spaces M, ,(R") in time-frequency analysis and the (inhomoge-
neous) Besov spaces 85, /(R") in harmonic analysis are invaluable in their own
fields. They are connected by the existence of a one-parameter family of Ba-
nach spaces M, g (R") where 0 < @ < 1 such that the aforementioned spaces

are the boundary cases @ = 0 and @ = 1. It was in the Ph.D. thesis [80] that
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the a-modulation spaces M g (R") were first introduced and they have subse-
quently been investigated for a plethora of reasons: The @-modulation spaces
My, 4 (R") are suitable spaces for studying diverse questions such as boundedness
of pseudo-differential operators [28]], embedding questions [54, |148]], and Banach
frame expansions [27]. Moreover, the spaces M), g (R") have found applications
in non-linear approximation theory [30] and for studying the Cauchy problem for
nonlinear Schrodinger equations [94, |95].

The modulation spaces M, ,(R") are built out of a uniform covering U (R")
on R", while the Besov spaces 8;, /(R") have a dyadic covering B(R") associated
to them. The intermediate spaces M, 5 (R") have associated coverings Q*(R")
that interpolate between the extreme cases U (R") and B(R™). It is advantageous
for several of the applications mentioned above to extend the @-modulation spaces
to a setting that include non-uniform translation and dilation symmetries.

Modulation spaces can be defined on locally compact abelian groups [58]], while
the (homogeneous) Besov spaces have been generalized to stratified Lie groups in
[38] through integrability properties of the sub-Laplacian. Recently, the paper [|83|]
has extended certain modulation spaces to the nilpotent setting through a coorbit
theory viewpoint. We aim to extend all the @-modulation spaces M ;,Z (R™) to the
setting of stratified Lie groups through a more geometric approach that emphasizes
the underlying coverings mentioned above.

The choice to extend the a-modulation spaces to stratified Lie groups is moti-
vated by the desire to obtain the following two properties for the resulting spaces
My q(G):

(i) We can realize all the elements in M;:g(G) as distributions on R" where
n = dim(G). This will allow us to use the Euclidean Fourier transform in
the description of the spaces M}, 5 (G).

(ii) The fact that any stratified Lie group possesses dilations and a (typically non-
abelian) group structure is needed for a satisfying definition of the boundary
casesa =0, 1.

For a stratified Lie group G it is possible to identify G with (R", *5) where
n = dim(G) and *¢ is a product that is polynomial in each component. The
initiated reader should have the Heisenberg groups H,, in mind. The special case
M,S,”(,)] (H,,) has already been investigated in [64]] with the help of representation
theory.

We are able to define the spaces M, 5 (G) for any stratified Lie group G.
However, we can only assure that the definition is not vacuous whenever the step
of G is less than or equal two. The reason for this will be explained and discussed

further in Subsection Although we expect the generalized a-modulation
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spaces M, ¢ (G) to be well-defined for all stratified Lie groups G, we are not able
to show this with current methods. Moreover, for the most part we need to restrict
to the stratified Lie groups G being rational, meaning that there exists a lattice
N c G. This is a mild condition and is easily checked in practice. Whenever
possible, we will state results for arbitrary stratified Lie groups in the hope that the
restriction to rational stratified Lie groups with step less than or equal two will be
removed in the future.

The two properties[(1)]and [(if)] above can be considered as necessary conditions
for studying the spaces M, (G). However, two generalizations are not equally
rewarding and the reader should be skeptical whether this initial outset yields
satisfying results. Except for expecting the spaces M), 5 (G) to satisfy basic re-
sults regarding completeness, duality and so on, the following five questions seem
appropriate to answer:

1) Are there coverings Q% (G) on R" associated to the spaces M ;:Z(G) in the
same manner as in the Euclidean setting? Moreover, do these coverings
reflect some geometric property of the stratified Lie group G in the uniform
case @ = 0?

2) Can one use the spaces M}, (G) for an application without extensive knowl-
edge of stratified Lie groups? That is, can someone with a time-frequency
analysis or harmonic analysis background effectively work with the spaces
Mpg(G)?

3) Have any of the spaces M), 5 (G) previously appeared in the literature? Are
the spaces M, 7 (G) interesting whenever G is not isomorphic to (R", +) as
a Lie group?

4) Ts the extension from M}, g (R") to M}, 5 (G) uninteresting in the sense that
the definitions need only be trivially modified to obtain spaces with analogous
properties? Do all the techniques used when studying the Euclidean a-
modulation spaces M,f,’f(f (R™) extend in an obvious way to solve the same
problems for the spaces M}, (G)?

5) Are the new spaces M, o (G) distinct from their Euclidean counterparts

M, 5 (R™)? More precisely, is it possible that
Mpy i (G) = My g (RY),

for some parameters 1 < py1, p2,q1,g2 < 00,571,852 € R,and0 < ay,ap < 17

We will not attempt to address the first four questions in the introduction, but
will answer them throughout the paper and return to them again in Section
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The fifth question turns out to be the most challenging and the answer given in
Theorem [B.5.6] can be seen as the main technical achievement of the paper. Our
result will extend the known result for the modulation spaces on the Heisenberg
group given in [64, Theorem 7.6]. We say that the parameters p, g, s, @ with
1 < p,g <c0,5s €R,and 0 < @ < 1 are non-trivial it (p,q,s) # (2,2,0).
Question [5)|above has the following complete answer.

Theorem. (Main Theorem) Let (R", xg) denote a rational stratified Lie group
with step less than or equal two. Consider two sets of non-trivial parameters
1 < p1,p2.q1,92 <, 51,52 €R, and 0 < a1, a2 < 1. We have equality

My g (G) = My g (RY)

with equivalent norms if and only if both
(P1.q1,51,@1) = (P2, q2, 52, @2)  and (R, xg) = (R", +).

Given two stratified Lie groups G and H with dim(G) = dim(H), the spaces
M3t (G) and M} 02 (H) will both consist of distributions on R”. Hence it makes

sense to ask whether the inclusion M}, g (G) < M2 (H) is bounded for certain
parameters. However, when dim(G) # dim(H) this approach is not possible as the
distributions in each space are not comparable.
As a substitute, we would like to understand when there exist embeddings
Fi M5(G) — M (H)

that preserve the underlying coverings Q“(G) and Q% (H) in a suitable sense.
These embeddings have recently been invented in [[19] under the name geometric
embeddings. We will give the precise definitions in Section[B.6] The existence of
geometric embeddings is at the moment to challenging to answer in its full gener-
ality. In Theorem[B.6.4we give a partial answer to when the Euclidean modulation
spaces M;,’,?] (R¥) can embed geometrically into the generalized modulation spaces

My4(G).

Theorem. Let G be a rational stratified Lie group with step less than or equal two
and with rank k. There exists a geometric embedding

. 7,0 Kk’ ,0
F: M3O (R¥) — M350 (G)

forevery k' <k, 1 < p,q <ooands € R. This is in general optimal as there are
no geometric embeddings from MIS,:% (R¥) 10 Mls,”(,)] (RY) forl < k'
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The structure of the paper is as follows: In Section [B.2] we introduce stratified
Lie groups, admissible coverings, and related notions. We will also define the tradi-
tional a-modulation spaces M}, (R") in Subsection m to make the exposition
more self-contained. The coverings Q% (G) associated to the group G are defined
in Section[B.3]and we develop some of their basic properties. In Subsection[B.3.3|
we discuss when the elements in the covering Q“* (G) are images of a few reference
sets under well-behaved affine transformations. As one might expect, this depends
on how “polynomial” the group multiplication on (R", %) is.

In Section we define the spaces M, 5 (G) and investigate their duality
relations. We moreover show that the rapidly decaying smooth functions S(R")
are contained in Mf,’,g(G). It is in Section that we answer the fifth question
regarding uniqueness of the spaces M, 7 (G) and develop a few auxiliary results.
We will study geometric embeddings in Section [B.6] Finally, in Section [B.7] we
look back on the five questions posted in the introduction and outline some open
problems and possible future directions.
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B.2 Preliminaries

Our notational conventions are fairly standard: We use the convention that N does
not contain zero and we will write Ny := N U {0}. The Lebesgue measure of a
measurable set A € R” will be denoted by |A|, while the number of elements in a
finite or countably infinite set B will be denoted by #B. The Fourier transform on
R™ will be denoted by ¥ and we use the normalization convention

F(f)(w) = /R e d,

We will denote by S(R") the space of smooth functions on R” with rapid decay.
Its topological dual space S’(R") will be referred to as the tempered distributions.
Denote by L? := LP(R") the p’th integrable Lebesgue measurable functions for
1 < p < oo with the usual modification for p = co. The space [9([) where [ is a
countable index set will denote the ¢’th summable sequences indexed by / where
1 < g < oo. Similarly, the space [*°(I) denotes all bounded sequences on the index

105



Paper B. a-Modulation Spaces for Step Two Stratified Lie Groups

set I. When the index set [ is clear from the context we will often simply write
[1:=19(I)for 1 < g < oo.

We will use the notation ||-|| g for the usual Euclidean norm on R” and reserve the
notation || - || for the homogeneous quasi-norms on stratified Lie groups introduced
in Subsection Finally, the notation a; < b; between two quantities a; and
b; that (possibly) depends on an index i € [ indicates that there exists an absolute
constant C > 0 such that

1
—-a; <b; <C-a, e I.
C l

B.2.1 Stratified Lie Groups

In this subsection we briefly outline the essence of stratified Lie groups and the basic
constructions on them we will need in subsequent sections. As our intended audi-
ence include people with a background in harmonic analysis and time-frequency
analysis, we have tried to keep the prerequisites at a minimum. Any statement that
is not justified in this subsection can be found in [65, Chapter 1.6 and Chapter 3.1].

Definition B.2.1. Let G be a connected and simply connected Lie group with Lie
algebra g. Then G is called stratified if there exists a stratification

Vi, if j=1,...,5-1

o), if j=s B.2.1)

g=Vi®- oV, [Vl,vj]:{

The number s is called the step of G while the number k := dim(V)) is called
the rank of G. Both numbers are invariant under different choices of stratifications.
Elements in V; are said to be of degree i fori = 1,...,s and we use the notation
deg(X) =i for X € V;. It is clear that any stratified Lie group G is nilpotent, that
is, the adjoint map adx: ¢ — @ given by adx (Y) = [X,Y] is a nilpotent linear
map for all X € g.

For stratified Lie groups the exponential map exp;: ¢ — G is a global dif-
feomorphism and we denote its inverse by log;: G — g. The Baker-Campbell-
Hausdorff formula (BCH) gives the expression

logg (expg (X) *g expg(Y)) = X +Y + %[X,Y] - %[Y, [X,Y]]+---, (B.2.2)

where there are only finitely many terms due to the nilpotency and they all involve
iterated brackets between X and Y.

An important feature of stratified Lie groups is that they admit dilations: Define
the maps D, : g — g for r > 0 by

D, (X) =r®eXx xeq.
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It is straightforward to see that the maps D, are all Lie algebra isomorphisms.
Since G is the connected and simply connected Lie group of g, there exist unique
Lie group automorphisms D¢ : G — G lifting the maps D, for all r > 0. We
call the maps D¢: G — G for r > 0 dilations on the Lie group G and they are
explicitly given by

Df;(g) =expg oD, olog;(g), g€G.

Any stratified Lie group G is unimodular, that is, the right and left Haar
measures coincide. Let ¢ denote a choice of Haar measure on G. Then

u(A) = A(logg(A)), (B.2.3)

where A is a corresponding choice of Lebesgue measure on the vector space g and
A C G is a Borel measurable set. Hence (D% (A)) = r€u(A), where

0 = Zj -dim(V;).
j=1

The number Q satisfies dim(G) < Q and is the homogeneous dimension of G.
Recall that a lattice N in a Lie group G is a discrete subgroup such that there
exists a G-invariant Borel measure ug/n on the quotient G/N with

16 (G/N) < .

Lattices in stratified Lie groups enjoy two properties that are not shared by lattices
in general Lie groups (or in general locally compact groups):

* Any lattice N in a stratified Lie group G is uniform, that is, the quotient space
G/N is compact. In fact, the compactness of G/N for a discrete subgroup
N is equivalent to the existence of a G-invariant Borel measure ug,n on the
quotient G/N with ug/n(G/N) < oo [139, Theorem 2.1].

* Any lattice in a stratified Lie group is a finitely generated nilpotent group
[139, Theorem 2.10].

Moreover, a stratified Lie group G admits a lattice if and only if there exists a basis
X1,..., X, forits Lie algebra g such that the structure constants cf.‘j defined by the

relation
n

(X Xj1 = Y ekiXe, ij=1,....n,
k=1

are all rational numbers [139, Theorem 2.12]. Such stratified Lie groups are called
realizable over the rationals or simply rational. The classification of nilpotent Lie
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algebras in [[79]] shows that every stratified Lie group of dimension less than seven
is rational. We will mostly be interested in stratified Lie groups G that are rational
and many results (such as Proposition [B.3.5] Theorem B.5.6] and Theorem [B.6.4)
require this.

We can identify G as a manifold with R” for n = dim(G) through the exponen-
tial map. The group operation *g on R” such that G is isomorphic to (R", *) as a
Lie group is polynomial by the BCH formula (B.2.2). Then relation shows
that the Haar measure p on G transported to R” through the exponential map is
simply the Lebesgue measure A on R". However, lattices N in G are not in general
identified with the standard lattices in R”, that is, the subgroups I' ¢ R" on the
formI' = AZ", where A € GL(n,R). Our motivation for identifying stratified Lie
groups with R” comes from the need to use the Euclidean Fourier transform when
defining the generalized ¢-modulation spaces in Section [B.4]

Let us now describe an alternative to the usual Euclidean norm || - ||z on R”
that is adapted to the stratified Lie group G: We say that a function f: G — Cis
[-homogeneous for | € Ny if

f(PC@) =r'f (o).

for every r > 0 and all g € G. The function f: G — C is called symmetric if
f(g)=f(g7") forevery g € G.

Definition B.2.2. A homogeneous quasi-norm on G is a 1-homogeneous continu-
ous function || - || that is symmetric and has the property that ||g|| = O only holds
when g is the identity element of G.

‘We will use the standard notation
Bl'(g,R)={heG:llg"+chl <R}, geG, R>O.

The following proposition is proved in [65] Proposition 3.1.35] and shows that the
choice of homogeneous quasi-norm is in many instances irrelevant.

Lemma B.2.3. Let G be a stratified Lie group. Then G admits a homogeneous
quasi-norm that is smooth away from the identity element. Moreover, any two
homogeneous quasi-norms || - ||1 and || - |2 on G are equivalent in the sense that
there exists C > 0 such that

1
= < <C ,
cllsll < llgll2 < Cliglls

Jorevery g € G.
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The terminology “quasi-norm” is justified by 65, Proposition 3.1.38], showing
that homogeneous quasi-norms satisfy

g *c hll < C(ligl +1IAl), & heG, (B.2.4)

where C > 1 is a constant that does not depend on the elements g, 2 € G. In fact,
it is always possible by [65, Proposition 3.1.39] to find a homogeneous norm, that
is, a homogeneous quasi-norm || - || that additionally satisfies

g *G Al < ligll + 1Al g.heG.

When considering stratified Lie groups in the rest of this paper, we implicitly
assume the following standing assumption: We always chose the realization of G as
(R", %) where n = dim(G) through the exponential map. The triple (R”, g, || - ||)
will for the rest of the paper denote the realization of G where || - || is a chosen
homogeneous quasi-norm on (R", *g).

Example B.2.4. Consider the Heisenberg Lie algebra
by = spang{X1,..., Xu,Y1,..., Y0, Z}
with non-trivial bracket relations
[(X:,.Yil=2, i=1,...,n.

The connected and simply connected Lie group H,, corresponding to , is called
the Heisenberg group. It follows from the BCH formula (B.2.2) that

1
logy, (CXPHn(X) *H,, eXPHn(Y)) =X+Y+ E[X’ Y], X.,Ye€bh,.
Through the exponential map, the Heisenberg group H,, is isomorphic as a Lie
group to (R?"*! sy ) where
1

(x,w, 1) xg, (x', 0, 1) = (x +x, w+w, t+t + z(x'w —xw)|,
for x,x’,w,w’” € R" and ¢,t’ € R. After this identification, the dilations D]EI” for
r > 0 are given by

DE(x,w,1) = (rx,rw, r*t), (x,w,1) € R*"!,

The homogeneous dimension of H,, is Q = 2n + 2 and a concrete example of a
lattice in (R?™*! sy ) is

N ={(xwneR™ x,0e2Z" teZ}.

Moreover, the homogeneous Cygan-Koranyi norm
1

(X, w, 1) —> ((|x|2 +lw?)? + 16:2)Z (B.2.5)
is an example of a homogeneous quasi-norm on the Heisenberg group.
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B.2.2 Admissible Coverings

We give a brief review of admissible coverings and some related notions that we
need in subsequent sections. Admissible coverings was originally formulated in
[59] as special coverings on an arbitrary set. However, we will restrict ourselves to
admissible coverings on R” since every stratified Lie group G has a realization as
(R, %) as explained in the previous section.

Definition B.2.5. A covering Q = (Q;);cs consisting of non-empty sets on R" is
called admissible if we have the uniform bound

sup#{j €l:0;nQ; #0} <Ngq, (B.2.6)
i€l
for some Ng € N. The admissible covering Q will be called a concatenation if we
additionally have the equality

[ee)

R = Jok, (B2.7)

k=1

for some (and hence all) i € I, where we use the notation

*
’

Q; = {Qj €EQ:0,NQ; # (D} , Qf‘* = (Ql(k_l)*)
fork >2andi € I.

Given an admissible covering Q = (Q;)ie; we call the elements in Q7 the
neighbours of the set Q; € Q. Moreover, the smallest possible constant Ng in
is called the admissibility constant of the admissible covering Q. The
admissibility condition is needed to obtain non-trivial classes of functions
that have a prescribed frequency decay with respect to the covering Q. On the
other hand, the concatenation property will be necessary when we examine
coverings from a metric space viewpoint in Section [B.5|and Section B.6|

We will in Section[B.5|need the notion of weight functions that are well-behaved
with respect to an admissible covering Q = (Q;);e;y on R". To be precise, we will
say that a function w: I — (0, o) is Q-moderate if we have the uniform bound

sup a)(z.) < Cuws
{J:0inQ;#0} w(])

where the constant C,, does not depend on the index i € /.
Given two admissible coverings Q = (Q;);e; and P = (P;)jcs on R", there
are two common ways of comparing them:
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* We say that Q is almost subordinate to P if there exists a k € N such that for
every i € [ thereisa j € J with Q; C P’]‘* We use the notation Q < # and
say that the coverings Q and P are equivalent if both Q < P and P < Q are
satisfied.

e We say that Q is weakly subordinate to P if we have the bound

sup#{jeJ:PjﬂQ,- i(b} < oo,

iel
If Q is weakly subordinate to # and vice versa, we call the coverings weakly
equivalent.

It follows from [59, Proposition 3.5] that almost subordination implies weak
subordination, although the converse is not true in general. It is generally difficult
to show that one covering Q is almost subordinate to another covering . However,
itis often easier to show that Q is weakly subordinate to . Whenever the coverings
consist of open and path-connected sets, then it follows from [59} Proposition 3.6]
that the two notions coincide.

An arbitrary admissible covering Q = (Q;);c; on R” can have (at least) two
problematic features: Firstly, the index set / might not be countable. Secondly,
sets Q; € Q are allowed repeat in the collection Q := (Q;);cs, only with different
indices. The covering Q on R whose index set is  := R x {0, 1} and is given by
O(r,0) = Q(r,1) = {r} forr € Ris asimple admissible covering that embodies both
problems simultaneously. Moreover, the covering Q is clearly not a concatenation
as itis a partition. The following lemma shows that these problems disappear once
we require the elements in the covering to be open sets.

Lemma B.2.6. Let Q = (Q;)ier be an admissible covering on R" consisting of
open sets. Then I has to be countable and the covering Q is automatically a
concatenation. Moreover, we can remove repeated elements in Q = (Q;)ie; and
obtain an equivalent covering.

Proof. Since Q is an open covering on R" we can find a countable subcovering
Q' = (Qj)jes of Q with J C I. Consider the sets

Aj={iel:Q;nQ;#0}, jel.

Then for every i € I we can find a set A; with j € J such thati € A; since Q’
is a covering on R". The set Ujc;A; is countable and we obtain that / has to be
countable as well.

The concatenation property is equivalent to the following statement:
Given x,y € R" we can find a sequence Q;,,...,Q;, € Q of elements in Q with
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x € Q; and y € Q;, suchthat Q;; N Q,,,, # O forevery1 </ < k—1. Sucha
sequence is called a chain from x to y in [59]]. To see that this is always possible to
find, consider the straight line

Yx,y: [0,1] = R", Yxy(t) =ty + (1 —1)x, (B.2.8)

connecting x and y. Since the image of y, , is compact and the elements in Q are
open, we can find a finite set of elements (Q ) e in Q such that

Im(’)’x,y) c U Qj-

jeJ

A standard topological argument using the openness of the elements (Q ;) je; shows
that we can reorder (Q ;) ey to obtain a chain from x to y. The final statement is
obvious from the definition of equivalent coverings. O

Remark. We would like to emphasize that the proof of Lemma|[B.2.6| goes through
if, instead of R", we consider a path-connected topological space X where any
open covering on X has a countable subcover. The only modification is that we
would need to pick an abstract continuous path from x to y guaranteed by the path-
connectedness of X rather than the straight line given in (B.2.8)). These conditions
hold for all connected manifolds and hence include most settings considered in the
literature.

B.2.3 «@-Modulation Spaces

We now give the definitions of the Euclidean a-coverings and ¢-modulation spaces
M}, 4 (R"). This will serve as a motivation for the generalization to stratified Lie
groups described in the next sections.

Definition B.2.7. An admissible covering Q“ = (Qf);e; on R" consisting of
open and connected sets is called an a-covering for 0 < o < 1 if

an

* The sets O € Q“ satisty |Qf] =< (1+||§,~||12€)T fori € I'andforallé; € QF.
* For each i € I we denote by r (Q¢) and R (Q¢) the numbers

r(0f) =sup{r e R: B(c,,r) C QF for some ¢, € R},

4

R(Qf) =inf{ReR: QY c B(C,,R) for some C, € R}.

4

There should exist a constant K > 1 such that

R(0F)
K
o) <

(B.2.9)
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There is much variation in the literature about the definition of a-coverings:
In [28]] the authors do not require to hold. In [[148] Chapter 9], the author
considers a concrete covering that satisfies Definition [B.2.7, Our definition is the
same as in [27] and is motivated by the following remark.

Remark. 1t follows from [27, Lemma B.2] that any two @-coverings on R" as we
have defined them are weakly equivalent. Thus they are in fact equivalent since
they consist of open and connected sets. To see that connectedness is a necessary
condition, we can take @ := (Q;)xez to be the covering Q,, = (n— 1,n+ 1) and
P = (Uk)ken, to be the covering

Uo = (-2,2), Up:=(-k-2,-k)U(k,k+2), keNl.

Both coverings are O-coverings on R. However, they are clearly not equivalent
since P is not almost subordinate to Q.

Let Q = (Q;)icr be an admissible covering on R". A (smooth) bounded
admissible partition of unity subordinate to Q (Q-BAPU) is a family of non-
negative smooth functions @ := (1;);c; on R" such that

supp(Wr) € Qi Y wi=1, sup||[F Ty, < oo (B.2.10)
icl iel
Definition B.2.8. Let Q“ = (Q);c; be an a-covering on R" and let ® = (¢;);es
be a Q¥-BAPU. Given the parameters | < p,g < o0, s e R,and0 < @ < 1 we
define the a-modulation space M, 3 (R") to be tempered distributions f € S’(R")
satisfying

1

1 gy = (Z(Hnané) l7 Wi TN | <o

P.q
iel

oS

where &; € Qf for every i € I. If ¢ = co we use the obvious modification from
summation to supremum.

The a-modulation spaces Mf,”g (R™) were first introduced in [[80]]. Since two
a-coverings on R" are equivalent, we obtain from [59, Theorem 3.7] that the
resulting a-modulation spaces have equivalent norms. Moreover, one also obtain
equivalent norms by choosing another bounded admissible partition of unity by
[59, Theorem 2.3 B)]. The a-modulation spaces MIS,”Z (R™) are Banach spaces for
all the parameter values 1 < p,g < oo, s € R,and0 < a < 1.

Example B.2.9. If @ = 0 then an option for an a-covering on R" is the uniform
covering

rL{(RH) = (le ..... mn)ml ..... m,,GZ, le ..... ny = (_17 l)n + (mla e amn)'
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The resulting spaces M, ,(R") = M IS,’% (R™) are precisely the modulation spaces
with polynomial weights. They are typically denoted by M7 ?(R") or simply
MP9(R") in the literature and we refer the reader to [81, Chapter 11] for more
information on them.

Example B.2.10. If « = 1 and n > 2 we can use the dyadic covering given by
B(R") := (Dm),,_, where Dy := B(0,2) and

Dy = {xeR": 2" <|x||lg <2™'}, meN. (B.2.11)

The resulting spaces 8, ,(R") = M . lq (R™) are the (inhomogeneous) Besov
spaces. For n = 1 the covering given in (B.2.T1)) is not connected and we would
need to split each of the sets D, for m > 1 into its two connected components and
consider them individually to obtain a 1-covering.

To summarize, the @-modulation spaces are a one-parameter class of Banach
spaces connecting the modulation spaces used in time-frequency analysis and the
Besov spaces used in harmonic analysis.

B.3 Generalized o-Coverings

We will in this section define generalized a-coverings for 0 < @ < 1 on R” that
reflect the stratified Lie group structure (R", %) and extend the @-coverings defined
in Subsection[B.2.3] We will emphasize the role of the homogeneous quasi-norms

and lattices in the stratified Lie group (R", xg).

B.3.1 Definition and Equivalence

From now on, we identify a stratified Lie group G with (R",*g) through the
exponential map and fix a homogeneous quasi-norm || - || on (R", ). By doing
this, we have to keep track of that R" is equipped with a both a group structure ¢
and a Lie algebra structure R” ~ g =V & - - - @ V;;, where s is the step of G. When
writing elements x € (R", ) in coordinates x = (x1, .. ., x,) we implicitly assume
that we have chosen a basis vy, ..., v, for R" that is adapted to the stratification.
This means that vy, ..., V4im(v;) 18 a basis for Vi, Vgim(v;)+1, - - - » Vdim(v») 18 a basis
for V5, and so on.

Definition B.3.1. Let (R, %g, || - ||) be a stratified Lie group with homogeneous
dimension Q where || - || is a chosen homogeneous quasi-norm. For a fixed
0 < a < 1 we call an admissible covering P = (P*);c; on R" consisting of open
and connected sets a generalized a-covering for the stratified Lie group (R”, )
if it satisfies the following two properties:
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* The sets P;* satisfy the estimates

a 2 #
PeL= (1+1EIR) (B3.1)

for each i € I and for all §; € P".

* For eachi € I we denote by rl'l (P®) and RI'l (P®) the numbers

-l (P{*) = sup {r eR:Bl'l(c,,r) c P for some ¢, € R},

RIN(P) = inf {R eR: P c BI'l(C,, R) for some C, € R} .

There should exist a constant K > 1 such that

RI (pa
G

—— - <K. B.3.2

Notice that the numbers rl'l (P@) and RI'll (P®) are strictly positive since we
o . . :
assume that the sets P{* are open. Condition (B.3.2)) is necessary to obtain that
two generalized a-coverings are equivalent as will be shown in Proposition
Notice that Lemma [B.2.6]implies that the index set I has to be countable and that
the covering P is automatically a concatenation.

Remark. When G = (R", +) the homogeneous dimension satisfies Q = n and we
regain the definition of the a-coverings given in Definition The reason
for realizing generalized a-coverings corresponding to stratified Lie groups on
Euclidean space is to involve the Euclidean Fourier transform when we define
generalized a-modulation spaces in Section Moreover, the heuristic reason
we use the homogeneous dimension Q in (B.3.1) instead of the dimension # is that
we would like to obtain “Besov type spaces” for @ = 1 that incorporate the intrinsic
dilations DY of the stratified Lie group (R", ). We will see later in Lemma
that this intuition gives a concrete 1-covering that is similar to the dyadic covering

given in Example [B.2.10]

Whenever o = 0 then condition simply says that the Lebesgue measure
of the sets P? is constant. One could wonder whether the uniform covering U (R")
in Example satisfies and thus is a generalized a-covering for any
rational stratified Lie group (R", %) other than (R”, +). We will see in Proposi-
tion [B.5.4] that this is not the case by using arguments from metric geometry. The
reader might get some motivation for this approach by trying to prove this statement
directly without additional tools.
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Example B.3.2. For the Heisenberg group Hj3 with the homogeneous Cygan-
Koranyi norm (B.2.5) we have that generalized a-coverings P := (P{);¢; for
0 < a <1 satisfy

1
2

2a
(e
|P{] = (1 + ((x2+w2)2+ 16t2) ) = (1 +xt+ ot +20%0% + 16t2) ,

for (x,w,t) € P{.

We give explicit examples of generalized @-coverings in Subsection
Before that, we turn to the question about equivalence. The following proposition
implies that the specific choice of homogeneous quasi-norm and generalized a-
covering does not matter when we define the generalized a-modulation spaces
M;,’fq’(G) in Section The proof of the second statement in Proposition m
is inspired by the proof of the corresponding statement for Euclidean a-coverings
given in [27, Appendix B].

Proposition B.3.3. A covering £% on R" is a generalized a-covering for the
stratified Lie group (R",#*s) independently of the choice of the homogeneous
quasi-norm. Moreover, any two generalized a-coverings Q< and ¢ for (R", x¢g)
are equivalent.

Proof. Assume that || -||; and || - ||» are two homogeneous quasi-norms on (R", )
and that # := (P{");¢ is a covering that satisfies with respect to || - ||;. It
follows from Lemma [B.2.3] that

aQ aQ
IPE =< (1+]IEID 7 < (L+I&113) 7,
for all §; € P;*. Similarly, we have
r”'”l(PlfY) - rll-llz(plgt)’ R”'”l(Pia) < RII-Hz(plq)

independently of i € 1. Hence condition (B:3.2) is satisfied for || - || when it is
satisfied for || - ||; and the first statement follows.

For the last statement, it suffices by [59} Proposition 3.6] to show that Q“ and
P are weakly equivalent since they both consist of connected and open sets. Let
us fix a homogeneous quasi-norm || - || on (R”, #¢) and denote by u := |BII'll(0, 1)].
We first claim that

PO = (r”’”(Pl.“))Q = (R”‘“(P?))Q, (B.3.3)

where Q denotes the homogeneous dimension of (R”,*s). Since the usual
Lebesgue measure is the Haar measure on (R”, *) we have

BV (x, R)| = |x x6 B0, R)| = B (0. R)| = |DFB1(0, 1)] = RO,
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where x € R" is arbitrary and R > 0. Hence

0 0
e () 1P < - (RN P)
for every i € I. This implies since
pa Rl (pay)@ pe
< |1|Q=( (,))Q. IllgsKQﬂ
(FI0Pe) e (FIHIPe)2  (RII(PY))

where K > 1 denotes the uniform bound in (B.3.2).
Assume that Q¢ N P # () for some i € I and some j € J. Then (B.3.1)
together with @ give the estimate

RII-II(Q;!) - R”'H(Plf’) - rll-ll(plfl).

’

Hence there exists a uniform constant « > 1 such that

0% c Bl (ci,Kr“'”(P;’)), ¢i € P, (B.3.4)
For every i € I we consider the constants

Ay (i) ::#{Q;' €Q:QINPY 2 (b}.

Assume that there exist a sequence iy € I with k € N such that A, (i) — oo. Then
if Q;’k N Pl.“k # 0, we have

@ Q
123, v( ! ) . (B.3.5)

’Bn-n(Cik,,(rn-n(plgz)” Ku

Notice that the right-hand side of (B.3.5]) does not depend on k € N. Thus (B.3.4)
and (B.3.3) give a contradiction since Q“ is assumed to be admissible. o

Notice that Proposition [B.3.3]still leaves open the possibility that a generalized
aj-covering P and a generalized a,-covering Q® for a stratified Lie group
(R™, %) might be equivalent whenever a; # a;. We will prove in Theorem|[B.5.1
that is not possible.

B.3.2 Concrete Examples

We now turn to giving concrete examples of generalized a-coverings. It will be
clear that we need to require that (R", %) is rational in the intermediate case
0 < @ < 1. For a = 0, the existence of a lattice N C (R", %) is convenient but not
nessesary. For @ = 1 the existence of a lattice is irrelevant. The main difference
from the Euclidean case is that we do not have the luxury of picking the “canonical”
lattice Z".
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The Uniform Case: a =0

We would like to find a concrete generalized O-covering for (R”, ) that, similarly
to the Euclidean case, reflects the group operation *g. Such a covering was
constructed for any locally compact group in [56]] and we briefly review this in the
setting of stratified Lie groups realized on Euclidean space.

For every stratified Lie group (R",*g, ]| - ||) there exists a covering U on
R constructed in the following manner: Fix the set B 110, 1) and consider the
collection

{x «¢ B0, 1)} . {Bn'n(x, 1)}

X€ x€eR”

Lemma B.3.4. There exists a family of elements {x;};c; with x; € R" for every
i € I such that
UG) = {B”'” (xi, 1)}

iel

is a generalized 0-covering for the stratified Lie group (R", x¢).

Proof. It follows from [56] that there exists a family of elements {x;};c; with
x; € R" for every i € I such that ¥(G) is an admissible covering. To show that
any ball

BI'l(x,R), xeR", R>0

is path-connected, it suffices to consider the unit ball By := B!'ll(0, 1) by applying
a left-translation and a scaling Dg. The path t — (txq,...,t%xj,...,t"x,) for
t € [0,1],v; = deg(x;), and x := (x1,...,x,) € By connects the origin to x and
lies within By since

" — |G —
(exr, .. x|l = 1D (k15 .- ox) || = [elllx]l < 1.

The balls B!l (x, R) are also open due to the continuity of the homogeneous quasi-
norm || - ||.
We are left with checking the two conditions in the definition of a generalized
a-covering: The first condition follows readily since
00
|81, )| = R2 B0, D] = (14 11611) 7

where & € Bl'l(x;, R) and Q is the homogeneous dimension of (R", ). The
second condition (B.3.2)) is clearly satisfied with K = 1 since the covering consists
of balls with respect to the homogeneous quasi-norm || - ||. O

Proposition implies that the choice of the family {x;};¢; is largely irrel-
evant as different families will produce equivalent coverings. We refer to U(G)
as the uniform covering of the stratified Lie group (R", ). In the case where
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the stratified Lie group (R", %) is rational, we can be even more concrete: Fix a
lattice N C (R", %) and fix R > 0 such that the collection

-N) = 1l
U(G;N) = {B (n,R)}neN\{O}
is an admissible covering. This is possible since N is both uniform and discrete.
We can again apply Proposition to see that U(G; N) is equivalent to the
uniform covering U(G) and we consider U(G; N) as a concrete realization of
U(G). When G = (R",+) and N = Z" then the covering U(G; N) is precisely
the covering introduced in Example Hence the uniform covering U (G) is a
0-covering that incorporates information about the group structure *g.

The Intermediate Case: 0 < @ < 1

We turn to the intermediate range 0 < @ < 1 and give a concrete covering motivated
by the most commonly used a-covering in the Euclidean setting, see [135] for its
origin. This covering will require the existence of a lattice N c (R", ) and
extends the covering U (G; N) introduced above.

Proposition B.3.5. Let (R", %, ||-||) be arational stratified Lie group with a lattice
N c (R, xg). We will use the notation

op(é) = &IPe, £eR",  Bi= ,
where we have fixed 0 < @ < 1. There exists ; > 0 such that the collection

(G N) = {B”'” (65 0), Ik ﬁ)}
QI (G:N) s ARIP)}
is a generalized a-covering for any r > ry. For a = 0 the covering Q*(G; N) is
simply U (G; N) introduced previously.

Proof. Since the statement about @ = 0 is clear and already justified previously,
we will henceforth assume that 0 < @ < 1. The topology induced on R" by the
balls with respect to the homogeneous quasi-norm || - || is equivalent to the usual
Euclidean topology by [65, Proposition 3.1.37]. Hence since N is uniform we have
that there exists r; > 0 such that the covering Q* (G; N) is a covering forall » > ry.
The argument that Q% (G; N) is admissible is the same as in the Euclidean case
and is given in [27, Lemma 2.5 and Theorem 2.6]. We can duplicate the proof of
Lemma|[B.3.4]to deduce all the properties needed for Q (G; N) to be a generalized
a-covering except for the proof of condition (B.3.I). To show this, we need to
make a few estimates:
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If we let Q denote the homogeneous dimension of (R", #¢), then we have

|81 Gk, 1) | =

: 20
DrGHkHﬁB” | (0, 1)| = ||kl ™=, (B.3.6)

by the left-invariance and dilation properties of the Haar measure. By picking the
center point dg(k) in the ball Bl-ll (6g(k), r||k||P) we see that

aQ aQ
2

(1+18p0012) = (14 1eIP22) = (1+||k||'—2a)azg. (B3.7)

Since we have excluded zero from the lattice N the estimate || k|| o =< 1+ ||| 7 is
valid. Comparing this observation with (B.3.6) and (B.3.7)) shows that the covering
Q¢ (G; N) is a generalized a-covering since

2
. a0 2 2
BIN(S(k), rlIkIP)|™ =< Ikl Ta = 1+ ||kl| ™o = 1+ ||65(k)]1%.

In the definition of a generalized a-covering, we need the above estimate for
every & € B”'”(dﬁ(k), r||k||#) and not only the center point 0p(k). This follows
from a straightforward computation using that

165 (k)| = 165(k) = &k + Exll < C(rIEIP + 1€,

where C > 0 is the constant appearing in (B.2.4). o

The Dyadic Case: @ =1

The covering given in Proposition [B.3.5]is clearly not well-defined for @ = 1. We
will give a concrete example of a generalized 1-covering that models the classical
dyadic intervals underlying the Besov spaces given in Example [B.2.10

Definition B.3.6. Let (R", %, || - ||) be a stratified Lie group. The covering
B(G) = A{Dm(G)}men,
given by
Do(G) = BI'(0,2), D,(G) := BI(0,2m+1) \ BI'I(0,2m-1), m €N,

is called the Besov covering with respect to the homogeneous quasi-norm || - || on
the stratified Lie group (R”, ).
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The fact that the homogeneous quasi-norm || - || is not part of the notation 8(G)
will be justified in Lemma The Besov covering is an admissible covering
consisting of open and connected sets. Hence it is a concatenation by Lemma[B.2.6]
The most important property of the covering 8(G) is the scaling invariance

D$Dn(G) = Dysi(G), m=1,k20.

For an arbitrary homogeneous quasi-norm || - ||, one can not assure that
(2m,0,...,0) € D, (G) for m > 1. Although this is not a serious obstacle,
we can fix this by using the homogeneous quasi-norm

1

n 2
2
G, xalla = | D 17| (B.3.8)
j=1

where v; denotes the degree of x;. We emphasize that we denote the usual
Euclidean norm by || - || g to distinguish it from the homogeneous quasi-norm || - ||
in (B:3:8). If (R", *¢) has rank k then

||(x1,...,xk,0,...,0)||2 = ||(x1,...,xk,0,. ,O)HE
With the homogeneous quasi-norm it is clear that
(2™,0,...,0) € Dp(G), m €No. (B.3.9)

Moreover, the group structure between the elements in (B.3.9) is the same as
the Euclidean addition since they are in the first layer V;. The following lemma
shows that fixing the homogeneous quasi-norm || - ||, is justified and that the Besov
covering is a concrete realization of a generalized 1-covering.

Lemma B.3.7. Assume that n > 1. The Besov covering B(G) is a 1-covering
for the stratified Lie group (R", xg) independently of the choice of homogeneous
quasi-norm.

Proof. We first work with the homogeneous quasi-norm || - ||2 given in (B.3.§).
Let us begin by checking that the ratio property (B.3.2) is satisfied: For m = 0
we obviously have rl'l2(Dy(G)) = RI'2(Dy(G)) and hence the ratio is one. For
m > 1 we claim that we have the estimates

RV (D (G)) <2, r M (D,(G)) 2 277

The first is clear from the definition of RI'l2(D,,(G)) while the second follows
from considering a ball centered at the point ¢, = (2, ...,0). In conclusion, this
gives
Rl (D (G)) om+l
Sup —————— < sup
meN rl-il (Dm(G)) meN 2m-1
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To see that the size condition (B.3.1)) is satisfied, we denote by u = |BlI'l2(0, 1)|
and estimate for m > 1 that

|D,,,(G)| = ‘B”'llz(O, 2m+1)‘ _ ‘BII'Ilz(O, 2m—1)’
= |D§,,,HB“'“2(0, 1)] E ’D;IB||~||2<O’ 1)|

49 1
— om
—(y 20 )2 .

On the other hand, for any &, € D,,,(G) we have ||&,,|| < 2" and hence

Qo
(1+[lEnl5) % = 29,

Combining these estimates shows that the Besov covering 8(G) with the homoge-
neous quasi-norm || - | is a 1-covering. Then we can apply Proposition [B.3.3]and
obtain that the choice of homogeneous quasi-norm defining the Besov covering
B(G) is irrelevant as they all produce equivalent coverings. Hence we can safely
use the homogeneous quasi-norm || - || given in (B.3.8) without loss of generality.
When n = 1 we have that (R, *g) = (R, +). In that case, we refer the reader to
Example for a trivial modification of the result. |

Let (R", %) be a rational stratified Lie group with a lattice N. We will use the
notation

U(G;N), ifa=0
Q%(G) = Q%(G;N)={Q%(G;N), if0<a<1, (B.3.10)
B(G), ifa=1

where the number r > 0is chosen large enough so that Q' (G; N) is a concatenation.
The specific value of r > 0 needed will be suppressed as it is of no relevance in our
augments.

Remark. We have showed that the concatenation Q” (G) depends (up to equivalence
of coverings) only on the parameter 0 < @ < 1 and the stratified Lie group (R”, #¢).
We can say even more by introducing the following terminology: The growth vector
of a stratified Lie group (R", ) is the multi-index

®(G) = (ny,...,ny), n; =dim(V;), i=1,...,s,

where V; are as in (B.2.1)). If (R", *g) and (R", xf) are two stratified Lie groups
with ®(G) = G(H) then the homogeneous quasi-norm || - || given in (B.3.8)
are equal for both (R", ) and (R",*p). Moreover, they clearly have the same
homogeneous dimension as well. Hence by using the homogeneous quasi-norm
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[| - ||2 we see from Definition[B.3.|that a generalized -covering for (R", ) is also
a generalized a-covering for (R", xyy) and vice versa. From this we can conclude
from Proposition [B.3.3] that any generalized a-covering £ can be described by
two parameters: The continuous parameter 0 < @ < 1 and the discrete parameter
®(G) € N where s is the step of (R", *¢).

B.3.3 Almost Structured Coverings and BAPU’s

Many coverings that arise in practice have the property that its elements are essen-
tially given by well-behaved affine transformations of a few reference sets. This
notion was studied in [29]] and the following definition is a slight generalization
appearing in [|148]].

Definition B.3.8. Let Q := (Q;);c; be an admissible covering on R". We call Q
an almost structured covering if there exists a finite collection (#Py)ses of bounded,
open subsets of R" called reference sets with the following properties:

* There is an invertible affine transformation A; := T; + b; for every i € I with
T; € GL(n,R) and b; € R" such that

Qi = Ai(Ps) =Ti(Ps) + by, (B.3.11)
for some s € J depending on i € I.

* If Q; N Q; # O for some 7, j € I then we have the uniform compatibility
condition
177175 < Co < o, (B.3.12)

where Cp does not depend on i, j € 1.

* There should exist a finite collection (P/S) seg of open sets with P_T C P, for
every s € J such that (Ai(P;))ie],sej cover R".

If the index set J = {s} is a singleton, then the covering Q is called a structured
covering.

Remarks.

¢ The elements in an almost structured covering Q = (Q;);ey are automatically
open by (B.3.11). Hence the index set I is always countable and Q is a
concatenation by Lemma [B.2.6] The reason one needs to consider almost
structured coverings rather than structured coverings can be seen from the

dyadic covering B(R?) given in Example
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* We would also like to point out that structured or almost structured coverings
are not preserved under equivalence of coverings: It is straightforward to
construct an equivalent covering to, say, the uniform covering U/ (R?) that
is not even almost structured. Hence questions such as “are all generalized
a-coverings corresponding to a stratified Lie group (R”", x¢) almost struc-
tured?” are not well-defined. To ask meaningful questions, we will have to
consider the specific representative coverings given in (B.3.10).

The following originates from [29]] and shows that the standard realization of
the Euclidean a-coverings considered in the literature are indeed almost structured
coverings.

Lemma B.3.9. The coverings Q% (R";Z") are structured for 0 < a < 1, while the
coverings B(R™) for n > 2 are only almost structured.

Hence one might expect that the coverings Q%(G) are all at least almost
structured for any rational stratified Lie group (R",*g). This is supported by
the fact that a small modification of [64, Proposition 6.2] shows that the uniform
covering U (H,,; N) is a structured covering where Hj, is the Heisenberg group and
N is the lattice N := (2Z)** x Z. However, the following proposition shows that
this is not true in general and depends on the step of the stratified Lie group in
question.

Proposition B.3.10. Let (R", x5) be a stratified Lie group where n > 1.

* The Besov covering B(G) is an almost structured covering that is never
structured unless the group (R", #¢) is isomorphic to (R, +).

¢ Assume that (R",*s) is rational and let N be a lattice. The coverings
Q%(G; N) are structured for 0 < @ < 1 whenever the step of (R", ) is less
than or equal two. However, the coverings Q¥ (G; N) for 0 < a < 1 are not
necessarily almost structured whenever the step of (R”, %) is higher than
two.

Proof. For the Besov covering B(G) = (D, (G)),,_, given in Definition we
consider Do(G) and D (G) as the reference sets. Define the matrices

2 (m=1)-v|
An=T, = , v;=deg(x;), m>=1.
Z(m_l)'vn
By setting Ay to be the identity matrix we then have that Ag(Dy(G)) = Do(G) and
A, (D1(G)) = D, (G) since

AnD\(G) = D3, D1(G) = Dy (G).
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Notice that two elements D,,(G) and D;(G) can only intersect in the case when
m € {l —1,1,1+ 1}. In any case, a straightforward computation gives that

T, Tl < 2%,

and the estimate (B.3.12) is satisfied. Finally, it is clear that the last requirement in
Definition [B.3.8]is satisfied by shrinking Do(G) and D(G) slightly.

The Besov covering B(G) is not a structured covering when n > 1 since
Dy(G) is convex while the sets D,,(G) for m > 1 are not. When n = 1 the
stratification has only one layer and hence (R, *g) =~ (R, +). Itis clear from
the construction given in Example that the modification of the covering
B(R) given by dividing each of the sets D,,(R) for m € N into its connected
components is structured.

Let us now turn to the second statement. If (R", %) has step one, then we are
in the Euclidean setting and the result follows from Lemma [B.3.9] Assume that
(R™, %G, | - ||) has step two and write R” = R* @ R/ with [ = n — k according to
the decomposition given in (B:2.1). For (a, b), (c,d) € RF ® R! we can use the
BCH-formula (B.2.2)) to write their product as

(a,b) *G (c,d) = (a+c,b+d+ %P(a,c)) s

where P(a,c) is a linear polynomial in the components of a and c¢. This can be
written as the block-matrix equation

| 1lkxk O\ [a c
(@b e = S (1) (6).
where p(c) € M« (R), each of the entries in p(c) depend linearly on the com-

ponents of ¢, and p(c) - a = P(a,c). Consider now the covering Q*(G; N) for
0 < @ < 1 and write each element as

. _a . a
BV (35000 I0P) = Ik e (DS, BY0D), =
k| T-e 1-a
for every k € N\ {0} where dg(k) = lk|[Bk. We set the reference set to be
BI-1(0, 1) and leave it to the reader to show that the affine transformations

Ac(x) = k|| Tk *g DG“k”la (x), xeR", keN\{0},
r -

make Q% (G; N) into a structured covering.

Since Q% (G; N) is almost structured whenever U (G; N) is almost structured,
it suffices find a stratified Lie group (R", ) such that U (G; N) is not almost
structured. Consider the stratified Lie group G whose Lie algebra g is given by

g = span{ X1, X>, X3, X4},
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with bracket relations [ X, X»] = X3 and [X, X3] = X4. This is a stratification
where V| = span{X|, X»}, V» = span{X3} and V3 = span{X4}. By using the
BCH-formula (B:2.2) we can identify G with (R*, %), where the multiplication
(21, 22, 23, 24) = (X1, %2, X3, X4) *G (V1, Y2, ¥3, y4) has the form

21 =x1+tYy1,
22 =x2+Yy2,

1
B=x3+y3+ s (x1y2 — x2)1) ,

1 X1
24 =Xt yat s (x1y3 = x3y1) + T (x1y2 = x2y1) -

Consider the lattice N := 12Z x 2Z X Z x Z in (R*, %g). Assume first that
Q(G; N) is a structured covering and let B be the reference set. Then for elements
k,k’ € N\ {0} we can find affine transformations A; and Az  such that

Ar(B) =Ti(B) + b = BNk, R),  Aw(B) =Tw(B) + bp = BI'I(K', R),
where R > 0 is a fixed number so that Q(G; N) is an admissible covering. Then
T T BV (k, R) + (bpr — T T 'by) = BN (K, R).

Hence if k = (12,2,1,1) and k' = (12n,2n, n,n) for n € N we can increase n and
obtain a contradiction due to the quadratic term in x; in the z4-entry of the group
product. This argument can easily be extended to show that Q(G; N) is not an
almost structured covering since infinitely many of the numbers £’ = (12n, 2n, n, n)
for n € N have to correspond to one of the (finite number of) reference sets. O

The fact that the coverings Q% (G; N) are almost structured whenever the step
of (R", x) is less than or equal two is closely related to the existence of Q*(G; N)-
BAPU’s. The following proposition follows from [[149, Theorem 2.8] which is a
slight generalization of the general existence result [29) Proposition 1].

Proposition B.3.11. Let (R", *g) be a rational stratified Lie group with step less
than or equal two and fix a lattice N. Then there exists a Q*(G; N)-BAPU for all
0<ac<l

Example B.3.12. Consider a rational stratified Lie group (R", =g, || - ||) of step
less than or equal two with a lattice N.

e For 0 < a < 1, then an explicit Q*(G; N)-BAPU can be constructed by
adapting the argument in [27, Proposition A.1] as follows: Fix r > r| where
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ry is the number appearing in Proposition Consider a positive and
smooth function @: R" — R such that

supp(®) C B0, r), inf (&) > 0. (B.3.13)
£eBll(0,r)

To find the Q% (G; N)-BAPU we need, we simply scale the argument of @
correctly: Define

@ =@(Df, (7 v6 ). cw=IKITTk ke N\ {0},

Then g is smooth and unwinding its definition shows that

supp(gi) < BI'1 (85(K), rlIKIF), k€ N\ {0},

Moreover, the infimum bound in (B.3.13)) ensures that for every ¢ € R” there
is a gy such that g, (¢) > 0.

Define
gk (&)

Yien\ioy 81(€)

The L'-bound in is satisfied by an adaption of [28, Proposition 2.4].
For this to work it is essential that the step of (R”, #¢) is less than or equal two
so that the group multiplication *¢ can be represented by linear maps. Hence
we obtain a Q< (G; N)-BAPU. The functions ¢ have compact support since
the balls induced by the homogeneous quasi-norm || - || are bounded (not
uniformly) with respect to the Euclidean metric.

Yi(é) =

For @ = 1 we can proceed as follows: Pick a positive and smooth function
@y with supp(Dy) € Do(G) and Dy(x) = 1 for every x € R" with ||x]|| < %
Moreover, pick a positive and smooth function ®; with supp(®;) ¢ D(G)
and with ®1(x) = 1 for every x € R" with % < x|l £ % The collection

(@), given by
®,,(x) = D, (D,fl,m(x)), m>2, xeR", (B.3.14)

consists of smooth functions with supp(®,,,) € D,,(G) that are never vanish-
ing simultaneously. Hence we define for x € R" and m € Ny the normalized
collection

D,(x) @, (x)
TR0 @k(x)  Dpog (x) + Dy (x) + Py (1)

Ym(x) =
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where we set ®_; = 0 to make the last equality work for m = 0. The
L'-bound in (B:2.10) follows readily from the relation (B.3.14) and thus
(Ym),_o is a B(G)-BAPU. Since the support of ¢, is closed and contained
in BI'I(0, 2+1), it is clear that y,,, have compact support for every m > 0.

Notice that the existence of a lattice in the above example is not nessesary for
the case @ = 1. In fact, the 8(G)-BAPU construction is valid for any stratified Lie
group regardless of its step. For the rest of the paper, we will refer to a rational
stratified Lie group with step less than or equal two as an admissible Lie group for
simplicity.

B.4 Generalized a-Modulation Spaces

In this section, we define the generalized a-modulation spaces M}, (G) associ-
ated to a stratified Lie group (R", ). The spaces M, 5 (G) are built on the
generalized a-coverings examined in the previous section. In many regards, the
spaces M), 4 (G) behave similarly to their Euclidean counterparts M}, (R"). How-
ever, we will show in later sections that they depend heavily on the stratified Lie
group (R", %) in question. Firstly, let us define the correct reservoir defining the

functions/distributions of interest.

Definition B.4.1. Consider the space Z(R") := F (C(R")) consisting of Fourier
transforms of all smooth functions with compact support on R". We equip the
space Z(R"™) with the unique topology ensuring that the Fourier transform is a
homeomorphism from C°(R") to Z(R™). Define the Fourier type reservoir as the
dual space Z’(R") equipped with the weak™ topology.

The Fourier transform extends by duality to a homeomorphism
F:Z'(R") — D'(R") = (CZ(RM))".

We refer the reader to [[148, Chapter 3] where the danger of using the tempered distri-
butions S’(R") as a reservoir instead of the more exotic space Z’(R") is discussed.
This might seem contradictory as we defined the Euclidean a@-modulation spaces
M}, 4 (R") in Definition as subspaces of the tempered distributions S’(R").
However, it follows from [[148, Theorem 8.3] that the Euclidean a-modulation
spaces would embed into S’(R") if we had defined them using the Fourier type
reservoir Z’(R™). Hence one might as well define the Euclidean a-modulation
spaces as subspaces of tempered distributions without loss of generality.

Definition B.4.2. Let (R”, x5, || - ||) be a stratified Lie group with a homogeneous
quasi-norm || - ||. Consider a generalized a-covering P := (P{");c; on R" where
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0 < @ < 1 and assume that ® = (¥;);cs is a P*-BAPU. The generalized a-
modulation space M);q(G) for 1 < p,q < co and s € R consists of all Fourier
type distributions f € Z’(R") such that

<oo, (BA4.l)

W laagz i = | (L 1EID |7 @i 7O,

ierllia ()

where &; € P;* for every i € I. The number s will be referred to as the smooth-
ness parameter of the space M}, 5 (G), while p and g are called the integrability
parameters.

If the stratified Lie group (R”, %) is isomorphic to the Euclidean space (R”, +)
with its usual addition, then Definition [B.4.2] reduces to the usual @-modulation

spaces M), (R"). Notice that

Mg (G) e Myg(G). Mg (G) « My, (G),

follows from Proposition [B.3.3| that any two generalized a-coverings for the same
stratified Lie group are equivalent. Hence [59, Theorem 3.7] implies that M}, 5 (G)
does not depend on the specific generalized a-covering chosen. Moreover, it follows
from [59] Theorem 2.3 B)] that different choices of #*-BAPU’s in Definition[B.4.2]
yield equivalent norms.

for all € > 0 and whenever g; < g due to the monotonicity of the /Z-norms. It

Remarks.

* As we have discussed in Subsection [B.3.3] we can only guarantee the ex-
istence of the BAPU’s needed in Definition [B.4.2]in certain settings. This
setting include all admissible Lie groups, which is the most interesting class
when it comes to applications. However, will state some results for gen-
eralized @-modulation spaces on an arbitrary stratified Lie group with the
convention that this might be vacuous when we do not know the existence of
suitable BAPU’s. In that way, some of the results we prove can still be used
for a general stratified Lie group once the existence of a suitable BAPU has
been established.

* Let us briefly comment on why the expression (B.4.1) is well-defined: Since
f € Z'(R"™) we have that F(f) € D’(R"). Then the product ¢; - F(f) is
a compactly supported distribution. Hence we can consider ¢; - ¥ (f) as a
tempered distribution and thus

F' i F(f) € S'(RY).

Moreover, the distribution ! (y; - F(f)) acts on rapidly decaying func-
tions by integrating them against an entire function with polynomially bounded
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derivatives [[142], Theorem 7.23]. Hence the expression in (B.4.1)) is well-
defined, although often infinite.

The generalized a-modulation spaces M), 5 (G) are complete for all values of
the parameters 1 < p,g < oo, s € R", and 0 < @ < 1 by [148| Theorem 3.21].
Motivated by the Euclidean setting, we will also refer to

s . 5,0
M3 (G) = M30(G)

as the modulation space corresponding to the stratified Lie group (R", *g). The
modulation space Mj, ,(H,) corresponding to the Heisenberg group H,, has been
investigated in [64].

Similarly, we will also refer to

— ,1
85 (G) = ML (G)

as the Besov space corresponding to the stratified Lie group (R", #g). One can
view the Besov spaces B;, ,(G) as generalizations of the traditional Besov spaces
B, 4(R") where the dilations are not uniform in different directions. The spaces

Mp.4(G) = Mg’,?;(G)v Bp.q(G) = Bgﬁz(G>

will be called the standard modulation spaces and standard Besov spaces of
(R™, %), respectively. We begin by giving concrete realizations of the gener-
alized a-modulation spaces.

Corollary B.4.3. Let (R", =g, || - ||) be a rational stratified Lie group with a given
lattice N. Fix the parameters 1 < p,g < oo and s € R.

* An equivalent norm on the modulation space M, ,(G) is given by the ex-

pression
1
qs q
R
> () T F @ F DI | (B42)
keN\{0}
where {1 }ren\ (0} is @ U(G; N)-BAPU and the covering U(G; N) is de-
scribed in Subsection[B.3.2

* An equivalent norm on M}, (G) for 0 < a < 1 is given by the expression

1

q

S (k) F e OO | . B4

keN\{0}

where {Yx}ren\ (0} is @ Q% (G; N)-BAPU and the covering Q% (G; N) is
given in Subsection [B.3.2]
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* An equivalent norm on the Besov space 8}, /(G) is given by the expression

> o |7 o - F O30 | (B.4.4)

m=0

where {¢,,,} >, is a B(G)-BAPU and the covering B(G) is described in
Subsection[B.3.21

If (R", *g, || - ||) is an admissible Lie group, then we can pick the explicit BAPU’s
given in Example [B.3.12]

Proof. Consider the intermediate case 0 < @ < 1: Picking the center point dg (k)
in each of the balls in the covering Q% (G; N) gives

1

(14 1ap001R)° = (1 16PE0) = (14 k177) L ke v o,

Hence follows and we obtain (B.4.2) since U(G;N) = Q%(G;N) as ex-
plained in Proposition[B.3.5] For the Besov covering 8(G) the choice of homoge-
neous quasi-norm in is irrelevant due to Lemma[B.3.7] Hence we can freely
choose the homogeneous quasi-norm || - || given in (B.3.8) and use consequence
(B.3.9). Thus we obtain

1
(1+||(2m,0,...,0)||§)2:(1+4m)%xzm, m e Ny,
and the statement follows. O

Remark. We would like to emphasize that the expression (B.4.4)) does not depend on
the lattice N and is hence valid whenever (R”, *¢) is not rational. The expressions
(B.4.4) also shows the similarities with the classical Besov spaces B;, ,(R") in the
literature.

Let us introduce some notation that simplifies the expressions in Corollary[B.4.3|
for admissible Lie groups when 0 < @ < 1: Consider the generalized a-covering
Q% (G; N) and asmooth Q?(G; N)-BAPU {1 } ken\ 0} With compact support. Let
P (R"; N) denote sequences { fi }xen\ (o} Where each fi € S’(R") acts on rapidly
decaying functions by integrating against a polynomially bounded function. Define
the Fourier multiplier operator

DZ’G = F Y F,
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and the space

1;4(G;N)

By s
= {{fk}kemm € P(R™N) : H(l s AT < oo}.
12 (N\{0})

The generalized a-modulation space M, 7 (G) for an admissible Lie group (R”", )
and parameters 0 < @ < 1,1 < p,g < co and s € R can be written as

M5(G) = {f e Z/(®") : 188 flliye vy < oo} . (B.4.5)

We emphasize that this is only valid since the image of the Fourier type distributions
Z’(R™) under the Fourier multiplier operator D,‘:’G forke N\{0}andO < a <1
is contained in the tempered distributions.

The representation is useful because it allows us to reduce certain
questions about the generalized a-modulation spaces M, 5 (G) to the sequence-
type spaces lf,’f; (G; N). As an application, we now prove a duality relation between
the spaces M5 (G) for 1 < p,q < oo, s € R,and 0 < @ < 1. This is more or less
a straightforward adaption of the Euclidean case given in [93, Theorem 2.1] with
some minor modifications resulting from using an arbitrary lattice N instead of the
concrete lattice Z" c R".

Proposition B.4.4. Let (R", *s) be an admissible Lie group and fix parameters
1 < p,g<oo,5s€R, and0 < a < 1. The dual space of M}, 5(G) can be
identified with M;,S, ’qL,’(G), where p’ and ¢’ are the conjugate variables of p and ¢,
respectively.

Proof. Fix alattice N ¢ (R", xg). Any f € M;,S’;,’(G) actson g € M) 4 (G) by

(o= Y, [ operoposa
keN\{0} YR"

A straightforward computation using Holder’s inequality twice shows that

s

2\ a 2 \2 _qa
>, [ (v ki) s (1 ki) oy as

keN\{0}

IS 9

IA

||f||MI;;‘:‘;’,(G)||g||M;1;”(G),

where we have used the explicit expressions in (B.4.3) and (B.4.2). Hence the
action of f on M), (G) is bounded and we have M;,S’q(f(G) C (M 5(G))*.
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Conversely, an element h € (M, ¢ (G))* induce an element i € (13,5 (G; N))*
since we can identify M), (G) with the image {D,‘:’Gf}keN\{o} €l;4(G;N). A
standard argument similar to the one given in [[151} Proposition 3.3] shows that we

have the duality relation
* 1 1 1 1
s,a . ~ ]S . + 4 1
(a(@m) =@, e ce o

Hence we can find {h;} € l;‘f”:(G; N) such that

Giin= Y [ mOR0 ) € 55GN),
keN\{0} Y R"
Thus for g € M} 4 (G) we can use Plancherel to obtain

(o) = (o= [ 3 ot dx

R" pen\{0)

h= > opn.

keN\{0}

and we can conclude that

A straightforward generalization of [93, Lemma 2.1] shows that
h —-s,@ = h —-s,@ . = h s, *y
I ”Mp,,q,(G) I{ k}keN\{O}”lP,)q,(G,N) Al (a5 Gy

implying that (M}, 5(G))* C M;;i’q‘f(G). |

The duality relations for the Besov spaces are the obvious extensions of the
Euclidean Besov spaces, namely

(85.4(6)) =B;,(G),

where 1 < p,q < o0, s € R, and p’, ¢’ are the conjugate variables of p and g. We
omit the proof since it is straightforward.

Corollary B.4.5. Let (R", %) be an admissible Lie group. The modulation spaces
M3, ,(G) and Besov spaces By, (G) for 1 < p,q < oo and s € R are two families
of reflexive Banach spaces that are closed under duality.

There is an abundance of properties one can prove when defining new func-
tion spaces. We will focus on two properties illustrating that the generalized
a-modulation spaces M}, (G) are not degenerate:
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(i) When n = dim(G) the spaces M}, 4(G) are large enough to contain the
rapidly decaying smooth functions S(R") as subspaces.

(i) The spaces MIS,‘IZ} (G) are really new spaces in the sense that they do not

coincide with the traditional a-modulation spaces Mf,zz’fq’g (R™) for most of

the parameters 1 < py, p2,q1,q2 < 00, 51,52 € R,and 0 < ap,ap < 1.

Property [(1)| relies on basic properties of lattices in stratified Lie groups and is
proved below. On the other hand, Property is more challenging and require
several preliminary results. The main aim of Section [B.3]is to prove Property

Proposition B.4.6. Let (R", x) be arational stratified Lie group with dim(G) = n.
Then the rapidly decaying smooth functions S(R") is contained in M;’,Z(G) for
alll < p,g< oo, s eR,and0 < a < 1.

Proof. The embeddings Mg (G) € My 4, (G) for g1 < g implies that it suffices
to show the inclusion S(R") ¢ M>(G). We consider first the case 0 < a < 1
and use the norms (B.4.2)) and (]#’5[) Since the Fourier transform of a Schwartz

function is again a Schwartz function, we have that

€k = ”7—‘_1 ((J/k : T(f))”Lp <oo, ke N\ {0}’

for each f € S(R") since S(R") c L? forevery 1 < p < o0,
Fix a homogeneous norm || - || on (R", *;) as we have remarked previously
always exists. Define the metric

dg(x,y) = llx*gyll, x,yeR™

We claim that the number of points in N that are of distance less than R > 0 away
from the origin with respect to the metric dg grows with polynomial rate. Itis clear
that d¢ is a left-invariant metric on (R", % ). It restricts to a proper, left-invariant
metric dg|ny on N. Since N is a finitely generated nilpotent group we know that
dg|n has polynomial growth by Gromov’s celebrated polynomial growth theorem
[87]] and the claim follows.

It is straightforward to see that the numbers €; decay exponentially as the size
of k € N \ {0} grows with respect to the metric dg|y. The weight

S

(1+ene)”
only contributes polynomially since both @ and s are fixed. Hence it follows that

S(R") € M59(G) € M3S(G),

since I' (N \ {0}) contains all rapidly decreasing sequences. The case & = 1 is an
elementary adaption of the classical proof of the inclusion S(R") ¢ 85, . (R"). O
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B.5 Uniqueness of the Generalized a-Modulation Spaces

B.5.1 Preliminary Results

We now turn to the question regarding the uniqueness of the spaces M;’,Z(G)
for an admissible Lie group (R",*5). To be able to answer this, we need a
stronger statement about the generalized a-coverings than what was proved in
Proposition[B.3.3] In the Euclidean case, parts of Theorem[B.5.T]have been proven
with different methods in [[148, Lemma 9.5 and Lemma 9.12]. We remark that the
proof of Theorem does build on Proposition [B.3.3and most of Section [B.J]

in a non-trivial way.

Theorem B.5.1. Let (R",*g) be a rational stratified Lie group and consider a
generalized ay-covering P and a generalized ay-covering P for parameters
0 < ay,ar < 1. Then the following are equivalent:

e The covering P is weakly subordinate to the covering P 2,
* The covering P is almost subordinate to the covering P 2,
o The parameters satisfy a1 < a;.
In particular, the coverings P and P are equivalent if and only if a; = a».

Proof. Since all the coverings in question consist of open and connected sets,
it suffices to show the second equivalence as pointed out previously. Moreover,
since we have proved in Proposition [B.3.3] that any two generalized e-coverings
are equivalent, it suffices to consider the explicit coverings @' (G) and Q**(G) in
(B3.10). Let us fix a lattice N in (R", *g) and a homogeneous quasi-norm || - ||.

We begin by considering the Besov case @, = 1. We note that the size of the
sets D,,,(G) grows exponentially with respect to m € Ny. However, the size of the
elements in Q" = (Q5"(G))nen\ (0} for 0 < a; < 1 grows polynomially when
we order the index set N \ {0} in a way such that m < n whenever ||m| < ||n]|.
Hence the number

#{n e N\{0}: D,,(G) N QY (G) # 0}

will grow unbounded as m increases. Hence 8(G) is not weakly subordinate to
any QY (G) for0 < a; < 1.

Next, we need to show that Q! (G) is weakly subordinate to the Besov covering
B(G) whenever 0 < a; < 1. Pick the center point

@]
1 -

op(n) = nllnl ™ € Q1(G) = BI(Sp(n), rlinliP), B =
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Then if 27! < ||65(n)|| < 2™*! for some m € N we have that

2(m—1)(1—a|) < Hn” < 2(m+1)(1—a/])‘

Hence for all n € N \ {0} where ||n]| is sufficiently large it follows that
#{m e Ny : 0" (G) N D,(G) # 0} € {1,2}.

Since there are only a finite number of elements n € N \ {0} with norm less
than a fixed tolerance, we have that Q' (G) is weakly subordinate to the Besov
covering B(G). Showing that Q*' (G) is weakly subordinate to Q“2(G) whenever
0 < a1 < ap < 1is straightforward since the function

. xelo,1), (B.5.1)

is increasing. It only remains that Q*2(G) is not weakly subordinate to Q' (G)
when 0 <) <ap < 1.
We use the notation
A% (n) =#{l e N\{0}: 0;*(G) N Q;"(G) # 0},

and will give an iterated argument to show that there is no uniform bound on Ag? (n)
for all n € N \ {0}. The size of the elements in Q*' (G) is given by

10 (G)1 = BV (3. ) | = (vl ™) . = |81 0. 1)

where Q is the homogeneous dimension of (R", #5). Since the function given in
(B.3.1) is increasing there exists for every € > 0 a threshold R > 0 such that for
|[n]] = R we have
(G o ey
|Q}’(112( )l — ”n”Q(l’QI T—ayp
10, (G)|

The fact that N is a uniform lattice gives that there is a number Cy > 0 such that
lm~'n|| < Cn for every m € N\ {0} that is a neighbor of n with respect to the
covering Q?2(G). Hence

J<e

1032(G)] < 10,2 (G)],
for all such m. Therefore we can, by increasing the threshold R, find a sequence

nig € N\ {0} such that Ag?(ng) — oo. This implies that Q2 is not weakly
subordinate to Q?' (G) whenever 0 < o] < ap < 1. O
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Before we turn to the uniqueness result we need to investigate the generalized
a-coverings in the two extreme cases @ € {0, 1} more thoroughly. To do this, we
will briefly review a procedure originating in [59] and more recently investigated
in [[115] and [[19] that associates a metric space to any concatenation. Although
investigating the extreme cases @ € {0, 1} could be done without this extra machin-
ery, we will need this approach in Section [B.6anyway and hence save our sanity
for later.

Associated to any concatenation Q on R" is a metric dg on R” that reflects the
global properties of Q. For two distinct points x, y € R" we define the distance
dgq(x,y) to be the minimal number k such that there is a sequence Q;,,...,Q;,
connecting x and y. To be more formal, we require that x € Q;,, y € Q;, and that
Qi; N Qi,,, # O forevery j =1,...,k — 1. Moreover, no such sequence of length
k — 1 should exist. We extend the definition by dq(x, x) = 0 for all x € R" and refer
to (R", dq) as the associated metric space to the concatenation Q. Comparing two
metric spaces (R",dg) and (R™, dp) corresponding to different coverings Q and
% is done by employing the notion of quasi-isometric embeddings.

Definition B.5.2. A quasi-isometric embedding between (R”, dg) and (R™, dp)
isamap f: (R",dq) — (R™, dp) with fixed parameters L, C > 0 such that

Tda(6,y) = C < dp(f(), () < Lda(x,) +C,

for all x, y € R™. We say that f is a quasi-isometry if additionally f(R") is a net in
R™, that is, we have the uniform bound

sup inf dp (x,y) < co.
yeR™ xef (R*)

Proposition B.5.3. Let Q and # be two concatenations on R”. Then Q is almost
subordinate to # if and only if the identity map Id: (R",dgq) — (R",dp) is
Lipschitz continuous. Moreover, the concatenations Q and # are equivalent if and
only if the identity map Id: (R",dgq) — (R", dp) is a quasi-isometry.

The proposition above originates from [59, Proposition 3.8] and was phrased in
the language of quasi-isometries first for open sets of a Euclidean space in [[115]] and
for more general coverings in [19]. It shows that the metric space approach extends
the notion of almost subordination to coverings defined on different Euclidean
spaces. We now use the metric space viewpoint of coverings to examine the
boundary cases a € {0, 1}.

Proposition B.5.4. Consider the rational stratified Lie group (R", *¢). The Besov
covering B(G) is equivalent to the Euclidean Besov covering 8(R") only when
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(R, %) is isomorphic to (R”, +). Similarly, the uniform covering U (G) is only
equivalent to the Euclidean uniform covering U (R") when (R", %) is isomorphic
to (R, +).

Proof. We can by Lemma[B.3.7|choose to work with the homogeneous quasi-norm
| - ||2 given in (B.3.8)). It is straightforward to check that the points

p(m) = (2™,0,...,0), g(m) == (0,...,25m*"

are both in D,,(G) for all m € N, where s is the step of (R",*5). Hence
dg(G)(p(m),q(m)) = 1. However, the distance dggn)(p(m),q(m)) tends to
infinity as m increases as long as s > 1. Thus the identity map

Id: (R",dg)) — (R",dg®n))

is not a quasi-isometry and we can apply Proposition to obtain that the
concatenations $(G) and B(R") are not equivalent. When s = 1 there is only one
layer in the stratification (B.2.1)) and it is clear that (R", %) ~ (R", +) in that case.

The second statement follows from the more general statement [19, Theo-
rem 3.6] implying that the uniform coverings U(G) and U (H) of two rational
stratified Lie groups (R”, ) and (R", =g ) can only be equivalent if the groups have
the same homogeneous dimension. The homogeneous dimension Q of (R”, x¢)
satisfies QO = n only when the stratification (B.2.1)) has only one layer. Hence we
conclude that (R", %) =~ (R", +) and the result follows. O

Remark. The Besov covering 8(G) of a stratified Lie group (R”, ) fits in a
larger class of coverings investigated in [36] known as inhomogeneous covering
induced by an expansive matrix. An expansive matrix A is a matrix such that
all its eigenvalues have norm strictly greater than one. Consider a collection
C = (Cj)jen, such that Cy and C; are the closures of two bounded and open sets
and C; = AITN(Cy) for j > 1. If

e =w",
j=0

then the collection C is called an inhomogeneous covering induced by the expansive
matrix A. For our Besov coverings 8(G), we have Cy = Do(G), C; = D(G), and

M
A= , v; = deg(x;).
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The attentive reader will notice that there is a small discrepancy as the sets in the
covering B(G) are open, while the one described above consists of the closures
of these elements. This is of minor importance as the two versions are clearly
equivalent. Written in this framework, we could use [36, Lemma 6.1 (b)] to derive
the first statement in Proposition [B.5.4]

We need a final lemma regarding the weights appearing in Corollary [B.4.3|
before answering the uniqueness of the generalized a-modulation spaces M), 5 (G).

Lemma B.5.5. Let (R", xG) be an admissible Lie group with a lattice N and denote
by Q% (G) the explicit generalized a-coverings given in (B.3.10). The weights
N\ {0} > k —> (1+||k||ﬁ)%, 0<a<l,
are Q*(G)-moderate and the weight
Nos>mr— 2™
is B(G)-moderate.

Proof. For the Besov case, recall that two elements D, (G) and D,,(G) only
intersect whenever m € {n—1,n, n+1}. Hence the weight is $(G)-moderate since

2(n+1)5/2ns — 2nS/2(n—l)s =29

Let us consider the case @ = 0; we omit the more cumbersome case 0 < a < 1
as it relies on the same idea along with computations that can be found in the proof
of (148, Lemma 9.2]. Assume that Bl'll(k, R) n BI'I(I,R) # 0 for k,1 € N \ {0}
where R > 0 is large enough so that U (G; N) is a covering. Then the triangle
inequality implies that ||I~! G k|| < 2CR where C > 1 is the quasi-norm constant
in (B.2.4). Hence we obtain

w(k) (1 +xG 7! k||2)3

w(l) 1+ |77
< 1+(||l||+2R)
B BT
:( 21+R1||l||)
1112
S COJ’

where the constant C,, does not depend on the choice of points [, k € N\ {0}. O
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B.5.2 Main Result

We now have all the tools needed to answer the question regarding uniqueness of the
spaces M, (G). For the case G = H,, and a = 0, this question has been settled in
[64, Theorem 7.6]. The authors showed that M), . (H,) # M,? ., (R*™*!) unless
(P1,q1,51) = (P2, 92, 52) = (2,2,0), in which case

Mg’z(Hn) — MS’Z(R2n+l) — LZ(R2n+l).

We say that the parameters 1 < p,q < oo, s € R, and 0 < @ < 1 are non-trivial if
(p,q,s) # (2,2,0). We are now ready to state the uniqueness result.

Theorem B.5.6. Consider an admissible Lie group (R", %) and two sets of non-
trivial parameters (p1, q1, 51, @1) and (p2, g2, 52, @2). We have equality

My g (G) = My g (RY)

with equivalent norms if and only if both

(p1,q1, 51, 1) = (p2,q2, 52, 22) and (R",xg) = (R",+).

Proof. Assume first that the data coincide, that is, (p1, g1, 51, @1) = (p2, g2, 52, @2)
and (R", *g) = (R",+). We can apply Proposition [B.3.3]to obtain that Q%' (G) is
equivalent to @*2(R"). Then the first implication follows from [59, Theorem 3.7]
stating that two decomposition spaces are equal with equivalent norms whenever
we have equivalent underlying coverings and equal parameters. The difficult part
is the converse, and the rest of the proof is devoted to this direction.

Assume that we have equality M} ' (G) = M, 5> (R") with equivalent norms.
We start by applying the very general result [[148, Theorem 6.9] implying that
(p1,91) = (p2, q2) and that the coverings Q*' (G) and Q*2(R") are weakly equiv-
alent. We needed Lemma [B.5.5]to invoke this result. Since both coverings consist
of open and path-connected sets, it follows that Q' (G) and Q**(R") are equiva-
lent. Our strategy to show s1 = s is to use [148, Theorem 6.9 (4b)] showing that the
weights w4, G and w, r» corresponding to the coverings Q' (G) = (Qlf"1 (G))ier
and Q® (R") = (Q;.22 (R™))jes are equivalent whenever M\ o1 (G) = My o2 (R™).
Equivalence in this setting means that there exists a constant C > 0 such that

1

Ewal,G(i) < Way,Rn (]) < Cwal,G(i)a (B.5.2)

for all indices i and j such that 0" (G) N Q;’z (R™) # 0.
Let us begin with the Besov case: Assume that either @y = 1 ora, = 1. The first
part of the proof of Theorem[B.5.T|regarding exponential versus polynomial growth
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goes through to show that it is nessesary that both @1 = @, = 1. We can now apply
Proposition to obtain that (R, xg) =~ (R",+). It remains to show that the
smoothness parameters s; and s, are equal. However, this is obvious using (B.5.2))
and Lemma Hence all the parameters coincide and (R", xg) =~ (R",+).
This finishes the Besov case and we can now assume that 0 < ay, ap < 1.

Fix a lattice N in (R", %) and assume that either @; = 0 or @ = 0. Since
the elements in U(G; N) and U(R"™;Z") have constant size, it it is nessesary
then that both @; = @, = 0 since the coverings are equivalent. It follows from
Proposition that this forces (R", *g) =~ (R",+). Since the choice of lattice
is irrelevant, we can choose the lattice Z" for both coverings. We then get from
(B.5.2)) that there exists C > 0 such that

1 s 2 51
cUHIKIE) > < (14 IkIE) T < CO+ IkIE)

for all k € Z" \ {0}. The equality s; = s, follows from considering the points
k=(m,0,...,0) € Z"\ {0} form € N.

For the intermediate case 0 < a1, ay < 1 we will first show that @; = ap with a
restriction argument. Let k& denote the rank of (R", *¢) and let V| be the first layer
in the stratification (B.2.1)). Consider the restricted covering on R¥ given by

Q(GIRY) = (0f(G) n (R x {0y *))

IeN\{0}

To be a bit pedantic, we have defined coverings as consisting of non-empty subsets
so we would actually need to remove all the empty sets and renumber the index set
N\ {0} accordingly. However, this will play no role so we omit this insignificant
detail. It is straightforward to see that Q! (G | R¥) is an admissible covering. Each
element in Q' (G | R¥) is open and connected due to the subspace topology on
RK. Ttis clear when using the homogeneous quasi-norm || - ||, given in (B.3.8) that
Q' (G |R¥) is an a/-covering on RX. It now follows from Proposition m that
Q™ (G | RF) is equivalent to Q' (R¥). Since Q' (G) is equivalent to Q2 (R") we
obtain by restricting that Q! (R¥) is equivalent to Q2(R¥). We can now apply
Theorem [B.5.1] to obtain that a = a1 = ax».

The next step is to show that the homogeneous dimension Q of (R", xg) is
actually equal to n. Fix a lattice on the form N := yZF x N’ for y > 0 and use the
notation / = (y1,0,...,0) for [ € N. Then by using the homogeneous quasi-norm
|| - ||2 we have Qli"(G) N QZE’(R”) # () and the estimates

a
09(G) = 1%, QIR = 1%, le,ﬂ =1@WFs . (B5.3)
! ! |05 (RM)|

141



Paper B. a-Modulation Spaces for Step Two Stratified Lie Groups

Notice that for large / the last expression in tends to zero whenever Q > n.
Recall that the neighbors of QIS’ (R¥) are of roughly the same size as Qli" (RK)
because of (B.3.I). This is a contradiction to the equivalence of the coverings
Q%(G) and Q*(R"™). Thus we conclude that Q = n and this implies as previously
mentioned that (R”, ) =~ (R", +).

We can now use the standard lattice Z" and the standard Euclidean norm || - || g
for both coverings. From there exists a C > 0 such that

©v

1 L\ 7 2
& (remeiz®)” < (1w

for all k € Z" \ {0}. By again considering k = (m,0,...,0) € Z"\ {0} form e N
we see that s; = s5. Thus all the parameters coincide and (R”, *g) =~ (R",+). O

2

2

2

2
SC(1+||k||}E“) ,

Remarks.
* When the parameters are trivial we have the equality
M35(G) = MY (R = (),
where n := dim(G) and 0 < aj,ap < 1.

¢ Usually, we can treat the uniform covering U (G; N) as a special case of the
covering Q% (G; N) corresponding to @ = 0. However, a careful inspection
of the proof of Theorem shows that the approach in (B.5.3)) breaks
down for @ = 0. This is why we treated the uniform case separately with
techniques from metric space geometry by invoking Proposition [B.5.4] The
reader should be aware that we needed to use both metric geometry arguments
and the non-trivial results [[148], Theorem 6.9] and [59, Theorem 3.7] to prove
Theorem

Corollary B.5.7. Consider a generalized «-covering P%(G) and a general-
ized ap-covering P (H) corresponding to admissible Lie groups (R", #) and
(R™, #p7), respectively. Then ! (G) can only be equivalent to *' (H) whenever
a) = a.

Proof. 1t suffices to consider the explicit coverings Q*' (G) and Q**(H) given in

(B.3.10) due to Proposition We have remarked in the proof of Theorem[B.5.6|

that ; = O implies that @, = 0 and that @; = 1 implies that @, = 1. Hence
0 < ay,a < 1 and we can use the restriction trick in the proof of Theorem
to reduce both coverings to R¥, where

k = min{rank(R", xg), rank(R", xg)}.

Thus a; = @; follows from Theorem [B.5.1} mi
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B.6 Geometric Embeddings Between Modulation Spaces

Consider two admissible Lie groups (R",*g) and (R™, ) together with the
spaces M)’ ¢ (G) and M, 22 (H). We would like to understand when M, ¢! (G)

embeds into the space Mls,zzfz (H) in a way that preserves the global features of the
underlying coverings Q*' (G) and Q**(H).
When n = m, we can simply consider whether the inclusion

Mpya (G) & My g, (H)

is bounded. However, when n # m we need to be able to compare the coverings
Q" (G) and Q2 (H) even though they are not on the same space. Hence the com-
monly used notions of subordinate and weakly subordinate coverings introduced in
Subsection[B.2.2]are no longer applicable. However, we see from Proposition[B.5.3|
that we should ask that the embedding

F: My g (G) = Mg, (H)

in some way induces a quasi-isometric embedding
F.: (R" dgu(G) — (R, daum) -

The correct formalization for this was investigated for a very general class of spaces
known as decomposition spaces in [[19]. We will briefly review the technical details
adapted to our setting.

Definition B.6.1. Consider the generalized a-modulation space M}, 5 (G) for some
1 <p,g<oo,seR, and 0 < o < 1 corresponding to an admissible Lie group
(R™, %g). Fix a lattice N ¢ (R",%g). The essential support of an element
fe M}‘;:Z(G) with respect to the generalized a-covering Q*(G; N) = (Q)icr is

defined to be

Clfl = J{ef  1F " (i F(f) llLr # 0},

iel
where (/;);es is any choice of Q¥ (G; N)-BAPU.

To clarify, the index set I in Definition isequal to N\ {0} when0 < a < 1
and equal to Nog when & = 1. Although the essential support of f € M, 5 (G)
does depend on the choice of lattice N and the Q% (G)-BAPU, it will be clear that
specific choices are irrelevant. The reason we need to utilize this general notion of
support is that not every element in M),y (G) can be realized as a function on R";
this is already the case for the Euclidean modulation spaces M, ,(R") for most

values of 1 < p,g < oo.
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For every i € I and k € Ny we can find an element g; € Mf,’fq’(G) such
that the essential support of g; x is contained in (Ql" )k*. We can even choose
the elements g; x to be smooth functions with compact support since S(R") is
contained in M, 7 (G) by Proposition and there exist smooth Q% (G)-BAPU’s
with compact support for all 0 < @ < 1. Hence the following definition is well-
defined.

Definition B.6.2. Consider the spaces M}, 4! (G) and M2 22 (H) associated to the

admissible Lie groups (R", x5 ) and (R", xg ), respectively. We say that a map

F:Mp g (G) — My g, (H)
is a geometric embedding if F is an injective bounded map between normed spaces
with the following additional requirement: There should exist constants L, C > 0
such that for any k € No and any f,g € M;"2!(G) with C[f] c (Q{")** and
Clg] c (Q;.”)k*, we have

1
Zdaal G)(x,y) = C <dqarmy (z,w) £ Ldgm (g)(x,y) +C,

where x € (Q?l)k*, y € (Q;.”)k*, z € C[F(f)] and w € C[F(g)] are arbitrary.
The spaces M)\ g1 (G) and M2 22 (H) are said to be geometrically isomorphic
if there exists an invertible geometric embedding from M0 (G) to M2 52 (H)

P1.91 pP2.92
whose inverse is also a geometric embedding.

Remark. Notice that we have left out the choice of the lattice in Definition [B.6.2]
although it implicitly appears in the essential supports and in the distances. The
fact that any two lattices in a stratified Lie group are quasi-isometric as metric
spaces [121], Corollary 5.5.9] implies that the choice of lattices are irrelevant
when discussing the existence or non-existence of geometric embeddings. It is
also straightforward to see that specific choices of BAPU’s does not change the
existence question. Hence we can treat existence of geometric embeddings as a
canonical property of generalized a-modulation spaces.

It is straightforward to see that a composition of geometric embeddings is again

a geometric embedding. The most important property of a geometric embedding

Fi M35(G) — My ()

is that it induces a quasi-isometric embedding between the two metric spaces
(R", dqei(Gy) and (R™, dgax () (19, Proposition 4.6]. In our case, this can be
described as follows: For x € R" we pick i € I such that x € Q;" and choose
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a non-zero function g; € S(R") with C[g;] c Q;'. There exists an element
y € C[F(g)] since F is assumed to be injective. If we define

F,: (Rn, dg (G)) —> (Rm, d(;)wz(H)) > F.(x) =y,

then F is easily seen to be a quasi-isometric embedding.

The way to think about geometric embeddings is that they are Banach spaces
embeddings that do not “scramble” the frequency information to much. It might
change the frequency information slightly in some bounded region, but we have
global control over the displacements. We will focus on the geometric embeddings
of the generalized modulation spaces M, ,(G) with underlying coverings U(G).
The following result was proved in [[19, Theorem 5.2] and settles the question for
Euclidean modulation spaces.

Proposition B.6.3. For 1 < p,q < oo there is a tower of compatible geometric
embeddings

n n+1

2 r
M, (R) = M, ,(R?) 2 .. 5 M, (R") -

where there are no geometric embeddings in the other direction.

While Proposition[B.6.3|was proved by using the short-time Fourier transform,
this is not available to us and we need to use the stratified structure of our group.
The following result can be seen as partly generalizing Proposition to our
setting.

Theorem B.6.4. Let (R", x) be an admissible Lie group with rank k. There exists
a geometric embedding

. 8 K’
F: M} ,(RN) = M3, (G)

forevery k' <k, 1< p,q < oo, and s € R. This is optimal in the sense that there
does not necessarily exists a geometric embedding from M, , (R to M 5.4(G)
whenever | > k.

Proof. It suffices to prove the embedding statement only for £k = k’. Once this
has been shown, the general statement follows from Proposition [B.6.3]and the fact
that the composition of two geometric embeddings is a geometric embedding. Let
us first set the stage by deciding the correct lattice, homogeneous quasi-norm and
BAPU. Through the exponential map, we can always find a lattice N such that
N = IZ* x N’, where [ is some integer. In the Heisenberg case Hj, we can take
[ = 2. In general however, we only know the existence of a [ € N. We will work
with the specific homogeneous quasi-norm || - ||> given in (B.3.8)) and utilize that
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|| - |2 agree with the usual Euclidean norm on the subspace R* x {0}" %, Fix a
U(G; N)-BAPU (d/m)mEN\{O} such that

Ym(X) = Gr(X1s - oo Xk) - Wy (Xhsts - - > Xn)

where 7 denotes the projection onto IZ* and (¢wm)mezx is a U(R¥)-BAPU. For
the existence of such a U (G; N)-BAPU, we refer the reader to Example [B.3.12
Define the map F: S(R¥) c M, , (RF) — M, ,(G) given by

Fr— F(H)) =F (Fe(H) s eoxi) - EXrat) - E(xn)) s

where & € C°(R) is a positive bump function supported in (—1/2, 1/2) and F% and
¥ denote the Fourier transforms in k and n variables, respectively. It is clear from
our choice of homogeneous quasi-norm that the induced map of metric spaces

F.: (Rk, d‘L{(R")) - (Rn, d‘LI(G))

can be taken to be the inclusion into the first k£ coordinates. This is clearly a
quasi-isometric embedding since the first k-coordinates in (R", %) is an abelian
subgroup isomorphic to (R¥, +). We will show boundedness of F on the Schwartz
space S(R¥) and then use that S(R¥) is dense in M, . (R¥) forall 1 < p,g < o
and s € R [81} Proposition 11.3.4] to obtain boundedness on all of M3, q(Rk ).

We first compute that

T U Fa () = F ' (dm@ - Fi (f@E @ 08)
=7 G T (1) o (V£ @0 €)

for every f € S(R¥) and m € N \ {0}. Due to the support condition on &, the

function i, - € ® -+~ ® £ is only non-zero whenever m’ = (0,...,0). Thus we
obtain
E
2\ 7 || -1 q
FDNs o= 2o (1 ImIB) " IF @ T FOODT,
meN\{0}
ﬂ
<c y (1+lmiE) " 7 e O,
melzk
= C||f||M;,,q(Rk),
where || - ||g denotes the Euclidean norm in the coordinates (xp,...,x;). Hence

F is a geometric embedding. The optimally statement follows immediately from

Proposition[B.6.3] mi
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The following consequence of Theorem|[B.6.4]is both aesthetically pleasing and
reveals the universality of the Feichtinger algebra on the real line.

Corollary B.6.5. The Feichtinger algebra Sp(R) = M?’? (R) embeds geometri-
cally into M, ,(G) forall 1 < p, g < oo and any admissible Lie group (R", *i).

Proof. It follows from [81, Theorem 12.2.2] that the inclusion So(R) — M, ,(R)
is bounded for every 1 < p,q < oo. This induces the identity map on the
metric spaces level and is hence a geometric embedding. Since every admissible
Lie group (R", *g) have rank greater or equal to one, the result follows from

Theorem O

In [19, Theorem 3.6] the authors proved that, given two rational stratified
Lie groups (R", *g) and (R", ), the metric spaces (G, dy/(c)) and (H, dq;(m))
are not quasi-isometric unless the growth vectors ®(G) and ®(H) are equal.
This shows that two generalized modulation spaces Mls,ll’q] (G) and Mls,zz’qz(H)
can only be geometrically isomorphic whenever the growth vectors &(G) and
& (H) are the same. In particular, not only are the Heisenberg modulation spaces
M) 4, (H,) distinctfrom M, ,, (R?"+1) for any non-trivial values of the parameters
by Theorem they are also not geometrically isomorphic.

B.7 Looking Back and Ahead

Let us return and comment on the five questions raised in the introduction in the
setting of admissible Lie groups:

1) Wehave seen that the generalized @-modulation spaces M;;: Z (G) have natural
coverings associated to them. Moreover, we can choose the explicit coverings
Q%(G) given in (B.3.10) for most purposes. How the coverings U(G; N)
underlying the modulation spaces M}, ,(G) is related to the polynomial
growth of the lattice N is further discussed in [[19, Chapter 3].

2) We have seen that the elements in M;,:g (G) are rather exotic distributions on
R™. However, the containment of the Schwartz functions

S(R™) ¢ M32(G)

as well as the explicit coverings Q* (G) in (B.3.10) make the spaces M}, 5 (G)
more concrete. The coverings Q% (G) are especially explicit in low dimen-
sions since lattices can be explicitly found and one can use the explicit
homogeneous quasi-norm || - ||, given in (B.3.§).
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3) As we have mentioned, the modulation spaces on the Heisenberg group
M IS, q(Hn) have been recently studied in [64]]. This space have another
description through representations of a particular stratified Lie group known
as the Dynin-Folland group. We refer the reader to [64]] for more information
on this construction. Also in the Heisenberg case, the Besov spaces B}, , (H3)
are new and very concrete spaces where the non-Euclidean dilations on
R? can be visualized. Moreover, the Besov coverings B(G) fits within
a previously examined framework as explained in the remark preceding
Theorem [B.5.6

4) In contrast with the Euclidean setting, the coverings Q*(G) are not always
almost structured coverings when (R”, %) is an arbitrary rational stratified
Lie group as we showed in Proposition Moreover, the methods we
have used depend more on geometric considerations (such as growth type)
than the more prevalent analytic approach used in the Euclidean setting.

5) The uniqueness of the generalized @-modulation space M), (G) was com-
pletely settled in Theorem We showed that the spaces M,y (G) do
form new spaces when the parameters p, ¢, s, @ are non-trivial.

We hope that we have convinced the reader that the spaces M), 5 (G) are worthy
of further study. We have avoided the quasi-Banach regime where the integrability
parameters p, g are also allowed to take the values 0 < p,q < 1 to make the
exposition less technical. We refer the reader to [148, Chapter 9] where M), (R")
is investigated in the quasi-Banach setting.

The most obvious further work on the topic of generalized a-modulation spaces
is to prove the existence of BAPU’s for the coverings Q% (G) given in for
an arbitrary rational stratified Lie group (R”, *5). This would remove the slightly
artificial restriction of having step less than or equal two. Secondly, in light of
the impressive results in [91]], it would be interesting to investigate the validity of
complex interpolation results for the generalized a-modulation spaces M), 5 (G).
Let us also comment on a few other directions that have not yet been explored.

One of the main advantages of the traditional modulation spaces M}, ,(R") is
that they admit a coorbit description in the following sense: For f,g € L*(R")
with g # 0 we define the short-time Fourier transform (STFT) of f with respect to
the window g to be

Vof(x,w) = ‘/R" f(Dg(t —x)e 2™ dr,  (x,w) € R*™.

One can extend the domain of the STFT to S(R") x S’(R") by duality. For an
element g € S(R") \ {0} we have an alternative description of the space M}, ,(R")
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for I < p,g < oo and s € R as follows: A tempered distribution f € S’(R")
belongs to the space M, ,(R") if and only if

(/ (/ Ve f(x,w)|P (1+ |x] + |w])P? dx)p dm)q < 0.
rn \Jrn

We refer the reader to [[81, Chapter 11] for an approach to modulation spaces using
the coorbit description.

The name coorbit description comes from the fact that the STFT is a manifes-
tation of the unitary representation theory of the Heisenberg group [81, Chapter 9].
This falls within a larger framework developed in [|61}|62] known as coorbit theory.
Many properties of the modulation spaces M}, ,(R") are more easily understood
through the coorbit description. It would be advantageous to find a coorbit descrip-
tion for the modulation spaces M, q(G) where (R", ) is any rational stratified
Lie group.

We would like to emphasize that the theory we have built for the boundary
cases My, ,(G) and By, (G) is interesting in itself. One can consider the Sobolev
spaces WP (G) = Bj, ,(G) associated to any stratified Lie group (R", xg). We
have from Theorem B.5.6| that the spaces W*-”(G) do not coincide with any of the
Euclidean Sobolev spaces W*P (R") unless (s, p) = (0,2), in which case

wo2(G) = WO3(R") = L*(R").

In particular, the spaces H*(G) = WX2(G) for k € N are alternatives to the
spaces HX (R™) that permeates PDE theory and nearby disciplines. There are many
notions of Sobolev spaces on stratified Lie groups in the literature, and it would be
interesting to see how our approach fit in.

The modulation spaces M, ,(G) have not been considered previously in the
literature except on the groups R” and Hj,. In the Euclidean case, the Feichtinger
algebra So(R") = M R’?(R”) has several interesting properties: Every element in
Sp(R™) is a continuous function and Sp(R") is an algebra under both pointwise
multiplication and convolution. Similar questions could be asked for the nilpotent
Feichtinger algebra

So(G) = M?;?(G),

where (R", ) is a rational stratified Lie group. Moreover, it would be interesting
to see whether the space So(G) satisfies a minimality characterization similarly to
the Feichtinger algebra Sp(R"), see [81, Theorem 12.1.8].

Finally, one can ask if So(G) gives rise to a Banach Gelfand triple [63]]

So(G) = L*(R") = (So(G)) = MY, . (G),
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for any admissible Lie group (R”, #g). These and many more questions could be
illuminating even in a special case such as the free nilpotent Lie group Fy  with
rank k and step s whose Lie algebra is defined in [48, Example 1.5]. This would
generalize most of the known results as F,,; = R" and F, » = H3. We encourage
the reader to explore these open questions and build on the work presented.
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Paper C

Interpolation in Wavelet Spaces
and the HRT-Conjecture

Abstract
We investigate the wavelet spaces Wy (H,) C L?(G) arising from square
integrable representations 7: G — U(H,) of a locally compact group
G. We show that the wavelet spaces are rigid in the sense that non-trivial
intersection between them imposes strong restrictions. Moreover, we use
this to derive consequences for wavelet transforms related to convexity and
functions of positive type.

Motivated by the reproducing kernel Hilbert space structure of wavelet
spaces we examine an interpolation problem. In the setting of time-frequency
analysis, this problem turns out to be equivalent to the HRT-Conjecture.
Finally, we consider the problem of whether all the wavelet spaces W, (H)
of a locally compact group G collectively exhaust the ambient space L*(G).
We show that the answer is affirmative for compact groups, while negative
for the reduced Heisenberg group.

C.1 Introduction

In recent years there have been several fruitful connections between time-frequency
analysis and abstract notions in both representation theory [S1} 84} [85]] and non-
commutative geometry [8, (107, (122, [123]]. This is mutually beneficial: The
abstract machinery can illuminate many results in time-frequency analysis. On
the other hand, the concrete setting of time-frequency analysis provides a useful
playground for testing general conjectures. Building on this viewpoint, we consider
a generalization of the Gabor spaces

Vo(L*(R™)) c L*(R*™),
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where V, f is the short-time Fourier transform (STFT) of f € L*(R™) with respect
to a non-zero window function g € L?(R").

The Gabor spaces have appeared explicitly in the time-frequency literature
several times, e.g. [3, [105]], as well as being implicitly present in much of the
literature concerning the STFT. We refer the reader to [81} Proposition 3.4.1] where
the connection between a certain Gabor space and the Bargmann-Fock space in
complex analysis is described. Despite their importance, it is only recently that
some of the basic properties of Gabor spaces have been examined in [[124]]. Our
goal is to derive results that are of interest both in the general setting and in the
case of Gabor spaces.

Let us briefly describe the general setup of the paper. Consider a square
integrable representation 7: G — U(H,) of a locally compact group G on a
Hilbert space H,. We investigate the wavelet spaces

We(Hz) € LX(G),  Wef(x) = (f,n(x)g),

where g € H,; is an admissible vector and x € G. The Gabor space Vg(LZ(R”)) is
up to a phase-factor the wavelet space corresponding to the Schrodinger represen-
tation of the reduced Heisenberg group H”. Wavelet spaces have appeared in the
theory of coorbit spaces [60, 61}, 62] and have been independently studied in e.g.
[77,189, 156[]. The following result illustrates the rigidity of wavelet spaces.

Theorem C.1.1. Let 7: G — U(Hz) and p: G — U(H,) be two square
integrable representations with admissible vectors g € Hy and h € H,,. Assume
that the corresponding wavelet spaces intersect non-trivially, that is,

We(Hz) N Wi (H,) # {0}
Then Wy(Hyz) = Wi(H,) and there exists a unitary intertwining operator
T: Hy — H, satisfying T(g) = h.

A special case of Theorem [C.I.T] reduces to the result in [77, Theorem 4.2].
There are also two other noteworthy consequences of Theorem [C.I.1] related to
functions of positive type and convexity.

Corollary C.1.2. Letn: G — U(Hy) and p: G — U(H,) be square integrable
representations with admissible vectors g € H; and h € H,,, respectively. Then
W, g — Wy h is never a non-zero function of positive type.

Corollary C.1.3. Let 7: G — U(H,) be a square integrable representation of a
unimodular group G with admissible vectors g, g1, g2 € H,. Assume we can write
W, g as a convex combination

ng =1 'nggl + (1 _t) ‘(Wgng,

for some ¢ € [0, 1]. Then we either have g = c¢g or g = cg, for some ¢ € T.
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It is well known that any wavelet space carries the structure of a reproducing
kernel Hilbert space. This allows us to consider an interpolation problem for
the wavelet spaces as follows: Consider distinct points {xi,...,x,,} € G and
possibly non-distinct scalars A1, ...,4,, € C. We investigate whether there exists
a function F € W, (H}) that interpolates these points, that is, F(x;) = A; for all
i =1,...,m. When this problem is always solvable the wavelet space Wy (H) is
called fully interpolating. This is a notion that has been extensively investigated in
the reproducing kernel Hilbert space literature, see [[137, Chapter 3]. However, in
the case of the wavelet spaces the interpolation problem is to our knowledge only
briefly mentioned in [89].

We show in Proposition|[C.5.3|that no wavelet space corresponding to a compact
or abelian group can be fully interpolating. In the Gabor case, the interpolation
problem turns out to be equivalent to the HRT-Conjecture regarding independence
of time-frequency shifts. We will review the HRT-Conjecture in Section [C.6| and
show how it relates to the interpolation problem in Proposition[C.6.1] The partial
results obtained for the HRT-Conjecture in the literature gives concrete examples
of wavelet spaces that are fully interpolating. On the other hand, the interpolation
problem gives an alternative view of the HRT-Conjecture that allows the tools from
reproducing kernel Hilbert space theory to be applied.

A theme throughout the paper is to utilize the theory of reproducing kernel
Hilbert spaces to deduce properties of wavelet spaces. As an illustration of this, we
will give a short proof of the following folklore result showing that tensor products
are naturally incorporated in our setting.

Proposition C.1.4. Let 7: G — U(H,) and p: H — U(H,) be two square
integrable representations with admissible vectors g € H, and h € H,,. There is
an isomorphism of reproducing kernel Hilbert spaces

(Wg®h (Wnéﬂ’(p) = (Wg (7‘{7r)®(wh (ﬂp) .

Finally, we would like to mention a problem where we are only able to obtain
partial results. For a square integrable representation 7: G — U (H,) we let
A, denote the equivalence classes of admissible vectors in H,; modulo rotations
by elements of T. We let G, denote the equivalence classes of square integrable
representations of G and consider the possibly non-direct sum of vector spaces

@ span {ng i f e 7—(,,} c L*(G).

~. geA
neGyg & T

Is this sum dense in L?(G) when Gy # 0?7 Phrased conceptually, we question
whether the wavelet spaces are collectively large enough to approximate any square
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integrable function. We say that a locally compact group G is wavelet complete
when

@ span{ng i fe 7—(,,} = L%(G).

—~ geA
neGyg & ”

For compact groups the affirmative answer follows directly from Peter-Weyl theory.
Since commutative locally compact groups G only have 65 # (0 whenever they
are compact, the conjecture is primarily interesting for non-abelian groups. The
following result shows that wavelet completeness is a non-trivial notion.

Proposition C.1.5. The reduced Heisenberg groups H are not wavelet complete.

The structure of the paper is as follows: In Section[C.2we review the nessesary
material regarding square integrable representations and reproducing kernel Hilbert
spaces. The examination of wavelet spaces starts in Section [C.3 where we discuss
basic properties. In Section[C.4] we show the disjointedness of the wavelet spaces
and the resulting convexity consequence by utilizing abstract notions from the
theory of functions of positive type.

The interpolation problem for the wavelet spaces will be taken up in Sec-
tion [C.5] We present the connection between the interpolation problem and the
HRT-Conjecture in Section|C.6] Finally, we examine wavelet completeness in Sec-
tion The author would like to thank Are Austad, Stine M. Berge, Franz Luef,
Eirik Skrettingland, Keith Taylor, Jordy Timo van Velthoven, and the anonymous
referee for valuable input.

C.2 Preliminaries

We will begin by reviewing the two settings of interest, namely square integrable
representations of locally compact groups and reproducing kernel Hilbert spaces.
This is done to fix notation and terminology, as well as to make the rest of the paper
accessible to a broader audience. Background information for both topics can be
found respectively in the books [43} 44} 47,|67] and [23} 137]].

C.2.1 Square Integrable Representations

Let G be a locally compact group, that is, a Hausdorff topological space that is also
a group such that the multiplication map (x, y) — xy and inversion map x > x~!
are both continuous. The most important result when it comes to locally compact
groups is the existence of a unique left-invariant Radon measure uy on G called the
(left) Haar measure on G. Whenever there is any measure-theoretic construction on
G mentioned, it will always be with respect to the left Haar measure. In particular,
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the integrability spaces LP(G) for 1 < p < oo consist of measurable functions
f: G — C such that

1
P
I llLr ) = (/G |f ()P d,UL(x)) < oo,
Moreover, given f, g € L'(G) the convolution between f and g is given by

(f 6 ) () = /G FOgO ) dur(y),  x€G.

We mention that the convolution product on L!(G) is commutative if and only if
the group G is abelian.

Analogously to the left Haar measure, there exists a right Haar measure pg
on G that is right-invariant. How much the two measures uy and ug deviate is
captured in the modular function A on G. Its precise definition [67, Section 2.4]
need not concern us. However, it is worth knowing that y;, = ug precisely when A
isidentically one. In this case, we write i := yy = ug and say that G is unimodular.
Unimodular groups are abundant as they include abelian groups, compact groups,
and discrete groups.

Definition C.2.1. Let U (H,) denote the unitary operators on the Hilbert space
H. A group homomorphism 7: G — U(H,) of alocally compact group G is
said to be a unitary representation if the function

Wef(x) = ([, 7(X) &),

is continuous on G for any fixed f,g € H,. We refer to W, f as the wavelet
transform of f with respect to g.

The terminology for the wavelet transform is motivated by the classical contin-
uous wavelet transform in wavelet analysis, see e.g. [44]. It is clear that W, f is a
bounded function on G since

[ We f O] < 1l llm 08l r, = [ f 1 Mgl 4,0 x € G, fr 8 € Ha

We will often fix g € H, and consider the map Wy : H, — C,(G) given by
W, (f) = Wy f, where C;,(G) denotes the bounded continuous functions on G.

The spaces of primary interest for us will be ‘W, (H,) as g varies. However,
as it stands now the conditions are to loose to deduce nice properties of the spaces
W,y (Hy). Firstly, we will require that the representation r is irreducible, that
is, there does not exist any non-trivial closed subspaces M C H, such that
m(x)n € M for every x € G and n € M. The main tool when working with
irreducible representations is Schur’s lemma [67, Chapter 3]:
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Lemma C.2.2. Let n: G — U(Hy) be a unitary representation of a locally
compact group G. Then m is irreducible if and only if every bounded linear
operator T: Hy — Hy satisfying T o n(x) = n(x) o T for all x € G is in fact a
constant multiple of the identity transform Idgq,.

Bounded linear operators T: H, — H, satisfying T o w(x) = n(x) o T for all
x € G are called intertwining operators. The second requirement we need on r is
one of integrability.

Definition C.2.3. Let 7: G — U(H,) be an irreducible unitary representation
of a locally compact group G. We say that a non-zero vector g € H, is square
integrable if Wyg € L*(G). Similarly, we say that 7 is square integrable if there
exists a square integrable vector in H.

If g € H, is square integrable, then it actually follows that W, f € L*(G)
for all f € H,. Moreover, the irreducibility of & implies with little effort that the
map Wy : H; — Cp(G) is one-to-one. An improvement of these remarks is the
following result of M. Duflo and C. C. Moore [50]] showing that the map f — W, f
is essentially an isometry.

Proposition C.2.4. Let 7: G — U(H,) be a square integrable representation.
There exists a unique positive, densely defined operator

Cr:dom(C,) C Hy — H,
with a densely defined inverse such that
* A non-zero element g € H; is square integrable if and only if g € dom(C).

* For g1, g2 € dom(C,) and fi, f> € H, we have the orthogonality relation
(We, i, W ) 126) = {f1: 22, (Cx81, Cxg2) .- (C2.1)
» The operator C, is injective and satisfies the invariance relation
m(x)Cr = VA(X)Crr(x),
for all x € G where A denotes the modular function on G.

The operator C, is called the Duflo-Moore operator.

We can always normalize a square integrable vector g € H,, such that
ICxgll#, = 1.
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A square integrable vector g € H satisfying ||Crgll#, = 1is said to be admissible.
This condition is mainly one of convenience, and we will primarily work with
admissible vectors. When G is a unimodular group, then any square integrable
representation 7 of G satisfies dom(C,) = Hy and Cr = c - Idgq, for some
¢z > 0. In this case, any non-zero vector g € H, is square integrable and

admissibility simply reads ||g[|#, = el

C.2.2 Reproducing Kernel Hilbert Spaces

A Hilbert space H consisting of functions f: X — C on a set X does not need
to relate pointwise notions with the abstract Hilbert space structure. For instance,
convergence of a sequence f, — f in the norm on H does not need to imply
pointwise convergence f;,(x) — f(x) for every x € X. However, by imposing that
the natural evaluation functionals E(f) = f(x) for f € H and fixed x € X are
bounded one obtains a strong relation between pointwise notions and the Hilbert
space structure.

Definition C.2.5. A reproducing kernel Hilbert space is a Hilbert space H con-
sisting of functions f: X — C on a set X such that, for each x € X, the evaluation
functionals

Ex(f)=f(x), feH,

are well-defined and bounded. If the collection {E }ex is uniformly bounded in
norm we refer to H as uniform.

Examples of well known reproducing kernel Hilbert spaces are the Paley-
Wiener spaces PW[_4 4] for A > 0 and the Hardy space H (D). We refer the reader
to [[137] for a detailed discussion of these examples, while [23] gives examples of
reproducing kernel Hilbert spaces related to stochastic processes.

There exists for each x € X a function k, € H such that E,(f) = (f, kx)u
for all f € H. We refer to k, as the point kernel corresponding to x € X. The
function K: X X X — C given by

K(x,y) = <ky’kx>(H = ky(x)

is called the reproducing kernel of H. If f,, — f in the norm on H, then

|fn(x) = FOO = [{fn = fr k) < N1 fn = fllll Exllg — 0. (C22)

There are two general properties of reproducing kernel Hilbert spaces we will need
in the sequel:
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* [[137, Proposition 2.13] The reproducing kernel K of a reproducing kernel
Hilbert space is a kernel function: Given Q = {xy,...,X;} C X the matrix

KQ = {K(xi,xj)};',’jzl (C23)
is positive semi-definite, that is, the eigenvalues of Kq are all non-negative.

e [[137, Proposition 2.3 and Theorem 2.4] The reproducing kernel uniquely
determines the resulting reproducing kernel Hilbert space: If H| and H, are
both reproducing kernel Hilbert spaces on a set X with the same reproducing
kernel K, then H; = H and || - |4, = || - ||#,. Conversely, if two reproduc-
ing kernel Hilbert spaces H; and H, coincide with equal norms, then the
reproducing kernels for the spaces | and H, are equal.

Remark. The reader should be aware that there is little consensus in the literature
regarding the terminology positive definite: Some authors, e.g. [[137], use the
term positive definite for the case Ko > 0, while the majority will use the term
positive definite to indicate that Ko > 0. Hence we adopt the terminology positive
semi-definite for Ko > 0 and strictly positive definite for Ko > 0 to minimize the
possibility for any confusion.

Itis important to note that the matrices K¢ in (C.2.3)) do not need to be invertible.
If all the matrices K are strictly positive definite, then we refer to the reproducing
kernel Hilbert space H as fully interpolating. The reason for this terminology will
be clear in Section

C.3 Basic Properties of Wavelet Spaces

In this section we will define wavelet spaces and give their basic properties. This
will connect the two topics reviewed in Section [C.2] as the wavelet spaces have a
natural reproducing kernel Hilbert space structure.

Definition C.3.1. Let 7: G — U(H,) be a square integrable representation of a
locally compact group G and fix an admissible vector g € H . The space

We(Hz) € L*(G)

is called the (generalized) wavelet space corresponding to the representation r and
the admissible vector g.

The terminology is again motivated by the continuous wavelet transform in
classical wavelet analysis. Notice that the wavelet space ‘W, (H) is a Hilbert
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space since it is a closed subspace of L?(G). Moreover, the norm W (Hz)
inherits from L?(G) can be written by using (C.2.1)) as

Wefllzze) = 1fll#, € Hae

An important property of the wavelet transform is that ‘W, is a unitary in-
tertwining operator between m and the left-regular representation on the space
W, (Hz): Let Ly denote the left translation on functions F € W, (Hy) by x € G,
thatis, L, F(y) := F(x~'y) for y € G. Then

We(m(0) f)(x) = (x(3) f,7(x)g) = We (/) (y7'x) = Ly W () (),

for x,y € G and f € H,. This shows that the wavelet spaces are left-invariant
subspaces of L2(G).

Example C.3.2. Consider the reduced Heisenberg group H! := R" x R" x T with
the product

3 L . ’ . /. — . ’
(x,w’eZmT) . (x/’w/’ 627”7') = (x +x',w +w/’62m(‘r+‘r)em(x w—Xx w)) ,

for x,x’,w,w’ € R" and 7,7" € R. The group H” is non-abelian and unimod-
ular with Haar measure equal to the usual product measure on R" X R"™ x T.
The Schrodinger representation p,: H* — U(L*(R™)) is the irreducible unitary
representation given by

Or (x,w, ezmT) = 2T IO M (x, w, 62””) e HY, (C3.D

where T, and M., are the time-shift and frequency-shift operators on L?(R") given
by
Tf(y) = fy=x,  Mof(y) =™ “f(y), x,weR"

A straightforward computation shows that the n-dimensional Gaussian function
gn(x) = e~5* forx € R"is square integrable for the Schrodinger representation.
Hence the Duflo-Moore operator satisfies C, = ¢, - Id L2(R7) for some ¢, > 0
since H! is unimodular. In fact, we have ¢, = 1 due to [81, Theorem 3.2.1]. Thus
any normalized function in L?(R") is admissible.

It is common in time-frequency analysis to consider the short-time Fourier
transform (STFT)

Vef(x,w) = /Rn F(0)gt —x)e 27t gy,
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for (x,w) € R* and f, g € L*>(R"). The STFT is related to the wavelet transform
of the reduced Heisenberg group by the formula

ng<x, w, 62””) = @ 2T pix WY, o f(x, w), (x, w, €2ﬂiT) eH!. (C3.2)

The phase-factor e =27 ¢*"@ in (C.3.2) is often irrelevant. Hence we will for the
most part consider the STFT and the Gabor spaces

Vo(L*(R")) c L*(R™),

for g € L2(R") with ||gll;2(rn) = 1.

C.3.1 Wavelet Spaces as Reproducing Kernel Hilbert Spaces

The fact that the wavelet spaces have a reproducing kernel Hilbert space structure
originally appeared in the influential paper [[89]]. Since then, it has been used in
both special cases [3|] and in the general setting [[141]. We provide the statement
and brief proof for completeness as our assumptions are slightly different than in
[89]] and include minor additions.

Proposition C.3.3. Letn: G — U(H,) be asquare integrable representation with
admissible vector g € H ;. The wavelet space ‘W, (H) is a uniform reproducing
kernel Hilbert space. The point kernel k, corresponding to x € G is the function
ky = Wy (m(x)g), while the reproducing kernel K: G x G — C is given by

K(x,y) =(n(y)g, m(x)g) = We(n(y)g)(x), x,y €G.
If f, — f in the norm on H, then
Wy fn(x) = Wy f(x) (C3.3)

uniformly for all x € G. Moreover, if 1 € H, is another admissible vector then
Yo n: We(Hz) = Wi(Hyz) given by

Tg’h (wgf) = th’ f € (]_{7{9 (C34)
is an isomorphism of Hilbert spaces.

Proof. For F € W,(H,) we have that F(x) = (W* ) (x) since Wy is an
isometry. Hence

F(x) = (w F) () = (WF, n(x)g) = (F, W, (1(x)g)) .
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Since ky == Wy (m(x)g) € Wy (H) the wavelet space W, (H) is a reproducing
kernel Hilbert space. The reproducing kernel K can be written by using the
orthogonality relations (C.2.1)) as

K(x,y) = (ky, kx) = (W (1()8) , Wy (m(x)8)) = (m(y)g, 7(x)g).

If E, is the evaluation functional at the point x € G then

IExll = kx|l = | Wy ((x)g) | = [lx(x)gll = llgll-

Thus W, (H) is uniform since the admissible vector g € H, is fixed. The
computation (C.2.2)) shows that the convergence in (C.3.3) is uniform. The map
W, 1, is an isometry since

I Whfllws () = 11l = 1We f llw, (14)

for all f € Hy. Finally, ¥, j, is surjective as every element in W}, (H) is of the
form W}, f for some f € H,. O

Remark. The fact that the map ¥, in (C.3.4) is an isomorphism shows that
the wavelet spaces corresponding to different admissible vectors can not be too
different, e.g. their dimensions coincide. However, the wavelet spaces are still
different as reproducing kernel Hilbert spaces since the map ¥, , does not in
general preserve the reproducing kernels.

The wavelet transform W,: H, — L%*(G) is an isometry when g € H, is
an admissible vector. Hence the projection from L?(G) to W, (Hy) is precisely
given by W, o W A classical result in coorbit theory [61] known as the repro-
ducing formula describes this projection in terms of convolutions: The orthogonal
projection from L?(G) to W, (H,) is explicitly given by

Wy 0o W, (F) = F %G ke, F € L*(G),
where k. (x) := Weg(x) is the point kernel corresponding to the identity element

e € G. The following basic result shows that the wavelet spaces automatically
exhibit integrability properties that are not shared by general subspaces of L?(G).

Proposition C.34. Let 7: G — U(H,) be a square integrable representation
and fix an admissible vector g € H ;. The wavelet space ‘W, (H) is continuously
embedded into L” (G) for all p € [2, co]. However, the wavelet space Wy (H) is
not in general contained in L'(G).

Proof. Notice that W, (H ) is continuously embedded in both L*(G) and L= (G):
The first claim is obvious, while the second follows from the computation

I1FllL>(G) = sup [{kx, F)| < sup [[kxllw, (+0) |1Fllwy (1) = 181196 1F 1w (#0)
xeG xeG
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for F € Wy (Hy). This observation implies that ‘W, (H) is continuously embed-
ded into the intermediate spaces LP (G) for p € (2, o) as well since

IFllLr ) = (/G F)IP2F ) dpar. (6]

p=2 2
< FI 2y IF U, 1

p-2

< N8l IFllw, (#4,)-

Counterexamples to the last statement can be found in the time-frequency setting
since the STFT satisfies Vg € L'(R?>") only when g is a continuous function on
R" by [81}, Proposition 12.1.4]. O

Throughout the paper, we aim to emphasize how the reproducing kernel Hilbert
space structure of the wavelet spaces is paramount. As a first example, we have the
following existence result.

Proposition C.3.5. Let 7: G — U(H,) be a square integrable representation of
a second countable locally compact group G and fix an admissible vector g € H.
There exists a countable set A C G such that the discrete set of vectors {m(2)g}1ea
is complete in H .

Proof. The second countability of G is by [150, Theorem 2] equivalent to the
requirement that L?(G) is separable. Whence the subspace W, (Hx) C L*(G) is
also separable. By [23] Lemma 11] there exists a countable set A C G such that
the collection of point kernels k; = W, (7m(4)g) for A € A is dense in W, (H).
Hence for f € H the criterion

(W f, We(n()g)) =0

for all A € A forces W, f = 0. The orthogonality relations (C.2.1) and the
injectivity of the Duflo-Moore operator implies that (f, 7(1)g) = 0 forall 2 € A
only when f = 0. O

Remark. The second countability condition in Proposition|C.3.5]is only a sufficient
requirement. In the proof of Proposition [C.3.5] we need that the wavelet spaces
W, (H) are separable. This can happen when the ambient space L*(G) is not
separable. In particular, the conclusion of Proposition|C.3.5]holds for all square in-
tegrable representations corresponding to compact groups since the wavelet spaces
are then finite-dimensional by [[67, Theorem 5.2].
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C.3.2 Tensor Product of Wavelet Spaces

Our setting involves both square integrable representations of locally compact
groups as well as reproducing kernel Hilbert spaces. Both of these categories have
a natural notion of a tensor product. We will use reproducing kernel Hilbert space
arguments to show that these operations are compatible. Let us first briefly recall
the different notions or tensor products involved.

Consider two reproducing kernel Hilbert spaces H; of functions on sets X; with
reproducing kernels K;: X; X X; — Cfori = 1,2. We can form the tensor product
H; ® H, of Hilbert spaces in the usual way by requiring that

(f1 ® 2,81 ® g2) 1,0, = (f1,81)H,{[2, 82) 7>

where f1, g1 € H; and f>, g» € H,. This extends to an inner product on H; @ H,
that is not in general complete. The completion of H| ® H, with this inner
product is denoted by H;&®H, and called the tensor product of the Hilbert spaces
H; and H,. Not surprisingly, the tensor product H; &7, can be identified with
a reproducing kernel Hilbert space on the set X; X X, as follows: Any element
u=7:r, fi ®g € H; ® H, can be identified with the function on X; x X, given
by ii(x,y) == X, fi(x)gi(y). This association extends to the completion H; &H>
and gives a well-defined linear isometry between H;®H, and the reproducing
kernel Hilbert space on X| X X, with reproducing kernel

K((x1,y1), (x2,¥2)) = K1 (x1,x2)K2(y1,y2), x1,x2 € X1, y1,y2 € Xo.

In the setting of unitary representations of locally compact groups we also have
anotion of a tensor product. Consider two unitary representations 7: G — U(H,)
and p: H — U(H,) where G and H are locally compact groups. We can consider
the tensor product representation m ® p given on elementary tensors f; ® f> by

(r®p)(x,y)(fi® f2) =7r(x)fi®p(1) L,

forx € G,y € H, fi € Hy, and f, € H,. This extends to arbitrary elements in
Hr&H,, and hence defines a unitary representation 1® p: G xH — U(HQOH,,).
The following result shows that the two tensor product constructions we have
described are compatible in a natural way.

Proposition C.3.6. Let 7: G — U(H;) and p: H — U(H,) be two square
integrable representations with admissible vectors g € H, and h € H,,. There is
an isomorphism of reproducing kernel Hilbert spaces

(Wg®h (Wﬂéﬂ-{p) = (Wg (7-{”)®(Wh (7-[/)) .
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Proof. The tensor product representation 7®p is irreducible by [67, Theorem 7.12].
Let us check that 7 ® p is square integrable and that g ® h € H,®H,, is admissible.
For x € G and y € H we have

[ Wesng ® Hs o = /G g ® h (1 p)(x.9)(5 © M) du™ x.)
- / g 1) g)(h p( Y G (x, y)
GxH

- / . 7)) du () / K p )R it ()
G H
= [Wegla ) [Wah]

2
L2y < %

Moreover, we see from the above computation that we have the pointwise equality
Weeng ® h(x,y) = Weg(x)Wih(y),  xeG,yeH,

as functions on G x H. Since the reproducing kernels for the space Wy on (Hx&H,,)
and the space W, (H)® W), (H,) coincide, the result follows from the uniqueness
of reproducing kernels given in Subsection [C.2.2] mi

Example C.3.7. Consider the Gabor space Vg, (L*(R™)) where g, (x) = e 3 is
the n-dimensional Gaussian function. Then Theorem [C.3.6]implies that

Ve, (Lz(R”)) &V, (LZ(R”)) ~ Vo, 00, (LZ(R”) ® LZ(R")) =V, (Lz(RZ")) :

where g;, is the 2n-dimensional Gaussian function. Although this is folklore
knowledge, we emphasize the the simplicity of its derivation from the theory of
reproducing kernel Hilbert spaces. Many function spaces in complex analysis, e.g.
the Hardy spaces and Bergman spaces, satisfy similar tensorization rules, see e.g.
(137, Proposition 5.13 and Proposition 5.14]. This is maybe not so surprising given
the connection between the Gabor space V,, (L?>(R™)) and complex analysis given
in |81}, Proposition 3.4.1].

C.4 Rigidity of Wavelet Spaces

In this section we will investigate how wavelet spaces associated with (potentially)
different representations are related. The main result in Theorem|C.4.2]have several
noteworthy consequences. The first consequence in Corollary is a new
proof of one of the main results in [77, Theorem 4.2]. The other consequences,
Corollary [C.4.5] and Corollary [C.4.6] are new and illustrate the broad utility of
Theorem|C.4.2] Let us first consider an example of the general setting where things
are greatly simplified.
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Example C.4.1. Let G be a locally compact group that is abelian and consider
a square integrable representation 7: G — U(H,). It follows from Schur’s
Lemma|[C.2.2| that H; ~ C and U(H,) ~ T. We make these identifications and
view 7 as a map from G to T. What requirements do the square integrability
impose? For z € C\ {0} we have that

/G (e ()2 dia(x) = 2 u(G).

Hence 7 is square integrable if and only if (G) < oo. This is the case precisely
when G is compact.

Since G is unimodular, it follows from Proposition|C.2.4]that the Duflo-Moore
operator C, is a positive constant multiple of the identity. That the constant is
equal to one can be seen by direct verification, or by an application of Peter-Weyl
theory [47, Example 12.2.7]. Hence a complex number z € C is admissible if and
only if z € T. The wavelet spaces ‘W, (C) for z € T are one-dimensional subspaces
of L?(G) that are spanned by the elements ‘W, z. Moreover, all the wavelet spaces
W, (C) coincide since W,z = Wl forall z € T.

Notice that everything said in Example [C.4.1]is independent of the represen-
tation in question: In the abelian case, all the wavelet spaces coincide even when
we have two different representations 7: G — T and p: G — T. On the other
hand, we always have that any two admissible vectors z, w € T (regardless of the
choice of representations) are related by z = cw for some ¢ € T. These elementary
remarks motivate the following general result.

Theorem C4.2. Let n: G — U(Hy) and p: G — U(H,) be two square
integrable representations with admissible vectors g € Hy and h € H,,. Assume
that the corresponding wavelet spaces intersect non-trivially, that is,

W (Hz) N Wi (Hp) # {0}

Then Wy (Hyz) = Wi (H,) and there exists a unitary intertwining operator T from
Hx to H, satisfying T(g) = h.

Proof. Notice that the subspace W), (H,,) N Wy (Hz) C W, (Hy) is invariant un-
der translations. Since 7 is irreducible and Wy : Hy — W, (H) is a unitary in-
tertwiner we have that W), (H,,) = W, (H). The norms on Wy (Hy) = Wi (H,)
both coincide with the restriction of the L?(G)-norm. Hence W,(H,) and
Wy, (H,,) are reproducing kernel Hilbert spaces that coincide with equal norms. By
the uniqueness statements given in Subsection [C.2.2] the two reproducing kernels
coincide

W (n(y)g)(x) = Wi(p(y)h)(x), x,y €G.
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Since Wy (n(y)g)(x) = LyWeg(x) and Wy (p(y)h)(x) = Ly Wyh(x), all the
information we need is contained in the equality

Weg(x) = Wyh(x), xegq. (C4.D

To define the map T': H, — H,, we first require that 7(g) = h. Moreover, for
T to be an intertwining operator, we need that

T(n(x)g) = p(x)h, xegG.

Since x is irreducible the set M, = span{m(x)g}xec is dense in H. To see that
T extends to all of H we will show that it is an isometry on the subspace M,: For
x,y € G we have

(T(r(x)8), T(m(¥)&))#, = (P (xX)h, p(¥) M),
= (h, p(x y) hyg,
= W,h(x"ly).

Hence we obtain from (C.4.1) that
(T(n(x)8), T(1(0)g)) 21, = Weg(x™'y) = (m(x)8, 1(3)8) 24,

The map T is surjective since span{p(x)h} xcc is dense in H,, due to the irreducibil-
ity of p. Hence 7 is a unitary map. For g € H, we can write g = 3.2, ¢;m(x;)g
for constants ¢; € C and elements x; € G. Then for x € G it follows that

T(n(x)g) =T (n(x) D, cm(xog)
i=1
= >l (n(xx;)g)
i=1
= ) cip(xxi)h=p(x)T(g). o

i=1

Notice that Theorem [C.4.2] trivially implies that whenever 7 and p are not
equivalent, then we necessarily have trivial intersection

Wg (ﬂn) N W, (ﬂp) = {0},

for any admissible vectors g € H, and h € H,. The first application of The-
orem is a new proof of the result [77, Theorem 4.2] which we state in
Corollary [C.4.3| below. This was originally proved by utilizing the orthogonality
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relations (C.2.1) for the wavelet transform. Recently, the result has been re-proven
in the Gabor case in [[124, Lemma 3.3] with the use of quantum harmonic anal-
ysis. For us, the result follows immediately from Theorem [C.4.2] together with

LemmalC2.2

Corollary C.4.3. Let 7: G — U(H,) be a square integrable representation with
admissible vectors g,h € Hy. If Wy(Hz) N Wy(Hz) # {0} then we have
Wi (Hz) = Wy(Hy) and h = cg for some ¢ € T.

Remark. The orthogonality relations (C.2.1) shows that the wavelet spaces ‘W, (H)
and ‘W, (H,) are orthogonal if and only if

(Crg,Crh)y =0,
where C is the Duflo-Moore operator. When (C,g, C,h) # 0 the wavelet spaces
still intersect trivially by Corollary [C.4.3|except in the case & = cg with ¢ € T.

Before moving on, we show how we can combine Corollary [C.4.3|with abstract
results regarding functions of positive type to deduce concrete results for the wavelet
transform.

Definition C.4.4. A function f: G — Conalocally compact group G is said to be
a function of (strictly) positive type if for any finite subset Q = {x1,...,x,,} C G,

the matrix
XX
A i.j=1

is (strictly positive definite) positive semi-definite.

Let 7: G — U(H,) be a square integrable representation with an admissible
vector g € Hy. Then W, g is a function of positive type due to Proposition|C.3.3]
and the equality

ng(xj_-lxi) = Lyx; Weg(xi) = We(r(x;)g)(xi), xi,x; €G.  (C42)

Corollary C4.5. Letr: G — U(Hy) and p: G — U(H,,) be square integrable
representations with admissible vectors g € H; and h € H,,, respectively. Then
Weg — Wi, h is never a non-zero function of positive type.

Proof. Assume that W,g — ‘W), h is a function of positive type. Then Aronszajn’s
inclusion theorem [|6, Theorem 1.7.1] in reproducing kernel Hilbert space theory
implies that ‘W), (H,,) € W, (H,). Hence Theorem shows that & = T'(g) for
some unitary intertwining operator T': H, — H,,. For x € G we thus have
Weg(x) = Wih(x) = (g, n(x)g) — (T(g), p(x)T(g))

= (g, (x)g) —(T(g),T(n(x)g))

= (8. m(x)g) — (g.m(x)g)

=0. O
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For a locally compact group G we let P, denote the functions f: G — C of
positive type such that f(e) = ¢ € C, where e is the identity element of G.

Corollary C.4.6. Let 7: G — U(H,) be a square integrable representation of a
unimodular group G with admissible vectors g, g1, g2 € H,. Assume we can write
W, g as a convex combination

(ng =1- (nggl + (1 - t) : (Wg2g2>
for some ¢ € [0, 1]. Then we either have g = cg; or g = cg, for some ¢ € T.
Proof. Notice that Weg € #.-1(G) where Cr = ¢ - Idy, since

Weg(e) = llgllw, = ¢

It follows from [11, Theorem C.5.2] that the functions ‘W, g are extreme points in the
bounded convex set P -1 (G). This implies that W,g = We, g1 or Weg = Wy, go.
We can now apply Corollary to conclude that g = cg; or g = cg» for some
ceT. O

Example C.4.7. Let us check that everything works out for the STFT. Assume for
normalized vectors g, g1, g» € L>(R") that

Veg(x,w) =1t Vg g1(x,w) + (1 = 1) - Vg,82(x, w), (C4.3)

forsome ¢ € [0, 1] and for all (x, w) € R?". Then by multiplying with ¢ =277 ¢7/*®
on both sides we obtain

ng(x, w, ez"”) =t-Wg 81 (x, w, 62””) +(1=1) - W (x, w, ez””),

for (x, w, 62””) € H". We can now apply Corollary to see that g = cg or
g =cgy for some ¢ € T.

In this specialized setting we describe an alternative proof using quantum
mechanical reasoning. Assume again that holds for some ¢ € [0, 1]. For
g € L*(R") the Wigner distribution Wg in quantum mechanics can be defined
through the STFT by the formula

We(x,w) = 2 50V, 0 (0x,20),  P(g)(x) = g(—).
Hence (C.4.3) is equivalent to
Wg(x,w) = 1-Wgi(x,w) + (1 =1) - Wga(x, w),

for all (x,w) € R*. One can now use the Weyl-quantization to go between
functions on R?" and operators on L>(R"). In this correspondence the Wigner
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distributions Wg for g € L?>(R") correspond to the positive rank-one operators
g ® g given by

(g®8)(f) =(f.g) g  feL*R".

Hence we obtain

g®g=t-g21®g1+(1-1)-22®g.

One can easily see by evaluation that this forces the same conclusion, namely that
g =cgiorg=cgp forsome c € T.

C.5 Interpolation in Wavelet Spaces

We have seen on multiple occasions that the reproducing kernel Hilbert space
structure of the wavelet spaces is immensely useful. We now focus in on that
structure by considering a non-trivial interpolation problem. In this section we
will describe the interpolation problem and show that the answer is not always
affirmative. As we will see in the Section [C.6] the interpolation problem turns out
to be equivalent to the HRT-Conjecture for the Gabor spaces.

Definition C.5.1. Let X be a set and consider the points Q = {x{,...,x;,} C X and
possibly non-distinct scalars Ay, ...,4,, € C. We say that a function F: X — C
interpolates these points whenever F(x;) = A; foralli = 1,..., m. The function F

is called an interpolating function.

The question in interpolation theory is whether we can find an interpolating
function with additional requirements. Typically, we have a Hilbert space H of
functions on X and ask whether we can choose F' € H as an interpolating function.
When H is a reproducing Hilbert space, we can give an explicit criterion through
the reproducing kernel. We state this result for the case we have investigated.

Proposition C.5.2. Let7: G — U (H,) be a square integrable representation and
fix an admissible vector g € H,. Consider distinct points Q = {xi,...,x,} C G
and possibly non-distinct scalars 41,...,4, € C. There exists an interpolating
function F € W, (H,) if and only if the vector (4y,...,4,,)7 € C™ is in the
image of the m X m matrix

m

Ko = {K(x,—,xj)}i’j:l ,

where K is the reproducing kernel for the wavelet space W, (H).
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The proof of Proposition follows from Proposition together with
[137, Theorem 3.4]. We remarked in Subsection [C.2.2] that the matrices Kq are
always positive semi-definite. The interpolation problem in Proposition|[C.5.2 have
a unique solution for all Q = {x{,...,x,} € G and A4,...,4,, € Cif and only if
the matrices Kq are all strictly positive definite. This is the case if and only if the
function ‘W, g is a function of strictly positive type. This is the motivation for the
terminology fully interpolating given in Subsection Notice that for the point
kernels ky,, ..., ky, we can write

m m nm m 2
5 0o~ (33 St | = | S k| 0
i,j=1 j=1 i=1 i=1
for ai,...,a, € C. Hence W, (H,) is fully interpolating precisely when there
are no non-trivial linear combinations between the point kernels ky , ..., ky,, for

any points x1,...,x, € G.

Remark. 1t is straightforward to check that Proposition [C.5.2] is also valid for
the Gabor spaces Vg(L2 (R™)). In that case, the point kernel corresponding to
(x,w) € R™is k(x..) = Vg(M,Tyg). Notice however that we get the extra
phase-factor

V(M Tig)(s,1) = e 2T -0 o(s —x,t —w), (s,0) €R*,  (C5.1)

in contrast with (C.4.2).

When G = {e} the only wavelet space associated with G is the one-dimensional
space L?(G). This is fully interpolating for trivial reasons. We exclude this case in
future examples and refer to a locally compact group G as non-trivial when G has
more than one element. The next result shows that a large class of wavelet spaces
are not fully interpolating.

Proposition C.5.3. Let G be a non-trivial locally compact group. If G is either
abelian or compact then no wavelet space associated to G is fully interpolating.

Proof. An abelian locally compact group G possesses square integrable represen-
tations if and only if the group is compact. In this case, the representation theory
of compact groups shows that any irreducible unitary representation of G is finite-
dimensional [67, Theorem 5.2]. Any irreducible unitary representation of G is also
automatically square integrable due to the compactness of G.

If G is an infinite group, then we can always pick Q = {x,...,x,} € G to
have larger cardinality than the dimension of the representation considered. Then
there isno way that k., . . ., k,, canbe linearly independent. If G is a finite group,
then the same argument goes through unless G have an irreducible representation
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whose dimension is greater or equal to the order of the group G. This is not possible
since the class equation in finite representation theory gives that

Gl = ) dim(Hx)?,
[7]

where the sum runs over all equivalence classes of irreducible representation 7 of
G. Since we have excluded G from being the trivial group, the result follows. O

Example C.5.4. For the n-dimensional Gaussian function g, (x) = e~ 5% we will
show that the Gabor space V,, (L*(R")) is fully interpolating. A straightforward
computation reveals that

—ix- 2 2
Vgngn(xaw) —e ix we Tx e TWw , (x’w) ERZn‘

Assume by contradiction that there is a linear dependence between the point kernels
k (x.,wy) corresponding to distinct points (xx, wx) € R fork = 1,...,m. The
linear dependence explicitly gives

)

m
. ) ) 2 2

Z ak62mxk-wke—mek-a)e—m(x—xk)-(w—wk)e—%(x—xk) e—n’(w—wk) -0

k=1

where a1, ..., a, € C are not all zero. By setting
ixn -, —Tx2 _— 2
ﬁk — a,kemxk wke 4xk€ Wy,

we obtain

—-mix-w —%xz

m
_ 2 2 ixn - i(x-wi x.) ZEx-. CWrn
e e e W E ﬁke 2i Xy wem(x wrtw xk)e Zx xk627rw Wk — ().

k=1

We can divide by the non-zero function e™"*"% e i e andsetw = 0 to get
the simplified equation

> Brex (Buvion) =, (C52)
k=1

Notice that the coefficients gy satisfy Sx = 0 if and only if @; = 0. The equation
(C.3.2) contradicts the independence of the exponential functions x +— e**4, see
e.g. [35, Lemma 13.1], since Ay = %xk + iwy, are distinct complex numbers.

Example C.5.5. To illustrate that the Gabor space Vg, (L*(R)) c L*(R?) is fully
interpolating we consider the points x; = (0,0), xo = (1,0), and x3 = (0,1) in
R? along with A; = 1 = A3 = 1. Then there exists F € V,, (L*(R)) such that
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F(x;) = A; fori = 1,2,3. Moreover, the function F' € Vg, (L*(R)) with minimal
norm that interpolates these points will be on the form

F(x,w) = a1Vg 81(x, w) + a2Vg, g1(x — 1, w) + a2V, g1 (x,w — 1),

for some ay,a,a3 € C by [137, Theorem 3.4]. It follows by straightforward
computations that ; =~ 0.6218, ap ~ 0.7360, and a3 =~ 0.9876.

Figure C.1: The real part of the interpolating function F (x, w) in Example|C.5.5

Remark. The function V,, g, on R2" is not strictly positive definite even though
the Gabor space Vg, ( L*(R™)) is fully interpolating. This discrepancy is due to the
extra phase-factor in @ In fact, the function V, g(x, w) is not even positive
definite: If this were the case, then the Fourier inverse 7 _1(Vgg) would be a
positive function on R?" by Bochner’s Theorem [137, Theorem 10.4]. However,
the function F~!(V,g) (x,w) = e () p2rix-w g clearly not even real-valued.

C.6 Connection With the HRT-Conjecture

The question of whether the Gabor spaces are fully interpolating turns out to be
equivalent to the infamous HRT-Conjecture. Recall that a subset A C H of a
vector space H is said to be linearly independent if every finite subset F C A is
linearly independent in the classical sense. The following open conjecture reveals
how little is understood about time-frequency shifts.

Conjecture (HRT). Is the set
{M,Txg} (x,w)eR2n

linearly independent in L>(R") for all non-zero g € L>(R™)?
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The HRT-Conjecture was originally posed back in 1996 by C. Heil, J. Ra-
manathan, and P. Topiwala in the paper [97]. There have been many significant
developments on the conjecture during the years, where techniques from von Neu-
mann algebras [120]], spectral theory [9]], ergodic theory [96], and representation
theory of the Heisenberg groups [42]] have been used. We refer the reader to the
introduction of the paper [[134] for a reasonably extensive list of contributions to
the HRT conjecture. Moreover, we recommend the survey papers [96, 98] on the
HRT-Conjecture written by one of its founders. The following result shows that the
HRT-Conjecture can be reformulated to a problem regarding reproducing kernel
Hilbert spaces.

Proposition C.6.1. The HRT-Conjecture is equivalent to the statement that the
Gabor spaces are fully interpolating.

Proof. Let us fix elements (x, w1), ..., (Xm, Wm) € R?" and consider the collec-
tion
{My, T 8}, (C.6.1)
We henceforth assume that ||g||;2gn) = 1 since normalizing g € L?(R™) does not
change whether the collection (C.6.1)) is linearly independent.
Assume first that the collection (C.6.1) is linearly dependent, that is, there exist
ai,...,a, € Cnot all zero such that

Z arMy, Ty, 8 =0.
k=1

We can take the inner product with the function M, T, g to obtain

m m
D@k (Mo, T g, MoTig) = ) axVe(Mo, T 8) (x, )
k=1

k=1
m
= akk(xk,a)k)(X,w)
k=1
=0.
This gives a linear dependence between k(x, w),---»k(x,,w,). showing that

Vg(L2 (R™)) is not fully interpolating.

Conversely, assume that Vg(L2 (R™)) is not fully interpolating. Then there
exists a linear dependence between the point kernels k(x, w)» - -+ K(xp, 0, fOT
some points (x1, w1), ..., (xm, Wm) € R2", Retracing the steps we took previously
we conclude that

m
Dk (M, T8, M Tig) =0,
k=1
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where a1, . .., a, € Care not all zero. The proof of Proposition shows that
the collection {M,Txg} (x, ) er2n is complete in L*(R™). This implies the linear

dependence
m

arMy, Ty, g =0. m|
k=1

Proposition [C.6.1] allows us to use the partial results available on the HRT-
Conjecture in the literature to deduce that certain Gabor spaces are fully interpo-
lating. In particular, it was known from the beginning [97, Proposition 4] that the
HRT-Conjecture is true for the n-dimensional Gaussian function. In Example[C.5.4]
we proved, in light of Proposition[C.6.1] the same thing by brute-force calculations
with the short-time Fourier transform. We can use [97, Proposition 4] and Propo-
sition to conclude that the Gabor spaces Vg(L2 (R™)) are fully interpolating
whenever g is a Hermite function. It was shown in [97, Theorem 1] that the collec-
tion in (C.6.1) is linearly independent when m < 3. In light of Proposition [C.6.1]
this implies the following consequence for interpolation in Gabor spaces:

Corollary C.6.2. Consider three arbitrary points (x, w), (x2, w2), (x3, w3) € R2",
three arbitrary values A, 4,43 € C, and any normalized g € LZ(R”). One can
always find f € L?>(R") such that

Vo f(xi,wi) = A, i=1,2,3.

Remark. A careful read of the proof of Proposition|C.6.1|reveals that the statement
is true in the generalized setting. More precisely, let 7: G — U(H;) be a
square integrable representation with an admissible vector g € H,. Then the
collection {m(x)g}xec is linearly independent in H if and only if the wavelet
space W, (Hy) C L*(G) is fully interpolating. Hence the problem of whether
the wavelet space ‘W, (H) is fully interpolating is a convenient generalization
of the HRT-Conjecture. In this reformulation, Proposition [C.5.3] states that the
generalized HRT-Conjecture is false for compact or abelian groups. Moreover, the
generalized HRT-Conjecture is also false in the classical wavelet setting [98] as
a result of the scaling relation in wavelet theory. Another generalization of the
HRT-Conjecture is considered in [[117]].

Recently there has been an effort to prove the HRT-Conjecture for widely spaced
index sets [[116,(132]). In particular, it is showed in [[116, Theorem 1] that the HRT-
Conjecture holds for g € Co(R") and points Q := {(x1,w1), ..., (Xm, Wn)} C R
that are widely spaced apart relative to the decay of g. Through our approach, we
can deduce a similar result without the assumption that g € Cy(R") since the STFT
satisfies V,g € Co(R*") for all g € L?(R").
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Corollary C.6.3. Let g € L?(R") be a non-zero function. There exists a constant
R > 0 (depending only on g and m € N) such that for any collection of points
(x1, 1), ..., (Xpm, W) € R with

min\/(x,-—x,-)2+(a),-—w,-)22R, Lj=1,...,m, (C.6.2)
i#] ' :

the time-frequency shifts {M,, T, g}}., are linearly independent.

Proof. We assume that ||g||;2gn) = 1 as we can normalize g without altering the
linear independence. The claim is equivalent, by Proposition[C.6.1] to the fact that
the matrix

m

Qg = {(Vg(ijijg)’ Vg(waTxig)>}i,j:]

_ {e—2ﬂin'(wi_wj)Vgg(xi — X}, Wi — wj)}?jjzl

is invertible. Notice that the diagonal terms of Q. are all 1’s. Since Vyg is
continuous and vanishes at infinity, we can find R > 0 such that

m

Zlvgg(xi_xjswi_wj)lﬁl, i=1,...,m,

J=1

for all points (x1, w1), .. ., (Xm, W) satisfying the condition (C.6.2). This guaran-
tees that the matrix €2, is diagonally dominant and hence invertible. O

Remark. We would like to bring up that Proposition[C.6.1]is implicitly commented
on in the paper [[82]] through frame theory terminology. More precisely, the au-
thor investigates the Grammian matrix corresponding to the time-frequency shifts
{M ey, Ty g}, The invertibility of the Grammian matrix is easily seen to be
equivalent to the statement that the corresponding Gabor space V, (L*(R™)) is fully
interpolating. We hope the connection with reproducing kernel Hilbert spaces adds
a machinery that can help shed light on some aspects of the HRT-Conjecture.

C.7 Wavelet Completeness

In this final section we will look at how much of L?(G) the wavelet spaces W (Hz)
collectively fill up. Let 7: G — U (H,) be a square integrable representation and
let A, denote the equivalence classes of admissible vectors in H; modulo rotations
by elements of T. From Example[C.4.T| we see that the collection

span{ng tfe 7—(,r} c L*(G)
geAx
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does not need to be dense in L?(G). To combat this we will start to vary the square
integrable representation  as well. If G denotes the equivalence classes of square
integrable representations of G, then we consider

@ span {W, f : f € Hy} C L*(G). (C.7.1)
neGy 8€Ax

It is straightforward to check that (C.7.1)) is a well-defined direct sum, we refer to
[69, Lemma 2.24] for details.

Example C.7.1. To make matters more concrete, let us first consider the group
G =T. Any unitary representation of T is equivalent through a unitary intertwining
operator to one of the representations 7, : T — T for n € Z given by

nn(em) =" geR.
For the representation 7, we see that
’Wll(em) = <1,7T,,(ei0)1> = ¢ N0,

This gives precisely the Fourier expansion of square integrable periodic functions
since

@ span {W, f : f € Hy} = @span{e”’e 10 eR} = L*(T).
€A

reC, 8€Sn nez

Based on the observations above we formulate the following conjecture for a
general locally compact group.

Conjecture (Wavelet Completeness). Characterize the locally compact groups G
that satisfy

@ span {ng :fe 7—(,,} = L%(G). (C1.2)

~ geA
neGyg g e

We say that a locally compact group G is wavelet complete if (C.7.2) holds for G.
For wavelet complete groups we can view the decomposition conceptually
as a generalized multiresolution analysis. An obvious condition that needs to be
satisfied for G to be wavelet complete is Gy # 0. Hence the integers Z and any
other abelian non-compact group can not be wavelet complete. Any compact group
is easily seen to be wavelet complete from Peter-Weyl theory [[67, Theorem 5.11].
The following example illustrates that wavelet completeness is a non-trivial notion.

Proposition C.7.2. The reduced Heisenberg groups H! are not wavelet complete.
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Proof. A variant of the Stone-von Neumann Theorem [81, Corollary 9.3.5] im-
plies that the only square integrable representations of H are the Schrodinger
representation p, given in (C.3.1)) along with appropriate dilations

pr’m(x, w, eZniT) — eZm’m‘rem'mx-mexMw,
for m € Z\ {0}. We will show that any 4 € L?(H") on the form
h(x,w,ez’r”) = h(x,w)

is orthogonal to ‘W, f for all f, g € L*(R") and all the representations p, ,,. We
compute that

(hy We )12 = /11;1" h(x, )Wy f (x, w, e277) dx dw dt

1 —
= / e2rime dT/ h(x, w)e ™"MXCV, f (mx, w) dx dw
0 R2n

0;

since m € Z \ {0}. O
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Paper D

The Afline Wigner Distribution

Abstract

We examine the affine Wigner distribution from a quantization perspective
with an emphasis on the underlying group structure. One of our main
results expresses the scalogram as (affine) convolution of affine Wigner
distributions. We strive to unite the literature on affine Wigner distributions
and we provide the connection to the Mellin transform in a rigorous manner.
Moreover, we present an affine ambiguity function and show how this can be
used to illuminate properties of the affine Wigner distribution. In contrast
with the usual Wigner distribution, we demonstrate that the affine Wigner
distribution is never an analytic function.

Our approach naturally leads to several applications, one of which is an
approximation problem for the affine Wigner distribution. We show that the
deviation for a symbol to be an affine Wigner distribution can be expressed
purely in terms of intrinsic operator-related properties of the symbol. Finally,
we present a positivity conjecture regarding the non-negativity of the affine
Wigner distribution.

D.1 Introduction

The most studied quadratic time-frequency representation is the Wigner distribution
defined by

Wy (x,w) = / f (x + £) f (x - L)e_ZNi‘“’ dt, (x,w)eR*.  (D.1.1)
Rd 2 2

Originally invented by Wigner in [[154]] almost a century ago, the Wigner distribu-

tion is essential in quantum mechanics as it gives the expectation values for Weyl

quantization of symbols [|52]]. In recent decades, the Wigner distribution has found

many applications in time-frequency analysis 81, Chapter 4] due to its connections
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with the short-time Fourier transform V, f defined precisely in (D.2.4). One of the
more surprising connections is the convolution relation

Ve f(x, ) > = Wp(g) * Wy (x,w), (D.1.2)
where P is the reflection operator P(g)(x) := g(—x). The function

Spec, f = Ve f(x, )|

is called the spectrogram of f with window g. The spectrogram is an important
tool for analyzing time-frequency content and has been used extensively in the
engineering literature since its introduction.

Affine Wigner Distribution

Parallel to the theory of time-frequency analysis is the time-scale (or wavelet)
paradigm. Although there have been many attempts at finding a suitable Wigner
distribution in the time-scale setting, there is no general consensus in the literature.
We will motivate the particular choice of a time-scale Wigner transform

Wit = [ (5

—eo e —1

u

me_Zﬂ'ixu du, ()C,a) e Aff. (D.1.3)
e —1

The function Wfo = WZf’fw is called the affine Wigner distribution due to its
relation to the affine group Aff := R X R,. It was derived through a quantization
procedure in [73]]. The authors showed that the affine Wigner distribution satisfies
WZH € L2(Aff) for every ¢ € L*(R,) := L*(Ry,a”! da), where L?(Aff) denotes
all measurable functions on Aff that are square integrable with respect to the
measure a”! da dx.

The affine Wigner distribution WZH has appeared in the literature several times
throughout the years; as a particular Bertrand distribution in [[136], and as a tool
for studying the quantum mechanics of the Morse potential in [[130]. The basic
properties of the affine Wigner distribution will be developed in a rigorous manner
to fill gaps in the literature. In particular, for all sufficiently nice € L*(R,) we
have the marginal properties

[ whrads=w@P md [ whow 5= IM@eP

The symbol M (y)(x) denotes the Mellin transform of € L*(R,) at the point
x € R given by

M@ = M)W = [ w5
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Scalogram Representation and the Affine Ambiguity Function

The first significant contribution is to develop a connection between the affine
Wigner distribution and the scalogram defined by

Scalg f(x,a) = [ Wef(x,a)*, (x,a) € AfF, (D.1.4)

where W, f denotes the continuous wavelet transform of f with respect to g
defined precisely in (D.2.8). By comparing with (D.1.2)) in the time-frequency
setting, one would expect a simple convolution relation to hold. However, as the
group underlying the symmetries in the time-scale case is the non-unimodular affine
group, we obtain the following result.

Theorem. Let f,g € L? (Rlbe such that their Fourier transforms fand g are
supported in R, and satisfy f,g € L*(R,). Then

Scalg f(x, a) = (1 (Wfﬁ) AR AW/J;E) (2 2) . (x,a) € AR,

where A and I denote the modular function and the involution on the affine group,
respectively.

We introduce the affine ambiguity function Afﬁ for y € L*>(R,) given by

0 r . dr
AY x,a) = / rvVa (—)r_zmx —, (x,a) € Aff.
Rt = [ (e |2 " ()
The affine ambiguity function is intimately related to the radar ambiguity function
in time-frequency analysis [81, Chapter 4.2]. We will show that the affine Wigner
distribution and the affine ambiguity function are related through the Mellin trans-
form by

Vb log(b)

2niy
b — 1 ) AZﬁ(y’ b) (X, (1). (DIS)

Wfff(x, a) = M;l oM, (

The relation (D.1.3) is used to show that the affine Wigner distribution preserves
Schwartz functions.
Analyticity and an Approximation Problem

It turns out that affine Wigner distributions are never analytic functions on the
upper half-plane. However, the space L2 (Aff) can be completely decomposed into
“almost analytic” functions as the following result shows.
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Proposition. We have the orthogonal decomposition

L2(Aff) = P A" (Aff) @ A" (Af), (D.1.6)

n=2

where A" (Aff) and AL"(Aff) denote the spaces of pure poly-analytic and pure
anti-poly-analytic functions of order 7, respectively.

As an application to the theory developed we consider the approximation prob-
lem of understanding, for a given f € L?(Aff), the quantity

¥
WAff

inf

(D.1.7)
WweL?(Ry)

L2(Aff)
Notice that measures how far f is from being an affine Wigner distribution.
The analogous problem in time-frequency analysis has been recently studied in
[12]. For each symbol f € L2(Aff) there is a Hilbert-Schmidt operator A £ on
L*(R,) that is weakly defined by the relation

(Ard9) e, = (1 W8 v, € LA(RY). (D.1.8)
The following result shows that the quantity is linked to how much A ¢
deviates from being a rank-one operator.

>L3 (Af)’

Theorem. Let f € L2(Aff) be real-valued. Under a mild eigenvalue assumption
on Ay we have

. W > 5
inf - :\/ A — A ’
weL2(R,) Aft L2(Af) ” f”f]—(S || f”op
where || - |lus and || - ||lop are the Hilbert-Schmidt norm and operator norm,

respectively. Moreover, the precise number of distinct minimizers can be deduced
from the spectrum of Ay .

Motivation for the Affine Wigner Distribution

It is not immediately obvious why a Wigner distribution Wag in the affine setting
should have the form given in (D.1.3). In [5] the authors define a Wigner distribu-
tions Wi on a general Lie group G. In the case of G = Aff we indeed have that W
reduces to Wag. The general Wigner distribution W is the canonical choice for a
Wigner distribution on G since it naturally related with Fourier transforms on the
group. For the affine group, this relation [[18, Section 5.1] takes the elegant form

Ar =Fy' Feo(f).  f e Li(Af),
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where Fw is the affine Fourier-Wigner transform and Fxo is the affine Fourier-
Kirillov transform. Since the affine Wigner distribution determines the affine Weyl
quantization completely, this motivates further investigation into the affine Wigner
distribution Wag.

Further Results

The affine Wigner distribution is developed further in the follow-up paper [18]].
Let us mention two results in [18]] that can help to additionally motivate the affine
Wigner distribution:

Quantization of Coordinate Functions: In [18, Section 3.3] we extend the affine
Weyl quantization f +— Ay to tempered distributions f € &’(Aff). This
offers the possibility of rigorously determining the quantizations Ay, and
Ay, of the coordinate functions fx(x,a) = x and f,(x,a) := a. We prove
in [18, Theorem 3.11] the commutation relation

1
Ar Ar]l=—Ar.
[Ar. Ag] = 5—Af

This is, up to re-normalization, precisely the infinitesimal structure of the
affine group. Hence the affine Weyl quantization, and thus the affine Wigner
distribution, is intimately linked with the Lie group structure of the affine

group.

Cohen Class Operators: In [|18, Section 6.3] we develop a theory affine Cohen
class operators. This is motivated by the classical Cohen class operators on
phase space [81} Section 4.5]. For a reasonable function f on Aff we define
the associated affine Cohen class function as

Qr (. ¢) =Wl san fu fx,a) = f((x,a)7™).

This is a special case of an affine Cohen class function Qg associated to an
operator S, where one considers S = A¢. It turns out that any bilinear form
Q: L*(Ry) x L>(R,) — L®(Aff) is, under a mild continuity requirement,
on the form Q = Qg for some bounded operator S: L?>(R,) — L*(R,) by
[18 Proposition 6.11]. As such, the affine Wigner distribution is essential in
developing a well-behaved Cohen class theory on the affine group.

In addition to the two topics above, we show in [[18} Proposition 6.2] that the
affine Wigner distribution is also related to the localization operators of Daubechies
and Paul given in [46]. Finally, in [18, Section 6.2] we relate the affine Wigner
distribution to covariant integral quantizations developed by Gazeau and his col-
laborators in [4, [20, 21}, (74, 75](76]].
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Structure of the Paper

In Section[D.2] we outline necessary definitions and briefly review the affine group
as it will be central for many of the results we develop. In Section[D.3|we derive
basic properties of the affine Wigner distribution. We devote Section[D.4]to uniting
the literature and pointing out how the affine Wigner distribution can be derived
by emphasizing symmetry. The convolution relation between the affine Wigner
distribution and the scalogram will be proved in Section [D.5]

In Section [D.6| we define the affine ambiguity function and show how this al-
lows us to extend the affine Weyl quantization (D.1.8) to the distributional setting.
We prove the decomposition (D.1.6) of L2(Aff) in Section In addition to
the approximation problem described above, we show in Section how basic
questions regarding operators on R, can be answered with our framework. Finally,
we discuss the affine Grossmann-Royer operator and the affine positivity conjec-
ture in Section The authors are grateful for helpful suggestions from Eirik
Skrettingland and Luis Daniel Abreu.

D.2 Preliminaries

The notation &' (R?) will be used for the Schwartz space of rapidly decaying smooth
functions on R¢. We write §'(R,) for the smooth functions ¥ : R, — C such that
Y(x) =y (e*) € §(R). The corresponding dual spaces of tempered distributions
are denoted by &’(R9) and &’(R,), respectively. The Fourier transform of a
function f € L?>(R?) is given by

Fr(w) = f(w) = /R FWe Oy, w e R

We will frequently use L>(R,) := L?>(R,,a”! da) since a™! da is the Haar measure
onR,.

D.2.1 The Classical Wigner Distribution

We begin by recalling basic definitions from time-frequency analysis and their
connection with the Heisenberg group. The cross-Wigner transform W(f, g) of
f,g € L*(R?) is defined to be

f (x + %) g (x - %)e_zm‘“t dt, (x,w) € R*.

Notice that the Wigner distribution W, given in (D.1.1) is precisely the diagonal
term W(f, f). The cross-Wigner transform satisfies the orthogonality property

W(f1,81), W(f2, 82))12(r2ay = (f15 f2) 12 (ra) (815 82) L2 (r)- (D.2.1)

W(f.g)(x.w) = /

R4
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A key feature of the Wigner distribution is its connection with the Weyl cal-
culus: For a symbol o € &'(R??) the Weyl (pseudo-differential) operator L
corresponding to the symbol o is the operator

Lof = / e N (&, u)T- Mg f du dé. (D.2.2)
R2d

The operators 7_,, and M in are respectively the time-shift operator and
the frequency-shift operator defined by

T f(1) = f(t —x), My f(t) = *™ U £(1), x,w,t€R?.

The association o +— L is called the Weyl transform and the operator L, maps
S(R) into &’(RY) by [81, Lemma 14.3.1]. Moreover, the Weyl transform is a
bijection between square integrable symbols o € L?(R??) and Hilbert-Schmidt
operators L : L?(R?) — L*(R%) by a result of Poole [138, Proposition V.1].

The connection between the Weyl calculus and the cross-Wigner transform is
the relation

<L0'f’ g)Lz(Rd) = <O', W(g’ f))Lz(de)’

for o € L*(R*?) and f,g € L*(RY). Since the Weyl transform is a quantization
procedure, one can think of the inverse transformation L, +— o as dequanti-
zation. In this terminology, the Wigner distribution W, for f € L?(R9) is the
dequantization of the rank-one operator

Lw,g = (& f)f,  geL*RY). (D2.3)

The reader can consult [92, Chapter 13] and [78, Chapter 4] for more details about
the Weyl transform from a quantum mechanical perspective.

Central to time-frequency analysis is the short-time Fourier transform Vg f of
f.,g € L*(R?) given by

Vo f(x,w) = (f, MuTxg)2(ray = Ad F()g(t —x)e 2™ 4t (D.2.4)

We have from 81, Lemma4.3.1] that the cross-Wigner transform and the short-time
Fourier transform is related by the formula

W(f,8)(x, w) =296 CVp o) (2%, 20),

where P(g)(x) = g(—x). The short-time Fourier transform originates from the
Schrodinger representation of the Heisenberg group, see [81, Chapter 9] for details.
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D.2.2 The Affine Group

The two main operators in time-scale analysis are the time-shift operator 7 and
the dilation operator D, given by

Duf(x) = % (2) (D.2.5)

fora > 0 and f € L*(R). One defines the affine group as Aff := (R X Ry, -afr),
where the group operation is given by

(x$a) ‘Aff (y’b) = (x+ayaab)’ (x’a)’(y,b)EAﬁ:'
The motivation for the group operation stems from calculation
(TxDa)(TyDb) = TxTayDqu = Tx+ayDab-

We can represent the affine group Aff and its Lie algebra aff in the matrix form

Aﬂ":{(g )lc):a>0,x€R}, aﬁ:{(g 8):u,veR}.

Essential for computations is the fact that the exponential map exp: aff — Aff

given by )
u v 3 oY V(eu—l)
“Plo o/7lo 1

is a global diffeomorpism. The left Haar measure on Aff is given by a2 da dx,
while the right Haar measure is a~' da dx. We will use the notation L2(Aff) and
le (AfF) to indicate if we are using the right or left Haar measure, respectively. The
left and right Haar measures on Aff can be written in the coordinates induced by
the exponential map as

da dx 3 du dv dadx dudv

a?  Aw)’ a  A(-u)’

where the function A is given by

u
uet ue?

e —1 2sinh(%)’

Au) = (D.2.6)

A natural way the affine group can act on L?(R) is by translations and dilations,
namely as
f+—TyD.f, f e L*(R). (D.2.7)
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This is a unitary representation, although it is not irreducible. The matrix coeffi-
cients of this representation are given by

Wl oa) = (T = 5z [ 10 (S50 28)

One typically refer to the map (x,a) — W, f(x,a) as the (continuous) wavelet
transform of f with respect to g. The continuous wavelet transform is analogous
to the short-time Fourier transform and incorporates the possibility of observing f
at different scales through g. Moreover, the magnifying aspect coming from the
change of scales can characterize local regularity through decay properties of the
wavelet transform, see [44, Theorem 2.9.2].

D.2.3 A Quantization Approach

We will briefly outline a procedure described in [[73]] to determine the affine Wigner
distribution. The theory is based on Kirillov’s theory of coadjoint orbits and we
refer further explanations to the aforementioned paper.

The affine group Aff acts on its Lie algebra aff through the adjoint action

u av

Ad(r.a)(X) = (0 6”‘), X = (0 O)Gaff (x,a) € Aff.  (D.2.9)

A representation @ of a Lie group G on a vector space V is always accompanied
by a representation ®* of G on the dual space V* defined by

(@(g)*n,v) = (n, (g )W), geG,veV,neV,

where the bracket denotes the natural pairing between V and V*. In the case of the
adjoint action in (D.2.9)) we denote the accompanied representation on aff* by Ad”*
and call it the coadjoint representation of the affine group. We can realize aff" as
matrices on the form

aff* ~ {(x,y) = (§ 8) (X, y € R}.

Any point on the form (x,0) € aff” is a fixed point for the coadjoint represen-
tation. The upper and lower half-planes

H, ={(x,y) €aff :y >0},  H_:={(x,y) €aff* : y <0},

both constitute distinct orbits. For reasons of symmetry it suffices to understand the
representation corresponding to H,. It is convenient to identify H, ~ Aff as sets
and use the notation (x, a) for a general element in . From general coadjoint
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orbit theory [112, Chapter 1.2] it follows that Aff is equipped with a canonical
symplectic structure. In fact, this symplectic structure is simply the right Haar
measure a~! da dx on Aff.

The main idea of Kirillov’s theory is to associate irreducible representations
of the Lie group to orbits of the coadjoint representation in a one-to-one manner.
A realization of the representation corresponding to . is given by acting on
¥ € L*(R,) by

1

U(x,a)y(r) = ™ y(ar) = —=M D 1y (r). (D.2.10)
\/5 a

The representation U is (up to a normalization) the representation (D.2.7) on the
Fourier side. Define the Stratonovich -Weyl operator on L*(R,) by the formula

veX

Qx,a)y(r) = a‘[Rz e 2rilxutav) (m,

e”) W(r)dudv,

where ¢ € L?>(R,), (x,a) € Aff, and A is the function defined in (D.2.6). The
following result is given in [73} Corollary 4.3].

Proposition D.2.1. There is an isometric isomorphism between L2 (Aff) and the
space of Hilbert-Schmidt operators on L?(R,). The isomorphism sends the func-
tion f € L2(Aff) to the operator Ar on L*(R,) defined by

da dx

4 .

Apu(r) = / /0 £ (v )Q(x. @ ()

The association f +— Ay is called affine Weyl quantization, while the direction
Ay — fisreferred to as affine dequantization. Moreover, we call f the (affine)
symbol of Ay. Recall that any Hilbert-Schmidt operator A on L*(R,) has an
associated integral kernel Ax € L*(R, x R,) so that

© ds
av) = [ Akt T
forally € L*(R,).IfA = A, then one can recover f € L2 (Aff) from the formula

f(-x, Cl) = [mAK (a/l(u),a/l(_u)) e—27rixu du.

Motivated by (D.2.3)), the affine Wigner distribution should be defined as the affine
dequantization of a rank-one operator. Hence we have the following definition.
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Definition D.2.2. The affine cross-Wigner transform acts on i, ¢ € L>(R,) by
Wit ) = [ pa)saicme 2

for (x,a) € Aff. We refer to the diagonal WZE = W/'(’é'/' as the affine Wigner
distribution of Y.

If f € LZ(Aff) is the symbol of the Hilbert-Schmidt operator A s acting on
L*(R,), then

(Apv.0) oz = <f, Wi v.b e LA(R,). (D.2.11)

>L3(Aff) ’

D.3 Basic Properties

We now derive some basic properties of the affine cross-Wigner transform. The
affine cross-Wigner transform is related to the isometry

I1: L2(R* xR*, (rs)~! dr ds) — L2(Aff)

given by
II(F)(u,a) = F(ald(u),ald(—u)).

Lemma D.3.1. The affine cross-Wigner transform can be factorized as
Wi = Ay ¢ L*(R
Aff 1 (‘/’®¢)9 ¢/5¢ € ( +)’

where F is the Fourier transform in the first component and y @¢(r, s) = W (r)p(s)
forr,s € R,.

The factorization in Lemma [D.3.1] is key for understanding essential proper-
ties of the affine cross-Wigner transform. We illustrate its use by extending the
orthogonality property of the classical Wigner distribution in (D.2.)) to the affine
setting.

Proposition D.3.2. The affine Wigner distribution satisfies the orthogonality rela-
tion

cre ————dad
/ /0 W, a) Wi (x,a) 2 = L) (D.3.1)

a

for y, ¢ € L*(R,).
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Proof. We use the factorization in Lemma and obtain

(W20 W8 = (i 07) (57

L2(Af)
- <H (lﬂ ®E) 11 (¢ ®$)>LE(AH)
= (WY 8 ) 12 (o) ar )
= v, ¢)I*. O

We will refer to (D.3.1)) as the affine orthogonality relation motivated by the
analogous result for the classical Wigner distribution in (D.2.1)). Through a different
(but ultimately equivalent) approach to the affine Wigner distribution taken in [24]]
and [[130], the affine orthogonality relation is already known. The usefulness of the
affine orthogonality relation can be readily demonstrated with the following two
corollaries.

L2(AfD)

Corollary D.3.3. Let {1/, },ci be an orthonormal basis for L?>(R,). Then the
collection {Wlff'}"/’""}n,meN is an orthonormal basis for L2 (Aff). In particular, we
can expand any f € L2(Aff) as

(o)

_ Ln,Lm Ly, L
f= Z <f’WAff >WAff ’

n,m=0
where {L,},, is given by
e? d"
L) = —
n!Vn +1dx

Proof. The orthonormality of the functions WZ;;"/”" clearly follows from Propo-
sition To see the completeness in L2(Aff) we assume that f € L2(Aff)

satisfies
lpn’(//m
W > -0
<f Aff L2(Aff)

for every n,m € N. Then equation (D.2.TT) implies that Ay = 0 and hence
f=0. O

(e_xx”+1) . (D.3.2)

Corollary D.3.4. We have WZH = W;fﬁ for y, ¢ € L*>(R,) if and only if = ¢ - ¢
with |c| = 1.

Proof. 1t is clear from the definition of Wag that & = ¢ - ¢ with |¢| = 1 implies
that WZﬁ = Wfﬁ. Conversely, if we assume that WZIT = Wfﬁ then the affine
orthogonality relation (D.3.1]) shows that

e oy = Wl = 161 -
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Hence ||@]l2r,) = Wll12r,) and ¥, $) |2,y = W2 141l L2(r,)- This can
only happen when ¢ = ¢ - ¢ for some |c| = 1. O

The marginal properties |81, Lemma 4.3.6] for the classical Wigner distribution
strengthen a quantum mechanical interpretation of the Wigner distribution. For the
affine Wigner distribution, we need an analogue of the Fourier transform on the
group R*. This is the Mellin transform given by

M) ) = Ma@)(x) = /O w(@a e X

for x € R and ¢ € L?>(R,). There is little consensus regarding the exponent of a
in the literature and we recommend checking carefully which convention is used
whenever the Mellin transform is encountered. The Mellin transform is a unitary
map M: L*(R,) — L*(R) with inverse

M‘l(f)(a)=M;1(f)(a)=[ £ (x)a*™* dx, (D.3.3)

for a € R, and f € L?(R). Moreover, the Mellin transform of a dilated function
satisfies

M(D ) (x) = F 53 M(g) (x). (D.3.4)

The following marginal properties have been stated in [[143]] where the proofs
are referred to the unpublished Ph.D. thesis of R. G. Shenoy. We provide a new
proof of this remarkable fact to fill in gaps in the original sources.

Proposition D.3.5. The affine Wigner distribution satisfies for ¢ € &(R;) the
marginal properties

[ whxad= P,

0 W da _ 2
/0 Wi(x.a) = = M@ 0P

Proof. The first marginal property follows from Lemma and the realization
that

1 W (x,a) dx = 7! (W}fﬁ) 0, a).
The validity of the pointwise convergence in the Fourier inversion step is clear
since € S(Ry).
For the second marginal property, we utilize a change of variables in the
definition of the affine Wigner distribution to get the alternative form

W;\/’é‘p(x, a) = [)VOO u—27rixw (au:)f(u)) P (alog(u)) @

1 u—1/) u
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The isometry property of the Mellin transform can then be used to obtain
°° da
/ WZH (x,a) =

/ / WM ( (ulog(u)))(ﬁ)M ( (lzg(u)))(ﬁ) dp du

By using the dilation relation (D.3.4)) and the inverse Mellin transform (D.3.3]) we
end up with

/ Wit = / / 22 M () () L

- [ M@ B W 4
= MM (Mo (B)P) (1)) ()

= IM@¥) (),
Interchanging the order of integration and the pointwise convergence of the Mellin
transform is easily justified under the assumption that ¢ € §(R,). O

Remark. It follows from Proposition [D.3.5|that

© e da dx 0 da
[ [ vt S = [ w@P S = o,

for all ¥ in the dense subspace §(R;) ¢ L*(R,). If Il 2,y = 1 and WZE is
everywhere non-negative, then the affine Wigner distribution would be a probability
density function on the upper half-plane. We will elaborate on this in Section[D.9]

Ify € §(R,) has compact support and a € R, is outside the support of i, then
Proposition [D.3.5]shows that

[ WZﬁ(x, a)dx =0

This extreme case can be improved with the following finite support property.

Proposition D.3.6. Assumey € L>(R,) is continuous and supported in the interval
[r,s] c R. Then WZﬁ(x, a) =0 for all x € R whenever a ¢ [r, s].

Proof. The functions ¥ (aA(u)) and ¥ (ad(—u)) are both non-zero if and only if
), A(=u) € L = [5 5].
a’ a
Ifa > sthen L c (0, 1). Hence it suffices to show that A(u«) and A(—u) can not take
values in (0, 1) simultaneously. This follows since A(u) is an increasing function
that only takes values in (0, 1) whenever u < 0. If @ < r then L C (1, o). In this

case, the result follows from the fact that A(«) > 1 if and only if u > 0. O
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D.4 Alternative Descriptions

Although the affine Wigner distribution was constructed rather recently, it has
appeared in the literature several times in different disguises. We outline two
instances of this and see how this enriches our understanding of the more subtle
properties of the affine Wigner distribution.

Consider a function ¢ € L?(R) N L*(R,) that is supported on R, and let
f € L%(R) be such that f = . The affine Wigner distribution WZH is related to
the Bertrand P = (Py, 1) distribution described in [[136] by the formula

WZﬂ(x,a) = éPf (a,—%) .

One refers to P as the Bertrand Pg distribution and it is in both the affine class and
the hyperbolic class described in [[136]]. From this we can gauge several invariance
properties of the affine Wigner distribution:

» The fact that P is in the affine class gives the invariance properties
M,
Wi l/'(x, a) = Wzﬁ(x —aw,a)

and |
a
Wi () = Wiy (v 2). (D.4.1)

These invariance properties can be summarized as
WY (y,b) = WY (y - bx, ab), (D.4.2)
where U is the action of the affine group on L?(R,) given in (D.2.10).
* The fact that P is in the hyperbolic class gives the invariance property
WY (x a) = WY (x + ¢, a), (D.4.3)

where H (c, f;) is the transformation

r

He, fyw(r) = e ™™ E) gy, r £ >0 cer

Notice that the positive reference frequency f, only appears on the left-hand

side of (D.4.3).

The affine Wigner distribution Wag can be derived in another way by empha-
sizing invariance properties as done in [24] and [[130]]. From this perspective, one
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starts with a general quadratic distribution and require invariance under a group
extension of the affine group. This will produce the distribution

W (x,a) = / 0 (ad () B @A (=) e " () du,

where u(u) is a weight function that satisfies u(u) = u(—u). The requirement
that WY satisfies the affine orthogonality relation in (D.3.1)) forces u = 1 so that
WY = WZE. Although one gets the orthogonality relation (D.3.1)) for free with
this approach, the connection with the affine Weyl quantization in (D.2.11)) is then
obscured. The affine Wigner distribution Wag is a special case of a family of
distributions that are called tomographic distributions in [24]).

Remark. There have been other attempts at defining a notion of affine Wigner
distribution that do not coincide with our definition. As an example, we refer
the reader to [76] and the recent successor paper [75] where an affine Wigner-
like quasi-probability is defined through a semi-classical quantization approach.
Although this is different from the approach in [73] that our work is based on, it
has similarities in both motivation and properties.

D.5 Affine Convolution Representation of the Scalogram

Recall from the introduction that the classical Wigner distribution can represent
the spectrogram through convolution

Spec, f(x,w) = Wp(g) * Wy (x,w) = Wp(g) * Wy (w, —x), (D.5.1)

where P(g)(x) = g(—x). This relation was mentioned in [129, Eq 85] where
the Wigner distribution went under the name (instantaneous) spectrum-smoothing
function. 1Tt later appeared in [39, Eq 4.5], where it was used to show that the
spectrogram is a Cohen class distribution. Finally, it was put on more rigorous
foundations in |68, Proposition 1.99]. By attempting to use the classical Wigner
distribution to represent the scalogram in (D.T.4) one obtains

T

Scalg f(x,a) = /RZ Wi (T, &)W, ( ;x’ af) drdé¢.
However, this only superficially looks like convolution as it does not incorporate
one of the Haar measures on Aff.

We will use the affine Wigner distribution to get a proper convolution rep-
resentation of the scalogram. Before stating the precise result, we recall some
generalities from the theory of locally compact groups applied to the affine group:

198



D.5. Affine Convolution Representation of the Scalogram

The affine convolution between two functions f, g on the affine group is given
whenever it is well-defined by

Fenga= [ [ 1o (000 o ) T

A departure from the usual Euclidean convolution is that the affine convolution is
not commutative.

The modular function A on any locally compact group measures the difference
between the right and left Haar measure. We refer the reader to a precise definition
in [[67, Chapter 2.4] as we only need that the modular function on the affine group
is

A(x,a) = é, (x,a) € Aff.
Finally, the (right) involution of a function f on the affine group is given by

x 1

I(f)(x,a) = Alx,a) f((x,a)7") = —f (—— —), (x,a) € Aff.

The following convolution result should be compared with (D.5.T]).

Theorem D.5.1. Let f,g € L2(R) be such that their Fourier transforms f and g
are supported in R, and satisfy f g € L*(Ry). Then

x 1

Scaly f(x,a) = (I (Wiﬁ) *AF AW ) (5 5) ,  (x,a) € Aff.

Proof. By using Parseval’s identity and that the support of the Fourier transforms
are in R, we obtain

—~ 2
Scalgf(x’a) = |<f’ TxDag>L2(R)|2 = ’(f’ \/('_1 : U(-x’a)§>L2(R+) >

where U(x,a) is given in (D.2.10). The affine orthogonality relation given in
Proposition and the invariance property given in together show that

0 poo o dbd

Scalg f(x,a) = / / Wgﬁ(y, b)-a- WZE(X,a)g( b)) 2L Y
bd
/ / Wfﬁ(y, b)-a- Wgﬂ.(y bx,ab) —— 4

/ f W1 (,b) - ab - WE, (y,

We use the involution on the affine group to write

db dy

ab - Wiy ((7.5) oan (=x.@) = 1 (Wee) (=)™ ar (0. 5) 7).

199



Paper D. The Affine Wigner Distribution

Combining these observations shows that

s = [ [T ) (53] o) 52
- (1 (W/g;ﬂf) AR AWZ&) (2 é) - o

D.6 The Affine Ambiguity Function

The cross-ambiguity function in time-frequency analysis of f, g € L?(R) is defined
to be

[

A(f,9)(x,w) = [oo f(t+ ;—C)g (t - g)e_z””‘”dt, (x,w) € R

The ambiguity function Af = A(f, f) of f € L>(R) has been frequently used in
radar applications [81, Chapter 4.2]. In the affine setting, we suggest the following
analogue.

Definition D.6.1. The affine cross-ambiguity function of y,¢ € L*(R,) is the
function AK&"} on Aff defined by

® o dr
AY?(x,a :=/ rva L |2 —, (x,a) € Aff.
G = [Cwevae| 2T
Similarly as before, we call the function AKE = Aff’fw the affine ambiguity function.

In [143] the authors define a different notion of affine ambiguity function
under the name wide-band ambiguity function. Notice that the definition of AK&."}
incorporates the Haar measure on R in a natural way. Moreover, we will show that
our definition possesses properties that justifies the terminology affine ambiguity
function.

Lemma D.6.2. For v, ¢ € L*(R,) we define the functions ¥(x) = y(e*) and
O(x) = ¢(e¥) forx € R. Then

Afﬁfd)(‘“’ e¥) = AP, ?)(x, w), (x,w) € R
Moreover, the affine ambiguity function satisfies
|AKH(X’ a)l < AXH(O’ 1) = ||l'//||iz(R+)’

for every (x,a) # (0, 1).
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The last statement in Lemma is a consequence of [81, Lemma 4.2.1].
We will use Lemma [D.6.2]in the proof of the following result.

Proposition D.6.3. The affine cross-ambiguity function satisfies the orthogonality

relation
Y1,01 4 ¥2,¢2
Anr - Axn >L3 (AfF)

for 1,¥2, ¢1, ¢2 € L*(Ry).

Proof. Let W;(x) = y;(e*) and ®@;(x) = ¢;(e*) fori = 1,2. Then Lemma|D.6.2]
gives that

= W ¥2) 2w (@1, $2) 2R,

(Aﬁ“J%?ﬂﬁmm=1m[;Amm¢omem@¢gwﬁnmw.

From [81, Lemma 4.3.4] it follows that the ambiguity function is related to the
classical cross-Wigner transform by

W(‘Pi,q)i) = /CWA(IPI',(I)I'), i= 1,2,

where ¥ is the Fourier transform and U is the rotation U F (x, w) = F(w, —x) for
a function F on R?. Hence from (D.2.1)) we obtain that

<A¢1,¢1 All/z,¢2
Aff

P AR >L3(Aff) = W Y22 m,)(P1. 92) L2(r,)- O

Corollary D.6.4. Let € L?(R,) be normalized and let U C Aff be a Borel set.
Assume there exists € > 0 such that

dad
// AV (e L s e, (D.6.1)
U a

Then the right Haar measure u, (U) of U satisfies

2
manzu—oﬁdgy”, p>2.

In particular, we have y, (U) > max(2(1 — €)%, 1 — ¢).

Proof. Notice that the assumption is by Lemma [D.6.2]equivalent to

/ / |[AY (u,x)|> dudx > 1 -,
U, Jn(Uy)

where W(x) = ¢ (e*). We can write A¥(u,x) = e™“*VgW¥(u, x), where V is the
short-time Fourier transform given in (D.2.4)). The assumption

/ / V¥ (u,x)|* dudx > 1-¢€
Uy JIn(U>)
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implies by Lieb’s uncertainty principle [81, Theorem 3.3.3] that we have

2

(V) = U xIn(U)] > (1=07= (§)77 . p>2.
The final claim follows from considering p =4 and p — oo. O

We now relate the affine ambiguity function to the affine Wigner distribution.
Define

\/E]Qg(b) )27riy

©(y,b) :=( -

for y € R and b > 0 with the convention that ®(y, 1) = 1 for all y € R. If we write
b = e* for u = log(b), then

Bloeh) _ it

b

where A is the function given in (D.2.6). Hence we can think of ©(y, b) as arising
from a symmetrization of the function 4. We leave the verification of the following
result to the reader as it is straightforward.

Lemma D.6.5. Fory, ¢ € L*(R,) we have the equality
W0 (x,a) = M;' @ My, [0(y,b) - A%2 (3, 5) | (x, a),

where (x,a) € Aff and M is the Mellin transform.

It is of importance to extend the affine Weyl quantization to tempered distribu-
tions. To do this, we first need the following definition.

Definition D.6.6. Let & (Aff) denote the smooth functions f: Aff — C that satisfy
(x,w) — f(x,e®) € S(R?).

The space & (Aff) is called the rapidly decaying smooth functions on Aff. The dual
space of & (Aff) will be denoted by & (Aff) and called the tempered distributions
on Aff.

The following result illustrates how we can use the Mellin transform and the
affine ambiguity function to deduce properties of the affine Wigner distribution.

Proposition D.6.7. For y,¢ € §(R,) the affine Wigner distribution satisfies
Wl e S(Af).
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Proof. Let¥(x) = y(e*) and ®(x) := ¢(e*). By LemmaD.6.2Jand Lemmal[D.6.5]

we want to show that
(x,w) — M@ My, [0(y,b) - A¥®(log(b),y)] (x,e®) € S(R).
The cross-ambiguity function A is by [81, Theorem 11.2.5] a map
A: S(R) X S(R) — S(R?).

Hence A(y, b) := A¥®(log(b),y) € S(AfF). Since O(y, b) is a smooth function
with polynomially bounded derivatives, the same is true for @(y, b) - A(y, b). The
claim follows since the Mellin transform is related to the Fourier transform by the

formula M(y)(x) = F(¥)(x). O

Corollary D.6.8. The affine Weyl quantization Ay of f € §'(Aff) is well-defined
as an operator
Af . S(R+) — S’(R+)

Example D.6.9. Consider the point measure Sag(x,a) € &' (Aff) defined by
(Oarr(x,a), f) = f(x,a),
for f € S(Aff) and (x, a) € Aff. We compute for ¢, ¢ € §(R,) that

(Asnsteat ) = (an (e, @), WY ) = Wi (v.0) = Wh? (v, ).

Hence the operator As,;(x,q) is weakly defined through the values of the affine
Wigner distribution.

D.7 An Almost Analytic Decomposition

Recall that analytic and anti-analytic functions f are characterized by the equations
0:f(z) = 0 and 9, f(z) = 0, respectively. The fact that fo’f‘# € L2(Aff) when
W, ¢ € L*(R,) allows us to exclude (anti-)analytic functions from being affine
Wigner distributions.

Proposition D.7.1. There are no analytic or anti-analytic functions in L2 (Aff).

Proof. The conclusion is easier to obtain by looking at the isomorphic spaces in
the unit disc D by applying the standard linear fractional transformation. Under this
transformation, the analytic functions in L2 (Aff) are transformed to the analytic
functions f in the unit disc satisfying the integrability condition

[f(2)

p 1 —|z]?

dZ<o<)
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Any such analytic function will have to vanish as it approaches the boundary circle.
Thus they are identically zero inside the unit disc as well by the unique continuation
principle for analytic functions. The case of anti-analytic functions is similar. O

Remark. Proposition shows a big difference between the affine Wigner dis-
tribution and both the classical Wigner distribution and the wavelet transform; the
classical Wigner distribution can produce Gaussians, while one can obtain plenty
of analytic functions from the wavelet transform [44} Chapter 2.5].

Definition D.7.2. Consider a function f: Aff — C.

* The function f is called poly-analytic of order if n € N if 6; f=0. We
write f € A"(Aff) to signify that f is poly-analytic of order n, but not
poly-analytic of order n — 1.

* The function f is called anti-poly-analytic of order it n € Nif 9 f = 0. We
write f € A" (AfF) to signify that f is anti-poly-analytic of order n, but
not anti-poly-analytic of order n — 1.

The following result is inspired by [146] and shows that L2 (Aff) decomposes
completely into poly-analytic and anti-poly-analytic functions.

Proposition D.7.3. The space L?(Aff) has the orthogonal decomposition

[ee]

L2(Aff) = (] (A" (Aff) @ A" (AfF)) .

n=2
Proof. Notice first that
L2(AfF) ~ (LZ(R+, dx) ® LA(R,, a”! da)) ® (LZ(R_, dx) ® L2(R,, a”! da)) .
Hence for n > 2 it suffices to show the decompositions
AYAf) = L2(R,, dx)®span { L2}, AL"(AfF) =~ L2 (R_, dx)®span {L,_»},
where { £} is the orthogonal basis for L*(R,) defined in (D:3:2). We will
only show the decomposition of A" (Aff) since the decomposition of A" (Aff)

is similar.
Consider the map @: L2(Aff) — L2(Aff) given by

®f(r.a) = Fi(f) (x, T) ,
"
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where 77 is the Fourier transform in the first component. It is straightforward to
check that @ is a unitary map. The image of A" (Aff) under @ consists of all
functions in L2 (AfF) that satisfy

Dodlod ' f=D(d+ia)" D' f =0, (D.7.1)

but do not satisfy (D.7.1)) for n—1. A computation shows that functions f € L2 (Aff)
satisfying (D.7.)) are precisely those that satisfy the homogeneous equation

|x|" (sign(x) +28,)" f(x,a) =0, (D.7.2)
but do not satisfy for n — 1. It is well known that the solution is precisely
flx,a) =g(0)Lua(a), g€ L (R, dx).

Hence we obtain the decomposition for A" (Aff) and the result follows. O

Remark. Notice that Proposition|D.7.3|does not claim that A" (AfF) and A" (Aff)
are orthogonal as A" (Aff) N A+"(Aff) # {0} for all n > 2. The poly-analytic
functions have appeared prominently in the work of Abreu, see e.g. [1]], in the
context of wavelet analysis and sampling theory.

D.8 Applications

D.8.1 An Approximation Problem

Let us use the notation
W(AF) = {W}fﬁ g e L2(R+)} c L2(AfD),

and call W(AfF) the affine Wigner space. The affine orthogonality relation (D.3.T))
implies that M(AfF) is a closed subset of L2(Aff). Although we can create or-
thonormal bases for L2 (Aff) by using the affine cross-Wigner transform as done in
Corollary the space W(AfF) is a proper subset of L2 (Aff).

It is natural to ask how far a function f € LZ(Aff) is from being in W(AfF).
Hence we are interested in the following affine Wigner approximation problem

inf - . D.8.1
gdlgl(Aﬂc) I/ g||L3(Aff) ( )

The analogous problem for the classical Wigner distribution has been recently
investigated in [[12]]. Our quantization based approach will as a byproduct produce
a new proof of the classical Wigner approximation problem in [[12].

205



Paper D. The Affine Wigner Distribution

For g = W[‘(’ff it follows from (D.2.11]) and the affine orthogonality relation
(D.3.1)) that A, is the rank-one operator

¢ = (. ).

The converse is also clear, so there is a one-to-one correspondence between affine
Wigner distributions and positive rank-one operators. Hence the distance (D.8.1)
should somehow be related to how far Ay is from being a rank-one operator. In
Corollary[D.8.2)we will see that this heuristic is correct for a large class of functions
f € L2(Aff). We use the notation

o (Ap) = 4.0
max (Ay) = max {/lesggcl?f\f) }

Theorem D.8.1. The affine Wigner approximation problem for a real-valued func-
tion f € L2(Aff) has the explicit solution

. Y 5
coint IS = 8lizam = NI oy — Lhos (A7) (D3.2)
A minimizing function h € W(Af) to the affine Wigner approximation problem
always exists. Moreover, when A}, (Ay) > 0 the number of minimizers is equal to
the multiplicity of A} (Ay).

max

Proof. Notice that Ay is self-adjoint since

(Aru.0) = (apw.0) = (Fwh?) = (. Wh0) = (w.ar0).

for s, ¢ € L>(R,). Thus the spectral theory for compact, self-adjoint operators im-
plies that the spectrum Spec(A s ) = {4k}, of Ay is countable with O € Spec(Ay)
as the only possible accumulation point. Moreover, there is by [67, Theorem 1.52]
an orthonormal basis {¢};", for L*(R,) such that ¢ is an eigenvector for A f
corresponding to the eigenvalue A;. The convention is that eigenvalues are repeated
according to their multiplicity.

We claim that we can write

Ay = Z/lkcbk ® i,
k=0

where the convergence is in the Hilbert-Schmidt norm. Notice that convergence
of Yy kb ® drto A r is guaranteed in the operator norm from the theory of
compact operators [[32, Theorem 3.5]. Hence it suffices to show that ZZ":O Axdx ®ﬁ
converges in the Hilbert-Schmidt norm; this will imply together with the norm
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inequality ||-|lop < ||-[los that 357 o Ak Pk ® ¢b; must converge to A # in the Hilbert-
Schmidt norm. Due to completeness, it suffices to show that }\;° ; Axdx ® ¢ is a
Cauchy sequence. For n,m € N with n < m we have

2

m m m
D@l = > e (D ® bk b ® i)y = ) Il
k=n HS  k,k'=n k=n

where || - ||#s denotes the Hilbert-Schmidt norm. The claim follows since A is

Hilbert-Schmidt.
We can now by Proposition[D.2.T| write

D b ® b~ O (D8.3)

k=0

inf - = inf
geQB(Aff)”f 8llzz am YeL2(R,)

HS

Assume that A; = A}, (A). Then (D-83) is clearly minimized when ¢ = /1,6 ;.
By orthogonality, we can rewrite (D.8.3)) and obtain

: _ _ 2 _ 2 — 2 _ 2
geSIll?(gff) ||f g”L%(Aff) = \/”Af “7‘(3 /l?—nax(Af) = \/”fHL%(Aff) /l:'nax(Af) .

We always have a minimizer as we can take i = WKH. The statement about
uniqueness of minimizers is clear from (D.8.3). o

Remarks.

* From the spectral theory of compact, self-adjoint operators, it also fol-
lows that the eigenspaces corresponding to non-zero eigenvalues are finite-
dimensional. Hence, for a given f € L2(Aff), there is at most a finite number
of minimizers Ay, ..., h; € W(ALF) so that

el I =gllizam = If = hill iz am 1= 10k

* The proof of Theorem [D.8.1] goes through almost verbatim to show the
analogous result for the classical Wigner distribution. The analogous formula
to for the classical Wigner distribution was shown in [12, Theorem 3]
using a variational calculus approach. That the number of minimizers can
be easily deduced from the spectrum of the quantized operator seems new
even for the classical Wigner distribution.

* Assume that f € L2(Aff) is such that A f is a negative operator. Then
Apax(Ar) = 0 and it is clear from (D.8.3)) that the zero function is the unique
minimizer.
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Corollary D.8.2. Let f € L2(Aff) be real-valued and assume that

A (Af)= max |1
max( f) /IESpec(Af)l |

Then

; — 2 2
Lmin 1 = gliziam = \IAr s~ A3 (D84

Proof. Since Ay is self-adjoint it follows from [67, Proposition 1.24] that

A = max |[4]. O
” f ”0p AeSpec(Af) | |
Remark. Notice that under the assumptions in Corollary [D.8.2] the heuristic we
presented regarding rank-one operators holds true: If A is a rank-one operator,
then the Hilbert-Schmidt norm and the operator norm coincide. Hence (D.8.4) is
zero and thus f is in the affine Wigner space I3 (Aff). Conversely, the equations

1AplZ, = max A% JAflge= > A2 (D.8.5)
AeSpec(Ay) AeSpeclAy)

imply that (D.8.4) is zero precisely when A s is a rank-one operator.
Example D.8.3. Let f € L2(Aff) be such that A £ s a positive operator with rank
k > 0. Then (D.8.5) implies that

147 By
N P

Hence we obtain from (D.8.4)) that

: _ 2
gerg%}gﬁ)||f—g|ug<m—\/||Af||ﬂ ||Af||(,,,_\/ LNz am.

This has the following consequence: Let fi, f» € LZ(Aff) both correspond to
positive operators A and Ay with finite rank. If rank(Af) < rank(Ap), then
Jf1 will be closer to the affine Wigner space than f>, unless the energy of f, is
significantly smaller than that of f;.

D.8.2 Dilation Invariant Operators
An operator A: L?>(R,) — L*(R,) is said to be dilation invariant if
A=D,oAoDy, (D.8.6)

for all » > 0 where D, is the dilation operator in (D.2.5). We use the affine Weyl
quantization to show the following result.
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Proposition D.8.4. There are no non-zero dilation invariant Hilbert-Schmidt op-
erators on L?(R,).

Proof. Assume by contradiction that A: L2(R,) — L?(R,) is a dilation invariant
Hilbert-Schmidt operator and write A = Ay for f € L2(Aff). Tt follows from

(D.4.T)) and that

DHI/DHI" ) 5
Wt ) = r Wit ra), wie e LR,

for r > 0 and (x, a) € Aff. Hence (D.2.11)) implies that

<DrAfD%zﬁ,¢> <f D1¢D‘w> //rfx—ww( )d"adx.

On the other hand, since A is dilation invariant we also have

da dx

(DrAwa, ¢> (Ary, o) / / f )Wl (x,a)
This forces f € L2(Aff) by Corollary Mto satisfy the homogeneity relation

feea) =rf (x2).

for all » > 0 and almost every (x, a) € Aff. However, this implies that

Mpnn = [ 1P 2

/ / 2 dadx
=r

a

Hence f is not in L2 (AfF) unless f = 0, in which case A 7 is the zero operator. O

Remark. Notice that the proof of Proposition [D.8.4] actually shows that there can
be no non-zero Hilbert-Schmidt operator A that satisfies even for a single
r+ 1.

Example D.8.5. Although we showed in Proposition that there are no non-
zero dilation invariant Hilbert-Schmidt operators on L*(R,), there are non-zero
projections in L?(R,) that are dilation invariant. As an example, consider the
orthogonal projection P: L?(R,) — M 0,000 Where Mg ) is the space of all
¥ € L?(R,) such that the Mellin transform of i satisfies

supp(M(¥)) € R..
The projection P is dilation invariant due to (D.3.4).
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D.8.3 Trace-Class Operators

Finally, we give an application to trace-class operators motivated by the elegant
result [[78| Proposition 162].

Proposition D.8.6. Let T: L>(R,) — L*(R,) be a trace-class operator. Then
we can write T = Ay o A, for f,g € L2(Aff). Moreover, the trace of T can be
calculated by the formula

da dx

Tr(T) =Tr(Ay o Ag) = / / f(x,a)g(x,a)

Proof. Any trace-class operator T on L?(R,) can be written as a composition
of two Hilbert-Schmidt operators T = A o B. The bijective correspondence in
Proposition shows that A = Ay and B = A, for f, g € L2(Aff). Finally, we
have

Tr(T) = Tr(Ay o Ag)
—(a ,A*>
< &5 s

<g, 7> L2(Af)

da dx
/ / f(x,a)g(x,a) . O
Remark. Notice that

WzTr(A;oA;) Tr(A 0 Ar //mdadx

In particular, the trace of T is real-valued whenever f and g are real-valued.

D.9 Further Research

D.9.1 The Affine Grossmann-Royer Operator

A standard tool for deriving properties of the classical Wigner distribution is the
Grossmann-Royer operator R(x, w) defined by the relation

W(f.9)(x.0) = (Rx.0)f.8)

L2 (Rd) ’

for f, g € L>(R%) and (x, w) € R??. Anessential property of the Grossmann-Royer
operator R(x, w) is that

|Rewrr] . =2 Il

L2(R)
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for all f € L>(RY) and (x,w) € R?*?. This is immensely useful; to see that the
classical cross-Wigner transform is bounded one simply needs to apply Cauchy-
Schwarz inequality to obtain

sup  [W(f, ) (x, )| <27 |1 fll 2 ey I8l 22 me)- (D.9.1)

(x,w)eR?d

Analogously, we define the affine Grossmann-Royer operator Rag (x,a) by the
relation

WK&"’(x, a) = <§Aﬁ(x,d)‘l/, ¢>

fory, ¢ € S(R;) and (x, a) € Aff. We restrict our attention to Schwartz functions
for convenience since then WZ# € &(Aff) and hence have well-defined point

L2(Ry)

values. Notice that the affine Grossmann-Royer operator Rag (x, a) is precisely the
affine Weyl quantization of the point mass dag(x, @) given in Example The
affine Grossmann-Royer operator have the explicit form

2mixd ™ (5) 471 (1) (1 - e*"(ﬁ))

1+271 (L) —et'(2)

r
a

(e,

fory € S(Ry), r > 0, and (x, a) € Aff where A is the function given in (D.2.6).

Trying to generalize the strategy in (D.9.1)) runs into a problem: The affine
Grossmann-Royer operator is not a bounded operator on §(R,) ¢ L?(R,) with
respect to the norm || - || .2 (g, ). However, if y € §(R,) is supported in the interval
[%, k] for some k > 0, then there is a constant C; > 0 such that

Ra(x, a)y(r) =

< Cr - Wll2,)-

||§Aﬂf(x’d)l// L

We call the optimal constant C in the inequality above the k-support constant.
Hence if ¢ € S(R,) we have
su W‘p"p( < Cg -
P Aff -x’a) > Lk ||¢||L2(R+)”¢“L2(R+)'
(x,a) eAff
A trivial adaption of [81, Lemma 4.3.7] gives the following relative uncertainty
principle.

Proposition D.9.1. Let ¢ € §(R,) be supported in the interval [%, k] for some
k > 0 and let U C Aff be a Borel set. Assume there exists € > 0 such that

da dx
| Whatro S = 1= 00l

Then the right Haar measure of U satisfies u, (U) > (1 — €) C,:l.
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Motivated by Proposition [D.9.1] it is of interest to investigate the k-support
constant C both numerically and asymptotically. The affine Grossmann-Royer
operator is investigated more thoroughly in the follow-up paper [18]].

D.9.2 The Affine Positivity Conjecture

One of the major results about the classical Wigner distribution is regarding positiv-
ity; when is Wy anon-negative function on R?¢? Normalized functions f € L*(R9)
such that W is non-negative would generate probability density functions on R2d
that represent the time-frequency distribution of f. However, a well known result of
Hudson [81, Theorem 4.4.1] shows that this can only happen for suitably perturbed
Gaussians.

Turning to the affine setting, we would like to determine the normalized func-
tions ¢ € L?(R,) such that WZH is a non-negative function on the affine group. In

[130] the authors showed that the affine Wigner distribution WZ’% iS non-negative
if ¢ is the so called Morse ground state

ries
l//s(r) = m, SZO

We will only consider i for s > 0 as o ¢ L>(R,). More generally, one can
use the invariance properties (D.4.2) and (D.4.3) to show that the affine Wigner
distribution W of

Y(r) = Crriteiadosibr Cec, (x,a),(v,b) €A, (D92)

is non-negative. The functions (D.9.2)) are called the generalized Klauder wavelets
in [66, Equation (41)] that are in L*>(R,).

It is of interest to determine the following affine positivity conjecture, which is
a reformulation of an open question in [66]:

If Wfo is non-negative for ¢ € L*>(R,), then i is a generalized Klauder wavelet.

The Klauder wavelets have in [99] been shown to be the only functions that gen-
erate analytic spaces for the continuous wavelet transform. This gives a concrete
connection between Klauder wavelets and Gaussians, since Gaussians are the only
functions in the classical case that generate analytic spaces for the short-time
Fourier transform by [7, Theorem 3.1].
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Paper E

Affine Quantum Harmonic
Analysis

Abstract
We develop a quantum harmonic analysis framework for the affine group.
This encapsulates several examples in the literature such as affine localiza-
tion operators, covariant integral quantizations, and affine quadratic time-
frequency representations. In the process, we develop a notion of admissi-
bility for operators and extend well known results to the operator setting. A
major theme of the paper is the interaction between operator convolutions,
affine Weyl quantization, and admissibility.

E.1 Introduction

The affine group and the Heisenberg group play prominent roles in wavelet theory
and Gabor analysis, respectively. As is well known, the representation theory of
the Heisenberg group is intrinsically linked to quantization on phase space R>".
Similarly, the relation between quantization schemes on the affine group and its
representation theory has received some attention and several schemes have been
proposed, e.g. [[17, 73, 76]. However, there are still many open questions awaiting
a definite answer in the case of the affine group.

As has been shown by two of the authors in [125], the theory of quantum
harmonic analysis on phase space introduced by Werner [153]] provides a coherent
framework for many aspects of quantization and Gabor analysis associated with
the Heisenberg group. Based on this connection, advances in the understanding
of time-frequency analysis have been made [[124, 126, 127]]. In this paper we aim
to develop a variant of Werner’s quantum harmonic analysis in [[153]] for time-
scale analysis. This is based on unitary representations of the affine group in a
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similar way to the Schrodinger representation of the Heisenberg group being used
in Werner’s framework. We will refer to this theory on the affine group as affine
quantum harmonic analysis.

Affine Operator Convolutions

In Werner’s quantum harmonic analysis on phase space, a crucial component is
extending convolutions to operators. Recall that the affine group Aff has the
underlying set R X R, and group operation modeling composition of affine trans-
formations. A key feature of this group is that the left Haar measure a>dx da and
the right Haar measure a~!dx da are not equal, making the group non-unimodular.
Both measures play a role in affine quantum harmonic analysis, making the theory
more involved than the case of the Heisenberg group. In addition to the standard
function (right-)convolution on the affine group

foan g(x.a) = / F () (3, 5) ) 2L,

we introduce the following operator convolutions for operators on the space
L*(R,) := L*(Ry,r~'dr) in Section

s Let f € LI(Aff) .= L'(Aff,a'dx da) and let S be a trace-class operator
on L*(R,). We define the convolution f *ag S between f and S to be the
operator on L?(R,) given by

dx da

Frans = [ fraUraysUera
where U is the unitary representation of Aff on L?(R,) given by
U(x,a)y(r) = 2™y (ar).

* Let S be a trace-class operator and let 7 be a bounded operator on L*(R,).
Then we define the convolution S x g T between S and T to be the function
on Aff given by

S xag T(x,a) == tr(SU(-x,a) TU(~x, a)).

The three convolutions are compatible in the following sense: Let f, g € L} (Aff)
and denote by S a trace-class operator and by T a bounded operator, both on L?(R..).
Then

(f *ar S) *ag T = [ *ag (S*xag T),
f *af (g *ar S) = (f *afr &) *af S.
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Interplay Between Affine Weyl Quantization and Convolutions

Integral to the theory in this paper is the affine Wigner distribution and the associated
affine Weyl quantization. The affine (cross-)Wigner distribution W}fff of elements
¢, ¢ € L*(R,) is the function on AfF given by

Wwl? (x,a) = / 00(//(a/l(u))¢(a/l(—u))e_2”ix“ du, (E.1.1)

where 1: R — R is explicitly given by

1 uet

/l = = ,
W = R e o1

where | F is Kummer’s confluent hypergeometric function. The function A will
play a central role throughout the paper.

Although at first glance the definition (E.I.T)) might look unnatural, it can be
motivated through the representation theory of the affine group as illustrated in [5].
We will elaborate on this viewpoint in Section [E.5] One defines the affine Weyl
quantization of f € L2(Aff) := L?>(Aff,a"'dx da) as the operator A f given by

<Af ¢ 9-//>L2(R+) = <f’ W/ff}(p

We will explore the intimate relation between the convolutions and the affine Weyl
quantization. The following theorem, being a combination of Proposition [E.3.6]
and Proposition highlights this relation.

Theorem A. Let f,g € L?(Aff), where g is additionally in L! (Aff) and square
integrable with respect to the left Haar measure. Then

2
>L2(Aﬂ) , for all ¢,y € L“(R,).

8 *Aff Af = Agensf
Ag *xaf A = f *agt &,
where g(x,a) = g((x,a)™").
We will exploit the previous theorem to define the affine Weyl quantization of
tempered distributions in Subsection[E.3.3] To do this rigorously, we will utilize a
Schwartz space & (Aff) on the affine group introduced in [[17]. An important exam-

ple we prove in Theorem is the affine Weyl quantization of the coordinate
functions:

Theorem B. Let fy(x,a) = x and f,(x,a) = a be the coordinate functions on
Aff. The affine Weyl quantizations Az, and A, satisfy the commutation relation

1
Ar,Ap ]l =—A¢.
[Ar. Ag] = 5—Af
This is, up to re-normalization, precisely the infinitesimal structure of the affine

group.
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We define affine parity operator Pag as
Paf = As )

where 6 (o,1) denotes the Dirac distribution at the identity element (0,1) € Aff.
The following result, which will be rigorously stated in Subsection[E.3.5] builds on
these definitions.

Theorem C. The affine Weyl quantization Ag of g € &' (Aff) can be written as
Ag = g *afr Pag.

Moreover, for ¢,y such that ¢(e*), ¥ (e¥) € §(R), the affine Weyl symbol W/‘ff’f‘f’
of the rank-one operator iy ® ¢ can be written as

W/‘ff’f‘/’ = (Y @ @) *af Pas-

Operator Admissibility

One of the key features of representations of non-unimodular groups is the concept
of admissibility. Recall that the Duflo-Moore operator D! corresponding to
the representation U is the densely defined positive operator on L?(R,) given by
D (r) = r Y2y (r). We will often use that D! has a densely defined inverse
given by Dy (r) = r'/?y(r). A function ¢ is said to be an admissible wavelet
if 4 € dom(D7'). It is well known [50] that admissible wavelets satisfy the
orthogonality relation

dx da
a

fA O Vw0V P == = W0l 1D Wy (B1D)

We extend the definition of admissibility to operators as follows:

Definition. Let S be a non-zero bounded operator on L?(R,) that maps dom(D)
into dom(D~'). We say that S is admissible if the composition D'SD! is
bounded on dom (D) and extends to a trace-class operator D' SD ! on L2(R,).

Note that the rank-one operator S = ¢ ® ¢ for ¥ € L*(R,) is admissible
precisely when ¢ is an admissible wavelet. In Subsection we show that a
large class of admissible operators can be constructed from Laguerre bases. The
following result, which we prove in Corollary[E.4.5] extends (E.I.2)) to the operator
setting and is motivated by [153, Lemma 3.1].

Theorem D. Let S be an admissible operator on L?(R,). For any trace-class
operator T on L?(R,), we have that T x5 S € LL(Aff) with

dxd
/ T *ag S(x, a) o
Aff

=t(T) tr(D'SD).
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Determining whether an operator is admissible or not can be a daunting task.
We managed in Corollary [E.4.9| to find an elegant characterization in terms of
operator convolutions of admissible operators that are additionally positive trace-
class operators.

Theorem E. Let S be a non-zero, positive trace-class operator. Then S is admissible
if and only if S *ag S € L!(AfF).

The following result is derived in Subsection [E.4.4] and uses the affine Weyl
quantization to show that admissibility is an operator manifestation of the non-
unimodularity of the affine group.

Theorem F.
e Let f € L} (Af) be such that Ay is a trace-class operator on L*(R,). Then

dx da
pat

tr(Ay) = ‘/Aﬁf(x,a)

* Let g € L;(Aff) := L'(Aff,a 2dx da) be such that A, is an admissible
Hilbert-Schmidt operator. Then

_ _ dx da
tr(Z) 1AgZ) 1)=/ g(x,a) P

Relationship with Fourier Transforms

For completeness, we will also investigate how notions of Fourier transforms on
the affine group fit into the theory, and use known results from abstract harmonic
analysis to explore the relationship between affine Weyl quantization and affine
Fourier transforms. Recall that the integrated representation U(f) of f € Lzl (AfF)
is the operator on L>(R,) given by

dx da
a2

U()v = Aﬁf(x,a)U(x,a)¢ L e AR

We define the following operator Fourier transform in the affine setting.

Definition. The affine Fourier-Wigner transform is the isometry Fw sending a
Hilbert-Schmidt operator on L?(R,) to a function in L2 (Aff) such that

Fo' (f) =U(f)oD,  feIm(Fw)N L (AF).

The following result is proved in Proposition and provides a connection
between the affine Fourier-Wigner transform and admissibility.
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Theorem G. Let A be a trace-class operator on L2(R,). The following are equiva-
lent:

1) Fw(AD™Y) € L2(AfF).
2) AD~! extends from dom(D~") to a Hilbert-Schmidt operator on L?(R.).
3) A*A is admissible.

Another Fourier transform of interest is the (modified) Fourier-Kirillov trans-
form on the affine group Fxo given by

Raftear =G [ (i) B i
—u

As in quantum harmonic analysis on phase space, we have that the affine Weyl
quantization is the composition of these Fourier transforms, see Proposition [E.5.8]
In the affine setting we have in general that

Fw (f *a S) # Fxo(f)Fw (S), Fro(Sxaex T) # Fw (S)Fw (T).

This contrasts the analogous result in Werner’s original quantum harmonic analysis,
see (E.5.3). In spite of this, not all properties typically associated with the Fourier
transform are lost: In Subsection [E.5.2] we prove a quantum Bochner theorem in
the affine setting.

Main Applications

In Section[E.6|we show that affine quantum harmonic analysis provides a conceptual
framework for the study of covariant integral quantizations and a version of the
Cohen class for the affine group. In addition, we show in Subsection [E.6.1] that if
S is a rank-one operator, then the study of operators f xag S for functions f on Aff
reduces to the study of time-scale localization operators [46].

We have seen that affine Weyl quantization is given by f +— f *ag Pag for
f € S(Aff). Inspired by this, we consider a whole class of quantization procedures:
For any suitably nice operator S on L?(R,) we define a quantization procedure I's
for functions f on Aff by

Cs(f) = f*ar S.

This class of quantization procedures coincides with the covariant integral quan-
tizations studied by Gazeau and his collaborators motivated by applications in
physics, see e.g. [74} (75 76]]. Our results on affine quantum harmonic analysis are
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therefore also results on covariant integral quantizations. In particular, the abstract
notion of admissibility of an operator S implies that I's satisfies the simple property

Us(1) =c- 1o,y

where c is some constant, /; > g ) is the identity operator on L*(Ry),and 1(x,a) =1
for all (x,a) € Aff.

As the name suggests, covariant integral quantizations I's satisfy a covariance
property, namely

U(=x,a) Ts(/)U(=x,a) =Ts(Rx a)-1/),

where R denotes right translations of functions on Aff. In Theorem [E.6.5|we point
out that, by a result on positive operator valued measures [34, |113]], this covari-
ance assumption together with other mild assumptions completely characterize the
covariant integral quantizations. We have also seen that the affine cross-Wigner
distribution is given for sufficiently nice ¥, ¢ by er’f‘p = (Y ® ¢) *ag Pag. In-
spired by this and the description in [[126] of the Cohen class of time-frequency
distributions on R?", we make the following definition.

Definition. A bilinear map Q: L*(R,) x L?>(R,) — L*(Aff) belongs to the affine
Cohen class if Q = Qg for some operator S on L?(R,), where

QS(‘p’ ¢) ('x9 a) = (lﬁ ® ¢) *AFF S(X, a) = (SU(_X7 a)lﬁ’ U(—X, a)¢>L2(R+) .

We will show how properties of S (such as admissibility) influence properties
of Qg, and obtain an abstract characterization of the affine Cohen class. Readers
familiar with the Cohen class on R?" [40] will know that it is defined in terms of
convolutions with the Wigner function. In the affine setting, we have the analogous
result

Qa, (0. ¢) = Wi 5a f.

As we explain in Proposition [E.6.14] the affine class of quadratic time-frequency
representations from [[136] may be identified with a subclass of the affine Cohen
class.

Structure of the Paper

In Section [E.2] we recall necessary background material for completeness. In
particular, Subsection[E.2.2|should serve as a brief reference for quantum harmonic
analysis on phase space. We define affine operator convolution in Subsection
and show the relationship with the affine Weyl quantization in Subsection [E.3.2]
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The affine parity operator will be introduced in Subsection|E.3.4] and its relationship
to affine Weyl quantization will be explored in Subsection

We have dedicated the entirety of Section [E.4] to operator admissibility. Sec-
tion [E.5] discusses affine Weyl quantization from the viewpoint of representation
theory. In particular, in Subsection[E.5.2)we derive a Bochner type theorem for our
setting. In Subsection [E.6.1]and Subsection [E.6.2] we relate our work to time-scale
localization operators and covariant integral quantizations, respectively. Finally, in
Subsection[E.6.3|we define the affine Cohen class and derive some basic properties.

E.2 Preliminaries

Notation: Given a Hilbert space H we let £(9) denote the bounded operators
on H. The notation S,(H) for 1 < p < oo will be used for the Schatten-
p class operators on H. We remark that S;(H)and S,(H) are respectively
the trace-class operators and the Hilbert-Schmidt operators on #. The space
So(H) is by definition L(H) for duality reasons. When the Hilbert space in
question is H = L?>(R,) = L?>(R.,r 'dr), we will simplify the notation to
S, =S, (L?(R,)) for readability. We will denote by &' (R") the space of Schwartz
functions on R”". For a function f on a group G, the function f is defined by

f(g) = f(g7") forallg € G.

E.2.1 Basic Constructions on the Affine Group

We begin by giving a brief introduction to the affine group and relevant construc-
tions on it. The (reduced) affine group (Aff, -ag) is the Lie group whose underlying
set is the upper half plane Aff := R X R, := R X (0, o), while the group operation
is given by

(x,a) -ag (v, b) = (ay +x, ab), (x,a), (y,b) € Aff.

We will often neglect the subscript in the group operation to improve readability.
Moreover, we use the notation Ly ) and Ry ) to denote respectively the left-
translation and right-translation by (x, a) € Aff, acting on a function f: Aff —» C
by

(Lxa)f) (0.0) = f((x.a)™" -ar (3, D)),
(R(x,a)f) (y’b) = f((y’ b) ‘Aff (x,a)).

Recall that the translation operator Ty and the dilation operator D , are respectively
given by

1
Tf() = fy=x),  DafG)=—f (), xyeRaeR. E2D

Q=

B
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The following computation motivates the group operation on the affine group:
(TxDa)(TyDb) = TxTayDan = Tx+ayDab-

We can represent the affine group Aff and its Lie algebra aff in matrix form

Aﬁ’:{(g T):a>0,xeR}, aﬁ:{(g B):u,veR}.

The Lie algebra structure of aff is completely determined by

o oo ol =6 o)

An important feature of the affine group is that it is non-unimodular; the left and
right Haar measures are respectively given by

dx da dx da
HL(X’ (l) = 612 > IuR(xsa) = a .

As such, the modular function on the affine group is given by A(x,a) = a~'.

The affine group is exponential, meaning that the exponential map

exp: aff — Aff

wov\ [et v(e:—l)
*Plo o] T \o 1

is a global diffeomorphism. Hence we can write the left and right Haar measures
in exponential coordinates by the formulas

dudv dudv ue"
_— ug(x,a) = Au) = .
A(u)

A(=u)’ el —
Elementary properties of the function A can be found in 73, Section 3]. Throughout
the paper, we will use the spaces

given by

HL(x,a) = (E2.2)

L7 (Aff) = LP (Aff, up), LY (Aff) = LP (Aff, ug),

for 1 < p < co. Using that (x,u) — (x,e") maps Aff to R? we can define the
Schwartz space on Aff.

Definition E.2.1. Let &(Aff) denote the smooth functions f: Aff — C such that
(x,0) — f(x,e®) € S(R?).

We refer to & (Aff) as the space of rapidly decaying smooth functions (or Schwartz
functions) on the affine group.
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There is a natural topology on & (Aff) induced by the semi-norms

1f g = sup_|x] ™| 85105 f (x, ). (E2.3)
X, WER
for @ :== (a;,az) and B := (B4, B2) in Ny X Ny. With these semi-norms, the space
& (Aff) becomes a Fréchet space. The space of bounded, anti-linear functionals
on & (Aff) is denoted by &’ (Aff) and called the space of rempered distributions on
Aff.

E.2.2 Quantum Harmonic Analysis on the Heisenberg Group

Before delving into quantum harmonic analysis on the affine group, it is advan-
tageous to review the Heisenberg setting, originally introduced by Werner [153]].
There are three primary constructions that appear: (a) A quantization scheme,
(b) an integrated representation, and (c) a way to define convolution that incorpo-
rates operators. We give a brief overview of these three constructions and refer the
reader to [[81] [125] [153]] for more details.

Weyl Quantization

The cross-Wigner distribution of ¢,y € L*>(R") is given by

t t ;
W(o, ) (x,w) = / ¢ (x + E) v (x - 5)6_2’”“” dt, (x,w) € R*".
Rn,
When ¢ = i we refer to We := W(, ¢) as the Wigner distribution of ¢ € L*>(R™).
The cross-Wigner distribution satisfies the orthogonality relation

W(d1,41), W(d2,¥2))2m2ny = {15 P2) 2y W15 ¥2) L2 »

for ¢1, d2, 1,2 € L*>(R™). Moreover, the Wigner distribution satisfies for an
element ¢ € §(R") the marginal properties

/ Wo(x, o) dw = |6(x) / Wo(x, o) dr = |30
R7 R”

Our primary interest in the cross-Wigner distribution stems from the following
connection: For each f € L?(R®") we define the operator L : L>(R") — L*(R")
by the formula

(Ly ¢ 0)p2mm = (f-WW, @) 2geny, ¢4 € LA(R™).

Then Ly is the Weyl quantization of f, see [81, Chapter 14] for details. It is a non-
trivial fact, see [[138]], that the Weyl quantization gives a well-defined isomorphism
between L?(R?") and S(L?*(R™)), the space of Hilbert-Schmidt operators on
L*(R™).
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Integrated Schrodinger Representation

Recall that the Heisenberg group H" is the Lie group with underlying manifold
R™ x R x R and with the group multiplication

1
x,w,t) - (X", ', ) = x+x , w+ o, t+1 + 3 xX'w-xw)].

The Heisenberg group is omnipresent in modern mathematics and theoretical
physics, see [100]. For a Hilbert space H we let U(H) denote the unitary
operators on H. The most important representation of the Heisenberg group is the
Schrodinger representation p: H* — U(L*(R™)) given by

p(x,w,t)¢(y) — eZRite—ﬂiwawa¢(y)’

where T is the n-dimensional analogue of the translation operator defined in (E.2.T])
and M, is the modulation operator given by

Mu,p(y) = ™Y p(y), ¢ e L*(R").

The Schrodinger representation is both irreducible and unitary.

Let us use the abbreviated notation z := (x,w) € R* and 7(z) = M,Tx.
Ignoring the central variable #, we can consider the integrated Schrodinger repre-
sentation

p: L'(R*) — L(L*(R"))
given by
o) = [ F@een) dz (E24)
R2n
where £(L?(R")) denotes the bounded linear operators on L?>(R"). We remark
that the integral in (E.2.4) is defined weakly. It turns out, see [[68, Theorem 1.30],

that the integrated representation p extends from L!(R**) n L?>(R>") to a unitary
map p: L2(R*") — S,(L*(R")).

Operator Convolution

Given a function f € L'(R?>") and a trace-class operator S € S;(L*(R")), their
convolution is the trace-class operator on L?(R") defined by

f*xS = / f(2)n(2)Sn(z)" dz.
R2n
The convolution f x S satisfies the estimate || f x S|ls, < || fll.11IS]ls,-
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One can also define the convolution between two operators: For two trace-class
operators S, T € S;(L*(R")) we define their convolution to be the function on R>"
given by

S*T(z) = tr(St(z) PTPr(z)"),

where Py (t) = W (—t) is the parity operator. The convolution S x T satisfies the
estimate ||S * 7|1 < ||S||s, 1|7 ||s, and the important relation [[153, Lemma 3.1]

/ SxT(z)dz =te(S) te(T). (E.2.5)
R2n

To see the connection with the Wigner distribution, we note that the cross-
Wigner distribution of ¢, ¢ € L?>(R™) can be written as

W,¢) =v ®¢xP, (E.2.6)

where i ® ¢ denotes the rank-one operator on L?(R") given by

W ®)(&) = (&, ) 2@nyy foré € L*(R").

Similarly, the Weyl quantization of f € L'(R?") may be expressed in terms of
operator convolutions:

Ly=fxP. (E.2.7)

Hence convolution with the parity operator P gives a convenient way to represent
the Wigner distribution and the Weyl quantization.

Finally, there is a Fourier transform for operators: Given a trace-class operator
S € S| (L*(R™)) we define the Fourier-Wigner transform Fw (S) of S to be the
function on R?" given by

Fw (5)(2) = ™ tr(Sn(2)"), z € R™. (E.2.8)
The Fourier-Wigner transform extends to a unitary map
Fw : Sa(LX(R") — LA(R™),

where it turns out to be the inverse of the integrated Schrodinger representation
given in (E.2.4). By [68] Proposition 2.5] it is related to the Weyl transform by the
elegant formula

f=Fo(Fw(Ly)), (E.2.9)

where ¥ denotes the symplectic Fourier transform.
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E.2.3 Affine Weyl Quantization

We briefly describe affine Weyl quantization and how this gives rise to the affine
Wigner distribution. There is a unitary representation 7 of the affine group Aff on
L*(R,,r~!dr) given by

U(x,a)y(r) = ™y (ar) = iMwa(r). (E.2.10)
\/E a
Since ! dr is the Haar measure on R, we will write L>(R,) := L*(R,, ' dr).
Later we also consider another measure on R, and will be more explicit when the
situation requires it.
To define the quantization scheme we will utilize the Stratonovich-Weyl oper-
ator on L?>(R,) given by

veX

Qx,a)y(r) = a/RZ e 2milxurav) iy (m

e“) Y(r)dudy. (E2.11)
The following result was shown in [[73]] and provides us with an affine analogue of
Weyl quantization.

Proposition E.2.2 ([73]). There is a norm-preserving isomorphism between the
space L2 (Aff) and the space of Hilbert-Schmidt operators on L?(R,). The isomor-
phism sends f € L2(Aff) to the operator A £ on L?(R,) defined weakly by

Apu(r) = / /0 FraQawr) Xy e 2®,).

a

We will refer to the association f +— Ay as affine Weyl quantization, while f is
called the affine (Weyl) symbol of Ay . To emphasize the correspondence between
a Hilbert-Schmidt operator A and its affine symbol f we use the notation f4 = f.
The affine Weyl symbol of an operator A is explicitly given by

fa(x,a) = / Ak (ad(u), ad(=u)) e 274 dy, (E.2.12)
where Ak : Ry X Ry — Cis the integral kernel of A defined by
« ds )
Ay (r) = A () (s) —. ¥ e L(Ry).
0
By taking the affine Weyl symbol of the rank-one operator  ® ¢ on L?(R,) given
by

Y ® () = (& Doy
for v, ¢, & € L?>(R,), we obtain the following definition.
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Definition E.2.3. For ¢, € L?>(R,) we define the affine (cross-)Wigner distribu-
tion W/‘ff’f‘p to be the function on Aff given for (x, a) € Aff by

w? (x,a) = [‘X’w(ml(u))me—znixu du

= [T () o (e

(oo

When ¢ = ¢ we refer to WZH = W/'ff’fw as the affine Wigner distribution of .
The weak interpretation of the integral defining A  means that we have the relation

(A d.0) e =<flﬂdﬁ¢ (E2.13)

for f € L2(Aff) and ¢,y € L*>(R,). The affine Wigner distribution satisfies the
orthogonality relation

>L§(Aff) ’

©ore s a.  _dadx _—
[ wh e awh P oo ©E = @00 Un o e
fory, ¥, d1,d2 € L? (R4). Moreover, the affine Wigner distribution also satisfies
the marginal property

/WW&uﬂnu=wwW,<nweAm (E.2.14)

for all rapidly decaying smooth functions ¢ on R;. We remark that a rapidly
decaying smooth function (also called a Schwartz function) y: Ry — C is by
definition a smooth function such that x — ¥ (e*) is a rapidly decaying function
on R. The space of all rapidly decaying smooth functions on R, will be denoted by
& (R;). We will later also need the space 8’ (R;) of bounded, anti-linear functionals
on & (R,) called the tempered distributions on R,.. For more information regarding
the affine Wigner distribution the reader is referred to [|17].

E.3 Affine Operator Convolutions

In this part we introduce operator convolutions in the affine setting. We show that
this notion is intimately related to affine Weyl quantization in Subsection In
Subsection [E.3.4] we will introduce the affine Grossmann-Royer operator, which
will be essential in Subsection where we prove the main connection between
the affine Weyl quantization and the operator convolutions in Theorem [E.3.20]
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E.3.1 Definitions and Basic Properties

We begin by defining operator convolutions in the affine setting and derive basic
properties. Recall that the usual convolution on the affine group with respect to the
right Haar measure is given by

mw@@—/f@ﬁﬂ@@(%m5®%

Remark. Other sources, e.g. [67]], use the left Haar measure and define the convo-
lution to be

fam, 8((x,0)) = frar §((x,a)7h),
where f(x,a) = f((x,a)”"). We will mainly work with the right Haar measure,
and our definition ensures that
IS *am gl am < WLy am 181 L AR -

Additionally, we have that

Rix,a)(f *aff &) = (R(x,a) f) *Afr &-

Definition E.3.1. Let f € L!(Aff) and let S be a trace-class operator on L?(Ry).
We define the convolution f %ag S between f and S to be the operator on L*(R,)
given by

dx da

.HMS—/fOQWﬂwswﬂ)

where U is the unitary representation given in (E.2.10). The integral is a convergent
Bochner integral in the space of trace-class operators.

Remarks.

* As we will see later, using U(—x, a) instead of U(x, a) in Definition [E.3.1]
ensures that the convolution is compatible with the following covariance
property of the affine Wigner distribution:

U(-x,a)$,U(~x, .
WAﬂE x,a) .U (-x a)w(y’ b) = Wfﬁ"/’((y,b) - (x,q)).
* The notation x has a different meaning in [[73]], where it is used to denote the
so-called Moyal product of two functions defined on Aff.

Definition E.3.2. Let S be a trace-class operator and let T be a bounded operator
on L*(R,). Then we define the convolution S xag T between S and T to be the
function on Aff given by

S xaq T(x,a) == tr(SU(-x,a) TU(-x, a)).

229



Paper E. Affine Quantum Harmonic Analysis

Remark. Recently, [37] defined another notion of convolution of trace-class oper-
ators. Unlike our definition, this convolution produces a new trace-class operator,
with the aim of interpreting the trace-class operators as an analogue of the Fourier
algebra.

It is straightforward to check that if f is a positive function and S, T" are positive
operators, then f *xag S is a positive operator and S xag 7" is a positive function.
Moreover, we have the elementary estimates

I1f *aw Slls, < 1F1ls am IS1ls, (E3.1)

and
IS *as Tll>am) < IS 1T £r2r,))- (E3.2)

The following result is proved by a simple computation.

Lemma E.3.3. Fory, ¢ € L>*(R,) and S € L(L*(R,)) we have

(l// ® ¢) *Aff S()C, a) = <SU(—)C, a)l//’ U(_x7 a)¢>L2(R+)‘

In particular, for n, € € L*(R,) we have
(W ® ¢) *Aff (T] ® é:)(x’ a) = (lﬁ, U(_-x’ a)*§>L2(R+) <¢’ U(—X, a)*ran(RJr)’

and
W ®Y) *ag (£ ®E)(x,a) = (Y, U(=x,a)"E) 2,y |*-

A natural question to ask is whether the three different notions of convolution
we have introduced are compatible. The following proposition gives an affirmative
answer to this question.

Proposition E.3.4. Let f,g € L!(Aff), S € Sy, and let T be a bounded operator
on L*(R,). Then we have the compatibility equations

(f *ae S) *ag T = f =an (S *ag T),
f*am (g *ag S) = (f *ar &) *af S.

Proof. The first equality follows since the left-hand side can be written as
dy db
[ FO B (U3, U (2.0 TU )0 (-3.b) 22
dy db
=/ f(y, ) u(U(=y,b)"SU(=y,b)U(-x,a)" TU(—x, a) =~
d .
=tr f(y,b)U( y,b)"SU(=y,b) ——U(=x,a)'TU(=x, a)

= ((f *afr S) *ag T) (x,a).
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We are allowed to take the trace outside the integral since the second to last line
is essentially the duality action of the bounded operator U(—x, a)*TU(—x,a) on a
convergent Bochner integral in the space of trace-class operators.

For the second equality, change variables and write the left-hand side as

/ / f(x’a)g((Z, C) . (x, a)_l)U(_Z,C)*SU(—Z,C) dx da dzdc
Aff J Aff p p
dy db dx d
- [ [ 5@ b U(r ) Uy by SU -y U (-, ) D2 L
Aff J Aff p

- [ sxaurar [ e mUr)sunn LR T
Aff Aff

= [ *am (g *af S).

Changing the order of integration above is allowed by Fubini’s theorem for Bochner
integrals [[106, Proposition 1.2.7]. Fubini’s theorem is applicable since

_ . dxda dzdc
/ / F )] gz ) - (6 a) ™) - 1U(=2 ) SU(=2, I,
Aff J A a
is bounded from above by
dx da dz dc
1Sls, / F(xa)] f 18z ) B < o, -
Aff a Aff c

E.3.2 Relationship With Affine Weyl Quantization

The goal of this subsection is to connect the affine Weyl quantization described
in Subsection with the convolutions defined in Subsection [E3.11 We first
establish a preliminary result describing how right multiplication on the affine
group affects the affine Weyl quantization.

Lemma E.3.5. Let Ay € S, with affine Weyl symbol f € L2(AfF). For an element
(x,a) € Aff, the affine Weyl symbol of U(—x,a)*AgU(—x,a) is Ry 41 [

Proof. The result follows from (E.2.13) and the computation
U(=x,a)" ApU(=x, )¢, )2 (r,) = (ApU(=x, @), U(=x,a)$) 2 (x,)
U(-x,a)$,U (~x,
= (f WU Rs Uy
=(f, R(x,a)Wlff’fw>L%(Aﬂ)
— .Y
= Rixa 1 - Wi D2 am- o

We are now ready to prove the first result showing the connection between
convolution and affine Weyl quantization.

231



Paper E. Affine Quantum Harmonic Analysis

Proposition E.3.6. Assume that Ay € S, with affine Weyl symbol f € L2(Aff),
and let g € L!(Aff). Then the affine Weyl symbol of g % Ay is g #ag f, that s,

gxaf Af = Agungf -
Proof. The operator g *ag A is defined as the S»-convergent Bochner integral

dx da

g*a Ay =/A g(x,a)U(—x,a)"AfU(—x,a)

By Proposition , the map W: S, — L2(Aff) given by W(Ap) = fis
unitary. Since bounded operators commute with convergent Bochner integrals, we
have using Lemma [E.3.3] that

. dx da
W (g *agr Af) = /ﬂg(x,a)% (U(=x,a)"AfU(—x,a))
A
dx da
= / g(x’ a)R(x,a)’I% (Af)
Aff a
=g *aff f- o

We can also express the convolution of two operators in terms of their affine
Weyl symbols.

Proposition E.3.7. Let A, A, € S; with affine Weyl symbols f, g € L2(Aff). If
additionally g € le (AfT), then we have

Ar xarr Ag = f*ar &,
where g(x,a) = g((x,a)™") for (x,a) € Aff.
Proof. Using Proposition [E.2.2]and Lemma [E.3.5| we compute that

(A *ar Ag)(x,a) =tr(ApU(—x,a) A U(—x, a))
=(Ay,U(-x,a)"A U(-x,a))s,
= (/' R(x,a)18) 12 (Am)

/ FDR(0h) - ()™ 2L

- / F () - (,5)) DL
Aff
= fxar g(x,a).

The result follows as § € L7 (Aff) if and only if g € L7 (AfF). O

232



E.3. Affine Operator Convolutions

E.3.3 Affine Weyl Quantization of Coordinate Functions

Of particular interest is the affine Weyl quantization of the coordinate functions
fx(x,a) =xand f,(x,a) = afor (x,a) € Aff. Due to the fact that the coordinate
functions are not in L2 (Aff), we first need to interpret the quantizations A f. and
Ay, in a rigorous manner.

Lemma E.3.8. For any f € §’(Aff) we can define Ay as the map
Afp: S(Ry) — S’ (Ry)

defined by the relation
Arwd)ss = (LWE) 0 wees®). (€33
Additionally, the map f +— Ay is injective.

Proof. 1t was shown in [17, Corollary 6.6] that for elements ¢, € §(R;) then
W/‘f{f‘/’ € §(Aff). Hence the pairing on the right-hand side of (E.3.3) is well-defined.

For the injectivity it suffices to show that Ay = 0 implies that f = 0. Let us
first reformulate this slightly: If Ay = 0, then we have that

Arvd)ss = (£ W), =0

forally, ¢ € S(R,). We could conclude that f = 0if we knew that any g € & (Aff)
could be appr0x1mated (in the Fréchet topology) by linear combinations of elements
on the form W Y for v, ¢ € §(R,). To see that this is the case, we translate the
problem to the Helsenberg setting.

The Mellin transform M is given by

M($)(x) = Mo (§) (x) = /0 ¢(,,)r-zm§

Define the functions ¥ and ® to be ¥(x) = ¢y (e*) and ®(x) = ¢(e*) for
W, ¢ € L>(R,). A reformulation of [17, Lemma 6.4] shows that we have the
relation

Vblog(h) |’

iy
W/‘(’f’fq’(x,a) = M;l M, ( b1 ) FoW (P, q))(log(b),y) (x,a),

where W is the cross-Wigner distribution. The correspondence preserves Schwartz

functions, due to the term
i
Volog(h)\
b-1
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being smooth with polynomially bounded derivatives. This gives a bijective cor-
respondence between WK’I’T‘b € S(Aff) and W(¥, @) € S(R?).

As such, the injectivity question is reduced to asking whether the linear span
of elements on the form W(f,g) for f,g € S(R) is dense in S(R?). One way
to verify this well known fact is to note that the map f ® g — W(f, g), where
f®g(x,y) = f(x)g(y), extends to a topological isomorphism on & (R?), see for
instance [81, Equation (14.21)] for the formula of this isomorphism. The density
of elements on the form W(f, g) for f, g € §(R) therefore follows as the functions
hm ® hy, where {h,, } > are the Hermite functions, span a dense subspace of & (R?)
by [140, Theorem V.13]. O

Example E.3.9. Consider the constant function on the affine group given by
1(x,a) := 1 for all (x,a) € Aff. Then the affine Weyl quantization A is the
identity operator on L?(R,) since for ¢, ¢ € §(R,) we have

(A, $)ss = (LW Vs s
/ ¢ '/'(x ) daadx

- [Cvwr@
0 a
=W, P2 (r,)-

Notice that we used a straightforward generalization of the marginal property of the
affine Wigner distribution given in (E.2.14)), see the proof of [17, Proposition 3.4]
for details.

To motivate the next result, consider the coordinate functions o (x, w) = x
and o, (x,w) = w for (x,w) € R¥. The Weyl quantizations L., and L, are
the well known position operator and momentum operator in quantum mechanics.
In particular, the commutator

[La_x’Lo_w] =Ly, 0oLy, — Ly, 0Ly,

is a constant times the identity by [92, Proposition 3.8]. This is precisely the
relation for the Lie algebra of the Heisenberg group. In light of this, the following
proposition shows that the affine Weyl quantization has the expected expression for
the coordinate functions.

Theorem E.3.10. Let f and f, be the coordinate functions on the affine group.
The affine Weyl quantizations Ay, and Ay, are well-defined as maps from §(Ry)
to 8’ (R,) and are explicitly given by

AR() = 5=rd (), AR =), b e SR,
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In particular, we have the commutation relation

1
Ar A — A
[Ag Ag] =5 —Af-

This is, up to re-normalization, precisely the infinitesimal structure of the affine
group.

Proof. Let us begin by computing A s . We can change the order of integrating by
Fubini’s theorem and obtain for ¢, ¢ € §(R,) that

(Apy, d)s.s = <fx’ AR > .8

) ‘/—:/omx[: ¢ (ad(u))y (ad(—u))e=2mixu dy da dx
= [:/Ooo (/_ yedmixu dx) W (ad(u))d(ad(—u)) da du

Notice that the inner integral is equal to

e : 1 ’
2mixu
dx = — 6, (u),
[OO xe X i o(ut)

where -
/_ 501 () du =y’ (0).

Hence we have the relation

At d)ss =5 [ o (varwataacm) | %

By using the formulas /1(0) =1and A’ (0) = 1/2 we can simplify and obtain

At 0)ss =3 [ - (@00@ - v@a@) &

Using integration by parts we obtain the claim since

(Ary, $)s.s = /0 [ﬁa%(a)}%i—a.

For Az, we have by similar calculations as above that

(] (o) (o) d
ndrons = [ [T ] o wtaropaic <
= [ [ et (a- wtaawataain) <

- / a(a)p(@) 2.
0 a
The commutation relation follows from straightforward computation. O
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E.3.4 The Affine Grossmann-Royer Operator

In this subsection we introduce the affine Grossmann-Royer operator with the aim
of obtaining an affine parity operator analogous to the (Heisenberg) parity operator
P in Subsection [E.Z.2] The main reason for this is to obtain affine version of the
formulas and so that we can describe the affine Weyl quantization
through convolution. Recall that the (Heisenberg) Grossmann-Royer operator
R(x, w) for (x,w) € R?" is defined by the relation

W(f’g)(x’w) = <R(x’w)f7g>L2(R”)’ f’g € Lz(Rn)
Analogously, we have the following definition.

Definition E.3.11. We define the affine Grossmann-Royer operator Rag(x, a) for
(x,a) € Aff by the relation

W (x,a) = (Rag(x, ). $)srsn W, d € S(RY).

We restrict our attention to Schwartz functions for convenience since then
WZf’f‘ﬁ € &(Aff) by [17, Corollary 6.6], and hence have well-defined point values.
The Grossmann-Royer operator Rag(x, a) is precisely the affine Weyl quantization
of the point mass §ag(x, @) € &' (Aff) for (x,a) € Aff defined by

<6Aff(x’a)’ f)os",é’ = f(x’a)’ f € S(Aﬂ:)

Since this is also true for the Stratonovich-Weyl operator Q(x, a) given in (E.2.11)),
it follows that Rag(x,a) = Q(x,a) for all (x,a) € Aff. From [73, Page 12] it
follows that we have the affine covariance relation

U(—x,a) " Rag(0,1)U(—x,a) = Rag(x,a).

The following result, which is a straightforward computation, shows that Rag(x, a)
is an unbounded and densely defined operator on L?(R..).

Lemma E.3.12. Fix ¢ € S(R,) and (x,a) € Aff. The affine Grossmann-Royer
operator Rag(x, a) has the explicit form

p2mixd™ () 11 () (1 _ el‘l(ﬁ))

L+ (D) -t ()

r
a

Ras(x, )y (r) =

(e )
where A is the function given in (E.2.2)).
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We will be particularly interested in the affine parity operator Pag given by the
affine Grossmann-Royer operator at the identity element, that is,

-1 a!
A -et ) (re ).

PAT(7) = Ran(0. D) = e

for y € §(R;). The affine parity operator Pag is symmetric as an unbounded
operator on L?(R,). Moreover, we see from the relation

A1 (r)e’rl(r)

e =
’
that we have the alternative formula
/l_l(r) _1
Pag(p)(r) = ——=—¢ (re A >). (E.3.4)
| —re ()

An important commutation relation for the (Heisenberg) Grossmann-Royer
operator R(x, w) for (x,w) € R*" is given by

PoR(x,w) = R(-x,-w) o P. (E.3.5)

The following proposition shows that the analogue of (E.3.5)) breaks down in the
affine setting due to Aff being non-unimodular. As the proof is a straightforward
computation, we leave the details to the reader.

Proposition E.3.13. The commutation relation
Pag o RAE(X, Cl) = Rag ((x, a)_l) o Pag

holds precisely for those (x, @) € Aff such that A(x, a) = % =1.

We will now show that both the function A in (E.2.2)) and the affine parity
operator Pag are related to the Lambert W function. Recall that the (real) Lambert
W function is the multivalued function defined to be the inverse relation of the
function f(x) = xe* for x € R. The function f(x) for x < 0 is not injective. There
exist for each y € (—1/e, 0) precisely two values x, x, € (—o0,0) such that

xie =xye™ =y,

As the solutions appear in pairs, we can define o to be the function that permutes
these solutions, that is, o-(x1) = xp and o~ (x3) = x;. For y = —1/e there is only one
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solution to the equation xe* = y, namely x = —1. Hence we define o-(-1) = —1.
We can represent the function o as

Wo(xe®), x<-1
o(x)=1-1, x=-1 ,
W_i(xe®), —-1<x<0

where Wy, W_; are the two branches of the Lambert W function satisfying
Wo(xe*) =x, forx > -1

and
W_i(xe*)=x, forx<-1.

Lemma E.3.14. The inverse of A is given by

A7 (r) = log (#_rr)) =o(-r)+r, r>0.

Proof. To find the inverse of A we solve the equation

ue" -u
r=Au) = = .
@) et -1 et-1
A simple computation shows that —» = —u —re™. Making the substitutionv = e™
together with straightforward manipulations shows that

—re" =—-rve V. (E.3.6)

The trivial solution to (E.3.6) is given by solving the equation —r = —rv. Checking
with the original equation, this can not give the inverse of 4. We get the first
equality from the definition of o together with recalling that u = —log(v). The
final equality follows from

1g( = )) log( i ”(_r)ei(_r) = o (=r) +71. 0

o(-r) -re

Remark. A minor variation of o appeared in [73, Section 3] where it was defined
by the relation in Lemma[E.3.14] The advantage of understanding the connection
to the Lambert W function is that properties such as o (o (x)) = x for every x < 0
become trivial in this description.

Corollary E.3.15. The affine parity operator Pag can be written as

o(-r)+
o(-r)+
In particular, we have Pag(y)(1) = 2¢/(1).

Par(y)(r) = l/'( o (=r)), ¥ e SRy).
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Proof. The formula for Pag(y) is obtained from Lemma [E.3.14] together with
(E.3.4). To find the value Pag(¥) (1), we use (E.3.4) and the fact that

w(re_’rl(r)) | =y (1).
r=1
Hence the claim follows from L'Hopital’s rule since

lim Ay @
ol AN+ L= (ATH)() =1

E.3.5 Operator Convolution for Tempered Distributions

This subsection is all about expressing the affine Weyl quantization of a function
f € S(Af) by using affine convolution. To be able to do this, we will first define
what it means for Ay to be a Schwartz operator.

Definition E.3.16. We say that a Hilbert-Schmidt operator A: L?(R,) — L*(R,)
is a Schwartz operator if the integral kernel Ax of A satisfies Ax € S(Ry X R,),
that is, if

(x,w) — Ak (e*,e®) € S(R?).

Proposition E.3.17. A Hilbert-Schmidt operator A € S, is a Schwartz operator if
and only if A = A for some f € §(Aff).

Proof. Assume that A is a Schwartz operator. In [73, Equation (4.8)] it is shown
that the integral kernel Ax of A is related to the affine Weyl symbol f4 of A by the

formula -
Ak (r,s) :/ fa X’L e27rixlog(r/s) dx.
—o0 log(r/s)

Since the inverse-Fourier transform preserves Schwartz functions, together with
the definition of & (R, X R,), we have that

r

(r,s) — fa (log(r/s), log(;r/ss)) € S(Ry X R,).

By performing the change of variable x = log(r/s) and s = e for w € R we obtain

X

(x,w) > fa (x,e“’e

) € S(R?).

Finally, by letting u = log((e* — 1) /x) + w we see that

(x’u) — fA (x’eu) € CSj(IRZ),
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due to the fact that x — log((e* — 1)/x) has polynomial growth.
Conversely, assume that A = Ay for f € S(Aff). The integral kernel Ak is
then given by

Ak () = 77 () [logr /), o).

By using that the inverse-Fourier transform T]‘l in the first component preserves
& (AfF) together with similar substitutions as previously, we have that the integral
kernel satisfies Ax € S(Ry X R;). O

We will use the notation §(L?(R,)) for all Schwartz operators on L*(R,).
There is a natural topology on &' (L?(R,)) induced by the semi-norms

1Afllap = Ilf la.p:

where || - || o, are the semi-norms on §'(Aff) given in (E.2.3).

Proposition E.3.18. The affine convolution gives a well-defined map
S (AfF) *ar S (L2 (Ry)) — S(L2(R4)).
Moreover, for fixed A € S(L?(R,)) the map
S(Af) 3 f +— fHar A € S(LA(RY))
is continuous.

Proof. Let f € S(Aff) and A € S(L?*(R,)). Then A = A, for some g € S(Aff)
and we have by Proposition that

fHam A= fkag Ag = Afuppe. (E.3.7)

Hence the first statement reduces to showing that the usual affine group convolution
is a well-defined map

S(Af) #ag S(AFF) — S(AF).

After a change of variables, the question becomes whether the map
(o) = (Foan )e) = [ F0eNge-ye S dydz (E3Y
R

is an element in &(R?). It is straightforward to check that (E.3.8)) is a smooth
function. Moreover, since f and g are both in §(Aff), it suffices to show that
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(E.3.8) decays faster than any polynomial towards infinity; we can then iterate the
argument to obtain the required decay statements for the derivatives.
We claim that

sup x|“ul'lg(x — ye" 7, e 79)| < AF  (1+|yD* (1+12]), (E3.9)

X,u

where Ai ; is a constant that depends only on the indices &,/ € Np and g € S (Aff).
To show this, we need to individually consider three cases:

¢ Assume that we only take the supremum over x and u satisfying 2|z| > |u|
and 2|y| > |x|. Then clearly (E.3.9) is satisfied with Ai = 2K+ max |g|.

e Assume that we only take the supremum over u satisfying 2|z| < |u| and
let x € R be arbitrary. Then e“~? is outside the interval [e~"!/2 ¢l#l/2],
Since g € §(Aff) the left-hand side of (E.3.9) will eventually decrease when
increasing u. When y < 0 the left hand-side of (E.3.9) will also obviously
eventually decrease by increasing x. When y > 0 then any increase of x
would necessitate an increase of u on the scale of u ~ In(x) to compensate
so that the first coordinate in g does not blow up. However, this again forces
the second coordinate to grow on the scale of x and we would again, due to
g € S(Aff), have that the left hand-side of (E.3.9) would eventually decrease.

* Finally, we can take the supremum over x and u satisfying 2|z| > |u| and
2|y| < |x|. As this case uses similar arguments as above, we leave the
straightforward verification to the reader.

Using (E.3.9) we have that
sup [x*u’ (f *arr g) (x, €")]
x,u
< af, [0 b (41D dyde <, ©310)
R

where the last inequality follows from that f € & (Aff). Finally, the continuity of
the map f +— f *ag A follows from (E.3.7) and (E.3.10). |

Remark. Notice that the proof of Proposition [E.3.18|shows that affine convolution
between f,g € S(Aff) satisfies f xag g € S(Aff). This fact, together with
Proposition strengthens the claim that & (AfT) is the correct definition for
Schwartz functions on the group Aff.

The main result in this section is Theorem [E.3.20| presented below. To state the
result rigorously, we first need to make sense of the convolution between Schwartz
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functions g € §(Aff) and the affine parity operator Pag. As motivation for our
definition we will use the following computation: Let S,T € S, with affine Weyl
symbols fs, fr € L2(Aff). Fix g € &(Aff) and consider the affine Weyl symbol
Sexaps corresponding to the convolution g xag S. Then

(Foxanss JT)12(am) = (& *a S.T)s,
7 (Aff)

- <S/ 2(x,a)U(=x,a)TU(=x,a)" dx da>
Aff -

dx da

a >L3(Aﬁ) .

= <fs,/AﬂmR(x,a)fT

With this motivation in mind we get the following definition.

Definition E.3.19. Let S: S(R,) — &’(R;) be the operator with affine Weyl
symbol fs € §'(Aff) and let g € S(Aff). Then g xag S is defined by its Weyl
symbol fox,zs € S’ (Aff) satisfying

_ dx da
<fg*ArfS7h><§)/,oS) = <fS’/ g('xs a)R(x,a)h > s
AfF a |s.s

for all h € S(AfT).

Recall that the injectivity in Lemma [E.3.8]ensures that the operator S in Defi-
nition [E.3.19|is well-defined. The argument to show fox,:s € &’ (Aff) is similar
to the one presented in Proposition [E.3.T8] Hence g *ag S is well-defined.

Remark. We could similarly have defined S *aq Ay for § € § (L*(R,)) and
f € §’(Aff) by using Proposition For brevity, we restrict ourselves in the
next theorem to the case where S = ¢ ® ¢ for ¢, ¢ € §(Aff). In this case, we can
extend Lemma [E.3.3]and define

(p@y) *ax Ay = (ArU(—x,a)y,U(-x,a)$)s,s.
We can now finally state the main theorem in this section.

Theorem E.3.20. The affine Weyl quantization Ag of g € S(Aff) can be written
as

Ag = g *at Paf,

where Pag is the affine parity operator. Moreover, for , ¢ € S(R,) we have that
the affine Weyl symbol WZf’f‘ﬁ of the rank-one operator y ® ¢ can be written as

Wi = (b ® ¢) *a Pag-
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Proof. Recall that the affine parity operator Pag is the affine Weyl quantization
of the point measure 6(o,1) € &’'(Aff). As such, the convolution g xag Pag is
well-defined with the interpretation given in Definition [E.3.19] The affine Weyl
symbol fox,sPaz Of & *afr Pag is acting on h € §'(Aff) by

_ dx da
(fexanPag> M s, 8 = <5(0,1),/ g(x,a)R(x,a)h >
Aff a [g.s

dx da
a

_ / 2 a)h((0,1) - (x,a))
Aff

dx da
a

- / ¢ (e, a)h(x.a)
Aff
=g, h>L,2_(Aﬂf)-

Since S(Aff) ¢ L2(Aff) is dense, we can conclude that feu, ;P\ = g and thus
Ag = g *afr Pag. For the second statement, we get that

(¢ ® @) *afr Pag) (x,a) = (PagU(—x,a)y, U(=x,a)p)s' s
= (Rag(x, )Y, d)sr.s
= Wlff’fd’(x, a). O

E.4 Operator Admissibility

For operator convolutions on the Heisenberg group, we have from (E.2.3) the
important integral relation

/ S % T(z)dz =tr(S) tr(T).
R2n

A similar formula for the integral of operator convolutions will not hold generally
in the affine setting. We therefore search for a class of operators where such a
relation does hold: The admissible operators. As a first step, we recall the notion
of admissible functions.

Definition E.4.1. We say that € L>(R,) is admissible if
s3] 2
/ [y (r)|~ dr < o
0

r r

This definition of admissibility is motivated by the theorem of Duflo and Moore
1501, see also [89]]. The Duflo-Moore operator D~! in our setting is given by
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It is clear that the Duflo-Moore operator D! is a densely defined, self-adjoint
positive operator on L?(R,) with a densely defined inverse, namely

Dy (r) = Nry(r).

Hence a function ¢ € L*(R,) is admissible if and only if D'y € L>(R,). We
will on several occasions use the commutation relations

DU(x,a) = \/gU(x, a)D, U(x,a)*D™' =vaD'U(x,a)", (E.4.1)

for (x,a) € Aff. The following orthogonality relation is a trivial reformulation of
the classic orthogonality relations for wavelets, see for instance [90].

Proposition E4.2. Let ¢, ¥, &,n € L*(R.) and assume that ¢ and n are admissible.
Then

dx da

[ @.UCxay 0y EOT Do,
= (¢, §>L2(R+) (O "D W) 2w,
In particular, we have

dx da

/ (6. U(=5,0) W) 120 E U @) Do
= <¢’ f)Lz(RJ,)”D_IwHiZ(RJr)-

Remark. By Proposition admissibility of ¢ € L?(R,) is equivalent to the

condition
, dxda

/ 0 U (=5, 0) W) 2|

E.4.1 Admissibility for Operators

Our goal is now to extend the notion of admissibility to bounded operators on
L*(R,), with the aim of obtaining a class of operators where a formula for the
integral of operator convolutions similar to (E.2.5)) holds. We will often use that
any compact operator S on L?(R,) has a singular value decomposition

S = Z Snén ® s N € NU {0}, (E.4.2)

n=1

where {fn} , and {nn , are orthonormal sets in L*(R,). The singular values
{sn}f:’: : with sn >0 w111 converge to zero when N = co. If S is a trace-class
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operator we have {sn}nN: € ¢Y(N) with ||S||s, = |lsull;1. Since the admissible
functions in L>(R,) form a dense subspace, we can always find an orthonormal
basis consisting of admissible functions.

The next result concerns bounded operators DSD for a trace-class operator S.
To be precise, this means that we assume that S maps dom(D~!) into dom(D),
and that the operator DSD defined on dom(2) extends to a bounded operator.

Theorem E.4.3. Let S € S; satisfy that DSD € L(L*(R})). Forany T € S we
have that T xag DSD € L] (AfF) with

IT s DSDIl 11 amy < ISlls, 1T s,

and
dx d
/ T xag DSD(x,a) 2L = (1) t(S). (E.4.3)
Aff a

Proof. We divide the proof into three steps.
Step 1: We first assume that 7 = ¢ ® ¢ for ¢, ¢ € dom(D). Recall that S can be

written in the form (E.4.2). From Lemma and we find that
T *a DSD(x,a) = (SDU(-x,a)y, DU(—x,a)$)12(r,)

1
= ;(SU(—x, a)Dy, U(—x, Cl)D¢>L2(R+)

N
1
= D 5= (U (2. @) DY )2 s, i U (=5, ) D) 12,

n=1

Integrating with respect to the right Haar measure and using that (x, a) — (x,a)”!
interchanges left and right Haar measure, we get

1 dx da
/ U (=%, @)D sy s U5, ) D) 12 |-
AfF a a

dx da
a

= Aﬁ|<U(_x’a)*Dw9 T]n)Lz(]RJr)(é:n’U(_x’a)*D¢>L2(R+)|
< Wll2@pllollzw,),

where the last line uses Proposition[E.4.2] It follows that the sum in the expression
for T xag DSD(x, a) converges absolutely in L} (Aff) with

N
1T *at DSDI| 1w < (Z ) 19112 e 191122y = IS, T s,

n=1

Equation (E.4.3) follows in a similar way by integrating the sum expressing the
function T *ag DSD and using Proposition [E.4.2]
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Step 2: We now assume that T = ¢ ® ¢ for arbitrary ¢, ¢ € L?>(R,). Pick
sequences {Yn} |, {¢n},., in dom(D) converging to s and ¢, respectively, and
let T, = ¢, ® ¢,,. It is straightforward to check that 7;, converges to T in S;. By
this implies that 7, xag DSD converges uniformly to 7 *ag DSD. On the
other hand, T,, xag DS D is a Cauchy sequence in L} (Aff): For m,n € N we find
by Step 1 that

170 *as DSD — Ty *xast DSDI 11 (A
< H(l/’n - l//m) ® ¢n *Aff DSD”L}(A[T) + ”(//m ® (¢n - ¢m> *Aff DSD”L}(AH)
< ISlls ¥n = ¥mll 2@y ll@nll 2w,y + SIS 1¥mll L2 m) [|@m = nllL2r,)s

which clearly goes to zero as m, n — oco. This means that T,, xag DS converges
in L! (Aff), and the limit must be T *ag DSD as we already know that T), x s DSD
converges uniformly to this function. In particular, this implies

1T *af DSZ)HL}(AE) = nll—I>I<>lo (YERIN: DSDHL}(AE)
< 1im [l 22 s 9l 2 s IS s,

= 1l 2@ 9l 2@ ISs, -

Equation (E.4.3) also follows by taking the limit of fAff Ty *ag DSD(x,a) 244,
Step 3: We now assume that 7 € S;. Consider the singular value decomposition
of T given by

M
T:Ztmlybm®¢m

m=1

for M € NU {oo}. By (E.3.2) we have, with uniform convergence of the sum, that
M
T xa DSD = Z tiim ® G *ag DSD. (E.4.4)
m=1
Notice that Step 2 implies that the convergence is also in L! (Aff), since
M M
3 tulltin ® b xar DSDll s amy < bl llzz ey 1mll2ce) IS,
m=1 m=1
=ITlls, ISls, -

In particular, T ag DSD € LL(AfF). Finally, (E.4.3) follows by integrating (E.4.4)
and using that the sum converges in L! (Aff) and Step 2. O
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The integral relation (E.4.3]) is somewhat artificial in the sense that it introduces
D in the integrand. We will typically be interested in the integral of 7 % g S, not
of T xag DSD. This motivates the following definition.

Definition E.4.4. Let S be a non-zero bounded operator on L?(R,) that maps
dom(D) into dom(D~'). We say that S is admissible if the composition D~'SD™!
is bounded on dom(D ') and extends to a trace-class operator D 'SD! € S;.

Assume now that S is admissible, and define R := D~'SD~!. Clearly R maps
dom(D~!) into dom(D) as we assume that S maps dom(D) into dom(D~'). The
following corollary is therefore immediate from Theorem [E.4.3] We also note that
it extends [[113} Corollary 1] to non-positive, non-compact operators.

Corollary E4.5. Let S € £(L*(R,)) be an admissible operator. For any T € S;
we have that T %aq S € LL(Aff) with

1T st Sl < 1D7SD™ s, 1Tl

and

dxd
TN () w(D'SD).

/ T xag S(x,a)
AfF

Example E.4.6. A rank-one operator S = 1 ® ¢ for non-zero 7, £ is an admissible
operator if and only if n,& € L*(R,) are admissible functions. Requiring that
S maps dom(®D) into dom(D~") clearly implies that € dom(D™"), i.e. 7 is
admissible. For D~!'SD~! to be trace-class, the map

U D7D Wl 2w, = KDL E) 2yl - 1Dl 2R,

for y € dom(D~") must at least be bounded for ¥l 2,y < 1. This is bounded
if and only if
U (D wy

is bounded, which is precisely the condition that £ € dom ((D’l)*) =dom(D™).
Hence our notion of admissibility for operators naturally extends the classical func-
tion admissibility. In the case of rank-one operators, it follows from Lemma [E.3.3
and the computation

(D7 (@)D = (DT D' E) 2w,
that Corollary reduces to Proposition

When both § and 7 are admissible trace-class operators, their convolution
T *aq S behaves well with respect to both the left and right Haar measures.
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Corollary E.4.7. Let S and T be admissible trace-class operators on L>(R,). Then
the convolution T xaq S satisfies T *ag S € LL(Aff) N Lll (Aff) and

/ T xa S(x,a)
Aff

dxd
/ T *af S(x,a) xza =tr(S) tr(D'TD).
Aff a

dx da

=tr(T) tr(D'SD™),

Proof. The first equation and the claim that T xag S € L} (Aff) is Corollary
The second equation and the claim that 7 xag S € Ll1 (Aff) follows since

T *af S(x, a) =S *af T((x,a)_l). [m|

We now turn to the case where S is a positive compact operator. We first
note that admissibility in this case becomes a statement about the eigenvectors and
eigenvalues of S.

Proposition E.4.8. Let S be a non-zero positive compact operator with spectral

decomposition
N

S= subn®&n
n=1

for N € NU {co}. Then S is admissible if and only each &,, is admissible and

N
D sl DT E ) < oo

n=1

Proof. We first assume that S is admissible. By linearity and Lemma[E.3.3| we get
for & € L*(Ry) with [|€]|;2(z,) = 1 that

N
E®E*ag S(x,a) = Z snl(€, U(=x,a) €z . (E.4.5)

n=1

Integrating (E.4.5) using the monotone convergence theorem and Proposition[E.4.2]
we obtain

N
dx da 1.2
/A E@ExarS(na) == = Z sull D7 Enl T g
n=

a
The claim now follows from Corollary [E.4.5]
For the converse, it is clear by the assumption that the operator

N

D sa(D7'E) 8 (D7'E) (E4.6)

n=1
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is a trace-class operator. It only remains to show that S maps dom(D) into
dom(D~") and that D~'SD! is given by (E.4.6). This is easily shown when N is
finite, so we do the proof for N = co.

The partial sums for € L?(R,) are denoted by

M

(SY)m = Z Snl¥s En) 12 (v, Ens

n=1

and converge in the sense that (Sy)y; — Sy as M — oo, Furthermore, it is clear
that (Sy)as is in the domain of D! for each M as each &, is admissible. We also

have that
M

D7 (S = ) sulEndiay D

n=1

The sequence of partial sums D~!(Sy) s, also converges in L?(R,), since by using
Holder’s inequality and Bessel’s inequality we obtain

[ee)

D sl & 1D Enll e

n=1

o0 1/2 /o 1/2
< (Z |<w,§n>Lz<R+>|2) (Z sill@‘lfnllizw)
n=1

n=1

o0

1/2
S W2, (Z snnﬂ-lfnniz(&)) .

n=1

Since D! is a closed operator, we get that Sy belongs to the domain of D! and

Dilsw = Z Sn<w’§n>L2(R+)Dilfn-

n=1

For any ¢ € dom(D™"), we have that

o0

DISD = (Db E 2y D En = D suld D N2 D

n=1 n=1

so D71SD! agrees with (E4.6)) on this dense subspace. In fact, they agree on all
of L*(R,) since

1D7'SD™ ll e,y < 19ll2m,) D sl DT el e

n=1

shows that D~!SD~! extends to a bounded operator. O
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As a consequence of Proposition we obtain a compact reformulation of
admissibility for positive trace-class operators.

Corollary E.4.9. Let T be a non-zero positive trace-class operator on L2(R,), and
let S be a non-zero positive compact operator. If

dx d
/ T*AffS(x,a) rdd < 00,
Aff
then S is admissible with
1 dx d
w(DISD N = —— | T xag SCx,a) 222
tl’(T) AfF a

In particular, if S is a non-zero, positive trace-class operator, then S is admissible
if and only if S xag S € L] (AfF).

Proof. Let
N

S=> sutn @&,
n=1
be the spectral decomposition of S. An argument similar to the one given in the
proof of Proposition [E.4.8]shows that

N
dx da
T #arr S(x, a) =u(T) ) sull D7 éull 7o e, -
/Aﬁ P ; n L2(Ry)
The claims now follow immediately from Proposition [E.4.8] |

E.4.2 Admissible Operators from Laguerre Functions

Although we derived several basic properties of admissible operators in Subsec-
tion we have not given any way to construct such operators in practice. Our
construction is based on the following observation: From Proposition [E.4.8] we

know that if
()
§= Z Sn®n ® @n
n=1
is a non-zero positive compact operator with
(o)
-1, 2
D sl D eull}a e, < o0,
n=1
then S is admissible. So if we can find an orthonormal basis {¢,} | of admissible
functions such that we can control the terms || D~ ¢,,| L2(R,)» then we can construct
admissible operators as infinite linear combinations of rank-one operators. It turns
out that the Laguerre basis works extremely well in this regard.
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Definition E.4.10. For fixed @ € R, we define the Laguerre basis {Lﬁf”}  for
L*(R,) by

(@) I’l! atl _r (a)
Ln (I") = m 2 e 2L (l") neNy, rekR,,

where I" denotes the gamma function and Lfl“) denotes the generalized Laguerre
polynomials given by

@ rY%" d" |, o n+a\rk
Lf,)(r) ::—. — (e7"r )=Z(—)( )k"

k=0

The classical orthogonality relation

°° I'n+a+1
/ x"efoila) (x)Lina) (x)dx = w&n,m, (E.4.7)
0 n!

for the generalized Laguerre polynomials ensures that the Laguerre bases are or-
thonormal bases for L?(R,) for any fixed @ € R,. The following result shows that
the Laguerre basis is especially compatible with the Duflo-Moore operator D!,

Proposition E.4.11. For any @ € R, and n € Ny we have

1
ot T (L) dr= L @A)
(0

L2(R,) F(n+a+ 1) _/

Proof. The first equality in (E.4.8) follows from unwinding the definitions. For the
second equality in (E.4.8)), we will use the well known identity

n
-1
Ly ()= LV ()
j=0

together with the orthogonality relation (E.4.7). This gives

- L, (r = - IL ()L™ (r)dr
/ ral((ll) ))dr Z/ rpa-lp (@=1) 7 (a=1)

0 i,7=0

_ZF(l+a/)

B 1F(n+a/+1)
o n! ’

where the last equality follows from a straightforward induction argument. O
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The following consequence from Proposition shows that we can explicitly
construct admissible operators by using the Laguerre basis.

Corollary E.4.12. Let {s,}> , € ¢ (N) be a sequence of non-negative numbers
and let @« € R,. Then

(o]

S = Z snL,(La) ® L,(qa)

n=0

is an admissible operator with

1 (o)
wr(D'sD™) = - Z S
n=0

Remark. The corollary may be considered a reformulation with slightly different
proof of the calculations in [[76, Section 3.3], where a resolution of the identity
operator is constructed from thermal states that are diagonal in the Laguerre basis.
We will return to resolutions of the identity operator and the relation to admissibility
in Subsection

E.4.3 Connection with Convolutions

We will now see how admissibility relates to the convolution of a function with an
operator. The following result shows that we can use convolutions to generate new
admissible operators from a given admissible operator.

Proposition E.4.13. Let f € Ll1 (Aff) N L! (Aff) be a non-zero positive function.
If S is a positive, admissible trace-class operator on L2(R+), then so is f xag S
with

dx da

a2

r (Z)‘l (f *arr S)D-l) - [ fxa) w(D1sD).
Aff

Proof. 1tis clear from (E.3.T)) that f *aq S is a trace-class operator, and positivity
follows from the definition of the convolution f xag S. Let T be a non-zero positive
trace-class operator on L?(Ry). It suffices by Corollary to show that

dx da
a2

dy db
b

/ T xafe (f *afr $)(y, b) —— = tr(T)/ f(x,a) tr(D'sD).
Aff Aff
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We have that
T xag (f *ag S)(y, b)

=tr (TU( v, b)* / f(x,a)U(-x,a)*SU(—x, a)

U( y,b)
dx da

/ fx,a)w(TU((=x,a) - (=y,0))"SU((-x,a) - (-y,b))

Flea)T %ar S((x,a) - (3, b)) 292
Aff

We may then use Fubini’s theorem, which applies by our assumptions on f and S,
to show that

dy db
/T*Aff(f*AITS)<y’b) Y
Aff

/ fx.a) / Txar S((x,a) - (v, b)) 22 &L
Aff a

d db
fra =

:/Afff(x,a)

where we used the admissibility of S and Theorem [E.4.5]in the last line. o

T *ag S(y, b) ——

¢ (T r (1)— SO~ )

Remark. We can give a simple heuristic argument for Proposition|E.4.13|by ignor-
ing that D! is unbounded as follows: We have by using (E.4.1)) that

dx da

DS *ag S)@*:/ f(x,a)D U (=x,a)*SU(~x,a) D!
dx da

/ fx,a)U(=x,a)* D 'SD'U(-x, a)

Since D~'SD~! is a trace-class operator, the integral above is a convergent Bochner
integral and we obtain the desired equality.

E.4.4 Admissibility as a Measure of Non-Unimodularity

In this subsection we will delve more into how the non-unimodularity of the affine
group affects the affine Weyl quantization. As we will see, both the left and right
Haar measures take on an active role in this picture.

Proposition E.4.14. Let S be an admissible Hilbert-Schmidt operator on L?(R,)
such that its affine Weyl symbol fs satisfies fs € Ll1 (Aff). Then

dx d
tr(D_lSZ)‘l):/ fo(x, a) );2“.
Aff
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Proof. LetT = ¢ ® ¢ for some non-zero ¢ € §(R,). Then the affine Weyl symbol
of Tis fr = WY, € S(Aff). We know by Corollary that

dxd
/ T xag S(x,a) taa
AfF

On the other hand, Fubini’s theorem together with Proposition [E.3.7] allows us to
calculate that

/ T * A S(x, a)
Aff

- t(T) tr (1)—151)-1) .

dx da dx da

/ fr #am fs(x,a)

dx da dy db
b

/ fr(y.b) / F5((r.b)(raa)™)
=/ fT<y,b>M/ fs(x,a) % d“’“
Aff

The marginal properties of the affine Wigner distribution show that

dy db
fr(y,b) —— =ll¢li; =tr(T).
/Aﬁ b L*(Ry)
The claim now follows from combining the calculations above. O

Remark. Assuming that 7' is a trace-class operator we have that

tw(T) = /A frxa) drda,

which follows from a similar proof to the one in Proposition This gives the
interesting heuristic interpretation that taking D~'TD~! of an operator T coincides
with multiplying fr by %

The following result shows that the affine Wigner distribution satisfies both
left and right integrability when more is assumed of the input. This should be
compared with the Heisenberg case where the Heisenberg group H" is unimodular.

Theorem E.4.15. Assume that ¢, Do, Dy € L*(R,). Then the affine Wigner
distribution satisfies
WY e L2(Aff) N LY (AF).

Proof. We already know that Wff’f‘/' is in L2 (Aff) by the orthogonality relation for
the affine Wigner distribution. Using the definition of the affine Wigner distribution
and Plancherel’s theorem, we have that

W8 N2 am = / |6(ad(x)) 2l (ad (=0))]

B s V=w dwdv
- [ ] smPuenp s

2 dx da
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E.4. Operator Admissibility

where we used the change of variables v = ad(x) and w = al(—x) in the last line.
By our assumptions on ¢ and ¢, it will suffice to show that for all v,w € R, we
have the upper bound

v—w 11 1
——— <2-max{l,-,—, —.
vw log(v/w) vV ow v

It will be enough by symmetry to consider A = {(v,w) € R, xR, : v > w}.
We have the decomposition A = C; U Gy U C3, where

C = {(v,w) EA:w< —20‘(—v/2)},

G = {(v,w) EAw > a'(:—ll/v)}’

-1
Ci={(v,iw)eA: 20(-v/2) <w< ——,
o(=1/v)
where o is the function appearing in Lemma[E.3.T4]

12

- —Zoi-v/2)
= =1fo({-1/v)

10
08
= 06

04

0z

00

Figure E.1: A drawing marking the beginning and end of the different domains.

* The level surface g(v,w) = (v —w)/log(v/w) = C for C > 0 is given by the
equation

w=—Co (—%) : (E.4.9)
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On C; we are below the level surface (E.4.9) with C = 2. Notice that
(1,0.5) € C; with g(1,0.5) = log(V2) < 2. The continuity of g forces the
inequality g(v,w) < 2 for all (v,w) € C;. Hence

V—-w < 2
vwlog(v/w) = vw’
¢ Notice that

1 1
V—w ST

vwilog(viw)  log((1/v)/(1/w))’

Hence the case of C, follows from the previous the argument for C; by
considering the level surface of

g(1/v,1/w) =1.

e Itis straightforward to verify that v > 2 and w < 1 when (v, w) € C3. Hence
we obtain for any (v, w) € Cj that

V—w 1%

< <2/w.
v log(v/w) = wviog@) = Y .

Remarks.

* The connection from this result to admissibility is that the assumptions boil
down to § = Dy ® D¢ being an admissible operator.

+ Let A be a Hilbert-Schmidt operator on L?(R,) with integral kernel Ag.
Then one can gauge from the proof of Theorem [E.4.15| that the affine Weyl
symbol f4 satisfies fa € L2(Aff) N le(Aff) if and only if the integral kernel
Ak satisfies

s—1

Ak € L* |Ry xRy, ————
K T stlog(s/t)

1
dt ds) NnL? (R+ xR, —tdt ds) )
S

E.4.5 Extending the Setting

Except for Subsection[E.3.5] we have so far considered convolutions between rather
well-behaved functions and operators and obtained norm estimates for the norms
of L (Aff), L*(Aff), Sy, and £(L*(R,)). We have seen that

ILf *an Slls, < ISy amlISls, s
IT *am SllLeam < 1Tl £c2@o) IS,

The following result generalizes these inequalities to other Schatten-classes.
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Proposition E.4.16. Let 1 < p < oo and let g be its conjugate exponent given by
pl+qg'=1.1fS€S,,T eS8, and f € LL(Aff), then the following hold:

o franS €S, with [1f % Slls, < 1/l am IS, -

o T xan S € L¥(Af) with [|T xag S|l~am < [ISlls, ITls,-

Proof. For p < oo, we can clearly interpret the definition of f x4g S as a convergent
Bochner integral in S,,. The first inequality follows from [ 106, Proposition 1.2.2].
For p = oo, we avoid the unpleasantness of Bochner integration in non-separable
Banach spaces by interpreting f xag S weakly by

dx da

’
a

<f *AfF Slﬁ’ ¢>L2(R+) = Aﬁf(xva)<SU(_xva)w9 U(—X, a)¢>L2(R+)

for , ¢ € L*>(R,). A standard argument shows that f %ag S is a bounded operator
with

I *as Sll £ z2myyy < WL am IS 222 m0)-

The second inequality follows from [144} Theorem 2.8]. O

We have already seen in Subsection [E.4.1|that we can say more about operator
convolutions when one of the operators is admissible. As the next lemma shows,
admissibility is also the correct condition to ensure that f xag S defines a bounded
operator for all f € L*(Aff).

Lemma E.4.17. Let S € S| and f € L*(Aff). Define the operator f *pag DSD
weakly for , ¢ € Dom(D) by
(f *ax DSDY, $)r2(r,)

dx d
- [ 1) (SDUCx a0 DU (30 T

a

(E.4.10)

Then f xag DSD uniquely extends to a bounded linear operator on L*(R)
satisfying

ILf *ast DSDI £r2ry)) < 1l am lIS]ls, -

In particular, if R is an admissible operator, then f *ag R € L(L*(R,)) with
If *ag Rll £z2m,y) < N fleam 1D RD ™| s,.
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Proof. By using (E.4.1) we get that
(f *a DSDY, §) 12w,

/ £ (6. @) (SU(=x, @) DU, U=, @) DY 2 5., 2

dx da

/ F (. ) (SU(=x,a) DY, U(~x.a) D}y e
dx da

- [ Fa)s e (Dw s DO)x.a)
Clearly Dy ® D¢ is an admissible operator with

| (D ( Dy @ DHD )| = (W, B2,y < W N2 18]l 2k,
By Corollary [E.4.5| we therefore get

|(f *ase DSDY, $) 2w, < Nl am ISIs, 1l 2 1l 22Ry) -

The density of dom(D) implies that f xag DSD extends to a bounded operator
on L2(R,). O

Armed with Lemma[E.4.17]and Corollary [E.4.5] we prove the following result
describing L? and S, properties of convolutions with admissible operators. The
proof is essentially an application of complex interpolation: We refer to the results
(144, Theorem 2.10] and [22, Theorem 5.1.1] for the interpolation theory of S,
and LY (Aff).

Proposition E.4.18. Let 1 < p < oo and let ¢ be its conjugate exponent given by
pl+qg ' =1.1fR € S,, g € LY (Aff), and S is an admissible trace-class operator,
then:

. 1 — 1!
© gHar S € Sp with [lg kar Slls, < [SI47 1D SO gl e (am-
* Rxan§ € LY (AR) with [|Rxan Sllp am < ISIGZ 1D DTGP IIRIs,
Proof. For g € LL(Aff) n L™ (AfF), we have for p = co that Lemma E.4.17|gives

g *af Sll £ 2,y < N1D7'SD s, lIgllLe(am -

Since we also have ||g *ae Slls, < llgll,1am [IS]ls, , the first result follows by com-
plex interpolation. For the second claim, if R € S; we know from Corollary
that

IR *att Sl cam < 1D7'SD ™I, IRlls,-

The result follows by complex interpolation since
IR xam SllL=amr) < [ISIls IRl (2R, ))- O
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E.S From the Viewpoint of Representation Theory

We will for completeness investigate how various notions of affine Fourier trans-
forms fit into our framework. As we will see, known results from abstract wavelet
analysis give connections between affine Weyl quantization, affine Fourier trans-
forms, and admissibility for operators.

E.5.1 Affine Fourier Transforms
Definition E.5.1. For f € Ll1 (AfF) we define the (left) integrated representation
U(f) to be the operator given by

dx da

—— Ve L*(R,).

v = [ feaueas
AfF
The inverse affine Fourier-Wigner transform 7"‘;,1 (f) of f € L1 (Aff) is given by

F' () =U(H oD,  flx,a)=f((x,a)™).

The inverse affine Fourier-Wigner transform 7:‘;,1 (f) of f € LL(AfF) is explic-
itly given by

7 ()= [N

where 77 denotes the Fourier transform in the first coordinate and ¥ € L?(R,).
Hence the integral kernel of ;' (f) is given by

Ky (s,r) =Nr(Fif)(r,s/r), 5,1 €Rs. (E.5.1)
It is straightforward to verify that we have the estimate
1T (P, < 1122 (am -

for every f € L}(Aff) n L2(Aff). Hence we can extend TV{,I to be defined on
L2(Aff) and we have that ?‘;l(f) € S, forany f € L2(Aff).

Proposition E.5.2. The inverse affine Fourier-Wigner transform is a unitary trans-
formation 7‘}{,1 : Qp — Sy, where

Qi = {f € L} (Aff) | esssupp(Fi(f)) € Ry X Ry}

Proof. Any function K € L?(R, x R,) can be written uniquely on the form K f in
(E.5.1) for some f € Q;. Moreover, we have

||Kf||Lz<R+xR+):\/ /0 /O Fif (rus/PPdr < = 11f 3 am-
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Since there is a norm-preserving correspondence between integral kernels in
L?(R, x R,) and Hilbert-Schmidt operators on L*(R,), the claim follows. O

It is straightforward to check that the inverse affine Fourier-Wigner transform

7‘;{,1 satisfies for f, g € Q; the properties

For (1) = F (AV2f5), f(xa) = f((x,a)™).
Fort (f #a 8) = Fy (f) 0o D7 o Fil(g) = U(f) o Fiy' ().
U(x,a) o T (f) = Fiy' (R(x,0) ()

T () 0 Ulx, @) = 5! (VAL w1 ().

Definition E.5.3. The affine Fourier-Wigner transform Fw : S» — @ is defined
to be the inverse of 7' |q, -

Remarks.
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To avoid overly cluttered notation, we have used the symbol Fy for both
the classical Fourier-Wigner transform in Subsection and the affine
Fourier-Wigner transform. It should be clear from the context which operator
we are referring to.

Recall that the right multiplication R acts on elements in L2 (AfF) by

Ryp) f(x,a) = f((x,a)(y, b))

for (x,a),(y,b) € Aff. For a closed subspace H c L2(Aff) invariant
under R, we write R|4 = U if there exists a unitary map 7: H — L*(R,)
satisfying

ToR(x,a)f =U(x,a)oTf,

for all f € H and (x,a) € Aff. Define
L}, (Aff) := span{H c LZ(Aff) : R|y = U}.
From [50, Lemma 3] we deduce that
LE (Af) = @i,

as both spaces are the image of the Hilbert-Schmidt operators under the
Fourier-Wigner transform. Note that [[50] uses left Haar measure, but trans-
lating to right Haar measure is an easy exercise using that f +— f is a
unitary equivalence from the left regular representation on le (Aff) to the
right regular representation on L2 (Aff).
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Example E.5.4. Let ¢,y € L>(R,) with ¢ € dom(D). If

fx,a) ={(¢,U(x,a)" DY) 2z,
one finds using Proposition that f € L2(Aff) and

(Fr (DEM 2wy = (B OVED 2w,

for n € L>(R,) and ¢ € dom(®D). This implies that Tv{,l(f) = ¢ ® ¥, in other
words for (x, a) € Aff that

Fw (@ ®Y)(x,a) =($, U(x,a) DY) 2w,

For the Heisenberg group, the Fourier-Wigner transform has a very convenient
expression for trace-class operators, see (E.2.8). The corresponding expression on
the affine group is Fw (A)(x,a) = tr(ADU(x, a)), and the next result shows that
it holds as long as the objects in the formula are well-defined. The result is due to
Fiihr in this generality 69, Theorem 4.15], and builds on an earlier result due to
Duflo and Moore [50, Corollary 2].

Proposition E.5.5 (Fiihr, Duflo, and Moore). Let A € S; be such that AD™!
extends to a Hilbert-Schmidt operator. Then

Fw (AD™ N (x,a) = tr(AU(x, q)).

Proof. To see how the result follows from [69, Theorem 4.15], we need some termi-
nology regarding direct integrals, see [[69, Section 3.3]. Recall that the Plancherel
theorem [|69, Theorem 3.48] supplies a measurable field of Hilbert spaces indexed
by the dual group {Hx }| ;|- Forthe affine group G = Aff, the Plancherel measure
is the counting measure supported on the two representations 71 (x, a) = U(x, a) on
L*(R,) and 7m2(x, @) = U(x,a) on L>(R_) := L>(R_, "' dr). So we can construct
an element {A[} (x]e¢ Of the direct integral

(<)
/@ HS(Hy)di([x])

by choosing A, = AD!and Ar) = Ofor [x] # [m]. Inserting this measurable
field of trace-class operators into |69, Theorem 4.15] then gives the conclusion. O

For f,g € L*(R) we denote by Scalg f the scalogram of f with respect to
g given by Scal, f(x,a) = | W, f(x, a)|> where W, f is the continuous wavelet

transform ,
inf

W, f(x.a) = % Ff()g (’_TX) dr.

—inf
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The following result, which follows from Lemma and Example[E.5.4] gives a
connection between the affine Fourier-Wigner transform, affine convolutions, and
the scalogram.

Corollary E.5.6. Let f, g € L*>(R) such that ¢ := f and ¢ = § are supported in
R, and are in L*>(R,). If ¢ is admissible then

|Fw (60D ™'Y)(x,a)* = (@ ¢) *a (Y @Y)(—x,a) = éScalgf(x,ay (E52)

Remark. The condition that ¢ is admissible in Corollary [E.5.6]is only necessary
for the first equality in (E.5.2). Recall that the affine Wigner distribution Wfo is
the affine Weyl symbol of the rank-one operator ¢ ® . If we use Proposition[E.3.7]
together with Corollary [E.5.6] then we recover [[17, Theorem 5.1].

Corollary [E.5.6)shows that we have the simple relation
[Fw (AD™) (x, @) = A xag A(-x. ) (E53)

for positive rank-one operators A. By Corollary admissibility therefore
means that Fy (AD~!) € L2(AfF) in this case. For more general operators, (E.5.3)
will no longer hold. However, we still obtain a result relating admissibility to the
Fourier-Wigner transform. Note that in the first statement in Proposition if
A € S; we interpret Fyy (AD™") = tr(AU(x, a)) if we do not know that AD™!
extends to a Hilbert-Schmidt operator.

Proposition E.5.7. Let A be a trace-class operator on L*(R,). Then the following
are equivalent:

1) Fw(AD™Y) € L2(AfF).
2) AD~! extends from dom(D ") to a Hilbert-Schmidt operator on L?(R,).
3) A*A is admissible.

Proof. The equivalence of [I)] and [2)| follows from [69, Theorem 4.15], by apply-
ing that theorem to the element {A[,,]}[ x]e¢ Of the direct integral (see proof of

Proposition [E.5.3)
(2]
[ #seaaacia
given by choosing A1 = A and A, =0 for [n] # [m].
The equivalence of [2)] and [3)] is clear apart from technicalities resulting from

the unboundedness of D~1. If we assume then [142, Theorem 13.2] gives
that (AD~!)* = D~'A*, where the equality includes equality of domains. As
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the domain of the left term is all of L?(R,) by assumption, this means that the
range of A* is contained in dom(D~"). In particular, A*A maps dom(®D) into
dom(D"), and as we also have D 'A*AD™! = (AD)*AD~! where AD ! is
Hilbert-Schmidt, A* A satisfies all requirements for being admissible.
Conversely, if A*A is admissible, then we have for y € dom(D~")
—1,2 P N |
IADT W2, ) = (DT A" AD YY) e,

< ||Z)_1A*A-Z)_1”L(L2(R+))||l//||2Lz(R+)-

So AD~! extends to a bounded operator, and as this operator satisfies that
(AD Y AD =D A" AD™!

is trace-class, AD~! is a Hilbert-Schmidt operator. O

Remark. Recall that we consider Fw a Fourier transform of operators. The in-
equality
1Fw (AD™llL=(am < IAlls,

and the equality
Alls, = 1Fw (Al 22 am)

might therefore be interpreted as the endpoints p = oo and p = 2 of a Hausdorff-
Young inequality, where the appearance of D! suggests that the definition of the
Fourier-Wigner transform must depend on p. In fact, a Hausdorff-Young inequality
of this kind—formulated in the other direction, i.e. for maps from functions on Aff
to operators—was shown in [53, Theorem 1.41] for 1 < p < 2.

There is a second Fourier transform related to the affine group that comes from
representation theory. We define the affine Fourier-Kirillov transform as the map
Fro: Q1 — L2(Aff) given by

v
A=

du dv
Vai(=u)

More information about the Fourier-Kirillov transform can be found in [[112].
The following result, which is motivated by and is a slight generalization of
[5, Section VIIL.6], shows that the affine Weyl quantization is intrinsically linked
with the Fourier transforms on the affine group.

(Fxof)(x,a) = \/E-/R2 f( (x,a) € Aff.

, P €_27” (xu+av)
u)

Proposition E.5.8. Let Ay be a Hilbert-Schmidt operator on L?(R,) with affine
symbol f € L2(Aff). Then

Fw (Ar) = Fo (f)-
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Proof. Recall from that the integral kernel of %' (g) for g € Q) is given
by
Kg(s,r)=\/;(7:1g)(r,s/r), S,I"GR+.

Hence by using (E.2.12)) and a change of variables, we see that the affine Weyl
symbol of T‘;,l (g) is given at the point (x, a) € Aff by

[ NaaEa7i @)@, e dn

:/ mg(‘},eu)e—27ri(xu+avxl(—u)) du dv
R2

— \/E g( v u) e—27ri(xu+av) dudv

SVIET N

= (Fxog) (x,a). O

Remarks.

* In [128]] the authors define an alternative quantization scheme on general
type 1 groups. Their quantization scheme together with the affine Weyl
quantization is used in [[128]] to define a quantization scheme on the cotangent
bundle T*Aff.

* Consider A ¢ for some f € L2(Aff). Inserting f = FxoFw (A ) into Propo-
sition allows us to obtain a formal expression for tr(D~' A f D) in
terms of Fw (Ar): A formal calculation gives that for sufficiently nice oper-
ators Ay we have

da

5 (E.5.4)

w407 = [ 17T Al @)
where ¥ is the Fourier transform in the first coordinate. This is similar to
a condition in [76, Corollary 5.2], where finiteness of (E.5.4) is used as a
necessary condition for 1 xag Ay =1 L2(R,) tO hold, where 1(x,a) = 1 for
all (x, a) € Aff. We will see in Subsection [E.6.2]that this is closely related to
admissibility of A y. Unfortunately, the formal calculation leading to (E.5.4)
does not give clear conditions on A ¢ for the equality to hold.

E.5.2 Affine Quantum Bochner Theorem

On the Heisenberg group, the Fourier-Wigner transform behaves in many ways like
the Fourier transform on functions. In particular, for the function f € L'(R?") and
the operators S, T € S1(R") we get the decoupling equations

Fw (f*x8) =Fo(NFw(S),  Fo(S*xT) =Fw()Fw(T), (E.5.5)
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where ¥, denotes the symplectic Fourier transform and Fw denotes the classical
Fourier-Wigner transform introduced in Subsection [E.2.2] Although the affine
versions of the equations (E.3.5)) do not hold, one can develop as a special case
of the result [69, Theorem 4.12] a version of Bochner’s theorem for the affine
Fourier-Wigner transform. This is analogous to the quantum Bochner theorem
[153], Proposition 3.2] for the Heisenberg group.

Bochner’s classical theorem [[67, Theorem 4.19] characterizes functions that
are Fourier transforms of positive measures. The Bochner theorem for the affine
Fourier-Wigner transform answers the following question: Which functions on Aff
are of the form Fw (S), where S is a positive trace-class operator? As in Bochner’s
classical theorem, it turns out that the correct notion to consider is functions of
positive type. Recall that a function f: Aff — C is a function of positive type if
for any finite selection of points Q = {(x1,a1),..., (X, an)} C Aff the matrix Ag
with entries

(AQ)i,; = f((xi,ai) " (xj,a;))
is positive semi-definite. Before stating the general result we consider an illumi-
nating special case.

Example E.5.9. Let A := ¢ ® ¢ is a rank-one operator for ¢, ¥ € L*>(R,). We will
show that

Fw (AD ) (x,a) = (U(x,a)$,¥) 2k, (E.5.6)

is a function of positive type on Aff if and only if A is a positive operator. If A is
positive, then a standard fact [[67} Proposition 3.15] shows that (E.5.6) is a function
of positive type. Conversely, we have from [[67, Corollary 3.22] that

Fw(p @YD N ((x,a)™") = Fw (¥ ® D V) (x,a) = Fiw (¢ ® YD) (x, a).

Hence

<U(X, a)¢’ 17[’>L2(R+) = <U(X, a);b, ¢>L2(R+)

and it follows from [77, Theorem 4.2] that ¢ = ¢ - ¢ for some ¢ € C. We can
conclude from [67, Corollary 3.22] that ¢ > 0 since

Fw (cy @YD (0,1) = c - [¥l 2=, > 0.

We are now ready to state the main result regarding positivity. This result is
actually a special case of the general result [69, Theorem 4.12].

Theorem E.5.10. Let A be a trace-class operator on L*>(R,). Then A is a positive
operator if and only if the function

Fw (AD V) (x,a) = tr(AU(x, a))

is of positive type on Aff.
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Proof. We use the same notation as in the proof of Proposition[E.5.5] For G = Aff,
the abstract result in [[69] says that if

Uimhieieg € [ HSOHdAR)

consists of trace-class operators, then A, is positive a.e. with respect to £ if and
only if the function fé tr(A[-)m(g)*)dfi([n]) is of positive type.

As in the proof of Proposition [E.5.7, we pick A} = A and A[,] = O for
[7] # [71]. The resulting section consists of positive operators for a.e. [n] if and
only if A is positive. By the abstract result in [69]], this happens if and only if

/G (A (g))da([x]) = (AU (x,a)")

is a function of positive type. The definition of functions of positive type gives that
this is equivalent to tr(AU (x, a)) being of positive type. |

E.6 Examples

In this section, we show how the theory developed in this paper provides a common
framework for various operators and functions studied by other authors. We also
introduce an analogue of the Cohen class of time-frequency distributions for the
affine group, and deduce its relation to the previously studied affine quadratic
time-frequency representations.

E.6.1 Affine Localization Operators

There is no general consensus of a localization operator in the affine setting. We
will use the following definition based on the convolution framework.

Definition E.6.1. Let f € L (Aff) and ¢ € L?>(R,). We say that
A= fHar (9 ® @)
is an affine localization operator on L*>(R,).

Inequality (E.3.T)) shows that an affine localization operator A is a trace-class
operator on L?(R,) with

IALs, < 1y am €122 e

Moreover, Proposition|E.4.13[implies that A is admissible whenever ¢ is admissible
and f € L; (Aff) N L} (Aff).
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We will now see that the affine localization operators are naturally unitarily
equivalent to the more commonly defined localization operators on the Hardy
space H2(R). Recall that the space H2(R) is the subspace of L?(R) consisting
of elements  whose Fourier transform ¥ is supported on R.. Note that the
composition DF is a unitary map from H2(R) to L>(R,). An admissible wavelet
& € H2(R) satisfies by definition that

e :/jwdwm.

w

Hence DF ¢ € L*(R,) is an admissible function in the sense of Definition
In [156, Theorem 18.13] the localization operator Aﬁ on HE(R), given an

admissible wavelet £ € H#(R) and f € L] (AfF), is defined by

dxd
ASy=ce | fra)En(e v a) S50, £ € HAR),
f AF a
where 7 acts on H2(R) by
o 1 t_.x 2
A @E() = (T) ¢ € HA(R). (E.6.1)

The next proposition is straightforward and relates operators on the form Aff with
affine localization operators.

Proposition E.6.2. Consider f € Ll1 (Aff) and an admissible wavelet & € H2(R).
Then
(DF)AL(DF)" = ce - [ *an (DFE & DFE).

Remarks.

* From Proposition [E.6.2)it follows that Proposition [E.4.18]is a generalization
of the result [156, Theorem 18.13].

* In [46]], Daubechies and Paul define localization operators in the same way
as in [[156]], except that they use 7w (—x, a) instead of 7 (x,a) in (E.6.T) and
consider symbols f on the full affine group Affr := R X R*. The eigenfunc-
tions and eigenvalues of the resulting localization operators acting on L?(R)
are studied in detail in [46]] when the window is related to the first Laguerre
function, and f = yq. where

Qc = {(x,a) € Aff : |(x,a) — (0,C)> < (C* = 1)}.

The corresponding inverse problem, i.e. conditions on the eigenfunctions of
the localization operator that imply that Q = Q, is studied in [2].
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* Localization operators with windows related to Laguerre functions have also
been extensively studied by Hutnik, see for instance 102} |103} [104], with
particular emphasis on symbols f depending only on either x or a. When
f(x,a) = f(a), itis shown that the resulting localization operator is unitarily
equivalent to multiplication with some function y ;. This correspondence
allows properties of the localization operator to be deduced from properties

of Yf-
E.6.2 Covariant Integral Quantizations

Operators of the form f *ag S form the basis of the study of covariant integral
quantizations by Gazeau and his collaborators in [4}[20, 21}, [74}(75}/76]. Apart from
differing conventions that we clarify at the end of this section, covariant integral
quantizations on Aff are maps I's sending functions on Aff to operators given by

Cs(f) = f *ag S,

for some fixed operator S.

By varying S we obtain several quantization maps I" with properties depending
on the properties of S. Examples of such quantization procedures with a different
parametrization of Aff are studied in [21}[76]. Their approach is to define § either
by Fw (S) or by its kernel as an integral operator, and deduce conditions on this
function that ensures the condition

1 *AfF S = IL2(R+)‘

Example E.6.3. The affine Weyl quantization is an example of a covariant integral
quantization I's, where § is not a bounded operator. It corresponds to choosing

S = Pag by Theorem [E.3.20}

Remark. The example above leads to a natural question: Could there be other
operators P such that f x5 P behaves as an affine analogue of Weyl quantization?
Since Weyl quantization on R?" is given by convolving with the parity operator, a
natural guess is
Py(r)=y(1/r). ¥ eL*(Ry).
The resulting quantization I'p(f) = f *ag P has been studied by Gazeau and
Murenzi in [76, Section 7]. It has the advantage that P is a bounded operator, but
unfortunately by [76, Proposition 7.5] it does not satisfy the natural dequantization
rule
f=Tp(f) *ar P.

We also mention that Gazeau and Bergeron have shown that this choice of P is
merely a special case corresponding to v = —1/2 of a class P,, of operators defining
possible affine versions of the Weyl quantization |21, Section 4.5].
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In quantization theory one typically wishes that the domain of I's contains
L= (Aff). This, by Lemma leads us to chose S = DTD for some trace-
class operator 7. In particular, one requires that I's(1) = I;2(g,), which can be
easily satisfied as the following proposition shows.

Proposition E.6.4. Let T be a trace-class operator on L*(R,). Then
Lxas DTD = (1) 12x,)-

Proof. Lety, ¢ € dom(D). We have by (E.4.10) that

. dx da
(1 xaf DTDY, ¢)12(w,) = /AE(U(—X, a)"DTDU(-x,a)¥, $)r2(r,) P
dx da
- [ Txsn 0w e D0)
Aff a
= (TN, P 2r,)>
where the last equality uses Theorem[E.4.3] O

Following the terminology used by Gazeau et al., we have a resolution of the
identity operator of the form

dx da

’
a

Ipry =Toro(l) = ‘/ff U(=x,a)*DTDU(-x, a)
A

where tr(7T) = 1 and the integral has the usual weak interpretation.
Given a positive trace-class operator T with tr(T) = 1, we know that

Coro(f) = f *xag DTD

defines a bounded map I'pr p : L¥(Aff) — L(L*(R,)) withTprp(1) = T2,
Moreover, I pr p maps positive functions to positive operators and by a variation
of Lemma [E.3.5|satisfies the covariance property

U(-x,a) Toro(f)U(-x,a) =T(R(x 4)-1 ).

The following result, which is a modification of the remark given at the end of
[113]], shows a remarkable converse to these observations.

Theorem E.6.5. Let T': L°(Aff) — L(L*(R,)) be a linear map satisfying
1. T sends positive functions to positive operators,

2. T(1) = I;2p,),
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3. T is continuous from the weak* topology on L™ (Aff) (as the dual space of
LL(Aff)) to the weak* topology on L(L*(Ry)),

4. U(=x,a)'T(HU(=x,a) =T(R(y )-1f).
Then there exists a unique positive trace-class operator T with tt(T) = 1 such that
L(f) = f *ax DTD.

Proof. The map I' — I'; where I';(f) = I'(f) is a bijection from maps I' satisfying
the four assumptions to maps I'; satisfying

i) I'; sends positive functions to positive operators,
i) Ii(1) = I2g,),
iii) I is continuous from the weak™* topology on L* (Aff) (as the dual space of
Lll (AfF)) to the weak* topology on £(L*(R,)),
iv) U(=x,a) Ti()U(=x,a) =T1(L(y a1 f)

The remark in [[113]] applied to G = Aff and U(—x, a) says that if a map I'; satisfies
i)-iv) then it must be given for i, ¢ € dom(D) by

dx da

T Dze,) = / £ (. a)(U(—x, a)TU(~x, ) DU, D) s,

for some trace-class operator 7T as in the theorem. The relation (E.4.T)) gives that

T Brzey = / £ (6 @)U (=2, @) DTDU(~x, @), ) 125 o

d d
/ F ) (U(—x, a) DTDU(—x, a)r, 6) a2

Hence I';(f) = f %agx DTD and the result follows. O

Quantization using admissible trace-class operators

As we have mentioned, the properties of the quantization map I'(f) = f xag S
depend on the properties of S. From Lemmal[E.4.17|we know that if S is admissible,
i.e. we can write S = DTD for some trace-class operator 7', then

Is: LY(Aff) » L(L*(Ry))

is bounded. If we further assume that S is a trace-class operator, then Proposi-
tion shows that I's is bounded from L? (Aff) to S, forall 1 < p < co. In
this sense, the ideal class of covariant integral quantizations I's are those given by
admissible trace-class operators.
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Example E.6.6. If ¢ € L?(R,) is an admissible function, then ¢®¢ is an admissible
operator. The resulting quantization I, g, is then a special case of the quantization
procedures introduced by Berezin [13]]; Berezin calls f the contravariant symbol of
I'yee(f). In this sense, the quantization procedures I's for admissible S generalize
Berezin’s contravariant symbols.

Relation to the Conventions of Gazeau and Murenzi

Gazeau and Murenzi [76] work with another parametrization of the affine group,
namely I1; := Ry X R where the group operation between (q1, p1), (q2, p2) € Il
is given by

(q1,p1) - (42, p2) = (9192, P2/ 491 + P1).

There is a unitary representation Ug : I, — U(L*(R,, dr)) given by

UGg(q,p)y(r) = \/gei”’w(r/q) = \/gU(p/Zﬂ, /q)y(r).

Given a function f on I1; and an operator S on L? (R4, dr), Gazeau and Murenzi

define
1

a8 = o [ [ FanUsta.msusta.py dadp.
S J—c0 JO

where we assume that S satisfies

/ /0 Uc(q,p)SUG(q,p) dqdp = Cs - I12(», ar)-

The next proposition is straightforward and shows that Gazeau and Murenzi’s
framework is easily related to our affine operator convolutions.

Proposition E.6.7. Let S be an operator on L?>(R,,dr). Then D~'SD is an
operator on L?(R,, 7~ 'dr) and

2
DASD ™ = L f xaq (DSDT),
h Cs
where f(x,a) = f(a, Z”Tx) for (x,a) € Aff.

E.6.3 Affine Cohen Class Distributions

The cross-Wigner distribution W (i, ¢) of ¢, ¢ € L?>(R") is known to have cer-
tain undesirable properties. A typical example is that one would like to interpret
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W (¥, ¢) as a probability distribution, but W (i, ¢) is seldom a non-negative func-
tion as shown by Hudson in [101]]. To remedy this, Cohen introduced in [40]] a new
class of time-frequency distributions Q  given by

Qr (. ¢) =W{Y.¢) = f, (E.6.2)

where f is a tempered distribution on R**. In light of our setup, it is natural to
investigate the affine analogue of the Cohen class.

Definition E.6.8. We say that a bilinear map
Q: L*(Ry) x L*(Ry) — L (Aff)
belongs to the affine Cohen class if Q = Qs for some S € £(L?*(R,)), where
Os(Y,¢)(x,a) = (Y ® ¢) *ag S(x,a) = (SU(=x,a)y, U(=x,a)$) 2 (r,)-

We will write Qs(¥) = Os(y¥, ¢).
By Proposition we get for § = A that

Q5. ¢) = W san f,

which shows that our definition of the affine Cohen class is a natural analogue
of (E.6.2). It is straightforward to verify that Qs (i, ¢) is a continuous function
on Aff for all ¢, ¢ € L>(R;) and S € £L(L?*(R,)). Since the affine Cohen class
is defined in terms of the operator convolutions, we get some simple properties:
The statements 1 and 2 in Proposition [E.6.9] follow from Proposition [E.4.T8| and
Corollary [E.4.5] Statement 3 is a simple calculation and the last statement follows
from a short polarization argument.

Proposition E.6.9. Let S € £(L*(R,)). Then for ¢, ¢ € L*(R,) we have the
following properties:

1. The function Qs (¥, ¢) satisfies
19s (W, P)llL=am < ISI 2oy W2 @oy Pl =, -

2. If § is admissible, then Qs(v, ¢) € L (Aff) and
dx da
a

| 05w ) S = o)z w7507,

3. We have the covariance property

QS(U(—X, a)lﬁ, U(—JC, a)¢) (y’ b) = QS(% ¢)((y’ b) ' (X, a)) (E63)
for all (x, @), (v, b) € Aff.
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4. The function Qg (¢, ) is (real-valued) positive for all € L*(R,) if and
only if S is (self-adjoint) positive.

Example E.6.10.

* Fory, ¢ € L>(R,) we have

QpapW)(x,a) = (Y, U(-x,a)*¢) 2z, I,

which by Corollary is simply a Fourier transform away from being a
scalogram.

* If we relax the requirement that S is bounded in Definition [E.6.8] then it
follows from Theorem [E.3.20| that

OPq () = WZE

for y € §(R,). Hence the affine Wigner distribution can be represented as a
(generalized) affine Cohen class operator. If we define an alternative affine
Weyl quantization using an operator P as in Subsection[E.6.2] then it is clear
that Q p gives an alternative Wigner function. See [76, Section 7.2] for the

case of Py (r) =y (1/r).

The covariance property (E.6.3) and some rather weak continuity conditions
completely characterize the affine Cohen class, as is shown in the following result.

Proposition E.6.11. Let Q: L>(R,) x L>(R,) — L®(Aff) be a bilinear map.
Assume that for all ¢/, ¢ € L>(R,) we know that Q (¢, ¢) is a continuous function
on AfF that satisfies and the estimate

1O, )0, D] < ¥l 2, 181l 2 (R, -
Then there exists a unique S € £(L*(R,)) such that Q = Qs.

Proof. By assumption, the map (¥, ¢) — Q(¥, ¢)(0,1) is a bounded bilinear
form. Hence there exists a unique bounded operator S such that

<Sl//’ ¢>L2(R+) = Q(l/’, ¢) (09 1)

To see that Q = Qg, note that we have

Q(l//, ¢) ()C, a) = Q(U(_x’ Cl)'ﬁ, U(_x9 a)¢)(0’ 1)
= <SU(—.X, (l)l,[/, U(_x9 a)¢>L2(R+)
= QS(‘/’? ¢)(X, (1). O
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At this point we have seen that operators S define a quantization procedure
I's(f) = f*as S as in Subsection|E.6.2} and an affine Cohen class distribution Q.
The connection between these concepts is provided by the next proposition.

Proposition E.6.12. Let S be a positive, compact operator on L?(R,) and consider
apositive function f € L!(Aff). Then f *ag S is a positive, compact operator. De-
note by {4,},, its eigenvalues in non-increasing order with associated orthogonal
eigenvectors {d)n}n: Then

A, = max { /A 05,9 (x,a) dx

a :L//J_qbkfork:l,...,n—l}.
=1

Proof. The integral defining f %ag S is a Bochner integral of compact opera-
tors converging in the operator norm, hence it defines a compact operator. It is
straightforward to check that f xag S is also a positive operator. Furthermore, for
¥ € L*>(R,) we have

dx da

U o S 2 0e) = / £ (@) (SU(—x, a)r, U=, )Y e
dx da

/ F @05 (W) (x. )

The result thus follows from Courant’s minimax theorem [[119, Theorem 28.4]. O

Example E.6.13. Consider alocalization operator yq*ag¢®¢ for ¢ € L?(R,) and
a compact subset Q C Aff. The first eigenfunction ¢¢ of this operator maximizes
the quantity

o dx a’a

o *afr (¢ ® ©)do, b0)r2(w,) = / {0, U(=x, )" @)2(x,)|?

Hence in this sense, the eigenfunctions are the best localized functions in , which
explains the terminology of localization operators.

Relation to the Affine Quadratic Time-Frequency Representations

The signal processing literature contains a wealth of two-dimensional representa-
tions of signals. Among them we find the affine class of quadratic time-frequency
representations, see [136]. A member of the affine class of quadratic time-
frequency representations is a map sending functions s on R to a function QQ(W)
on R? given by

oswa = [ [ owasiaeuaptds
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for some kernel function ® on R2.

There are clearly a few differences between our setup and the affine class of
quadratic time-frequency representations. The domain of the affine class consists
of functions on R, whereas the affine Cohen class acts on functions on R,. For a
function ¢ on R, we therefore define

Jolt) = {:,b(t) t>0,

0 otherwise.

Finally, we recall that a function K5 defined on R, X R, defines an integral operator
S with respect to the measure % by

sus) = [ Ksto.owin T

The following formal result is straightforward to verify.
Proposition E.6.14. Let S be an integral operator with kernel Kg and define

Ks(t,s)

if s, > 0,
s (s,1) = {O \a

otherwise.

For x > 0 and ¢ defined on R, we have

Os(DY, DY) (x,a) = Qg (Yo)(=x/a, a).
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