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Preface

The dissertation is organized in five chapters. Our original contributions can be
found in Chapters 3, 4, and 5.

In Chapter 1, we collect some notions and notation to be used in the thesis.
Also, we state some known definitions and theorems from topology and analysis.
Here, we give description of some distribution spaces such as the space of tempered
distributions, distributions of M-exponential type and Lyzorkin distributions. In
Chapter 2, we define the quasiasymptotic behavior and S-asymptotic behavior of
distributions and try to provide a more deeper background about this notions.

In Chapter 3, we introduce the short-time Fourier transform (STEFT) and we

study it in the context of the space K| (R™) of distributions of exponential type,
the dual of the space of exponentially rapidly decreasing smooth functions &C; (R™).
We obtain various characterizations of K}(R™) and related spaces via the short-
time Fourier transform.
First, Section 3.2 deals with Abelian and Tauberian theorems for quasiasymptotics
in terms of the STFT. Then, in Section 3.3 we shall present continuity theorems
for the STFT and its adjoint on the test function space I (R™) and the topolo-
gical tensor product KC;(R™)&U(C™), where U(C") is the space of entire rapidly
decreasing functions in any horizontal band of C™. We then use such continuity
results to develop a framework for the STFT on K} (R™). We also introduce the
space B (R") of w-bounded distributions and its subspace B (R") with respect
to an exponentially moderate weight w; when w = 1, these spaces coincide with
the well-known Schwartz spaces [89, p. 200] of bounded distributions B'(R™) and
B'(R™), which are of great importance in the study of convolution and growth
properties of distributions. Notice that the distribution space B'(R") also plays
an important role in Tauberian theory; see, for instance, Beurling’s theorem [12,
p. 230] and the distributional Wiener Tauberian theorem from [67]. The spaces
B/, (R™) and B.,(R") will be characterized in Section 3.4 in terms of the short-time
Fourier transform and also in terms properties of the set of translates of their ele-
ments. Section 3.5 is devoted to the characterization of K} (R™) and related spaces
via modulation spaces. The conclusive Section 3.6 deals with Tauberian theor-
ems. Our Tauberian hypotheses are actually in terms of membership to suitable
modulation spaces, this allows us to reinterpret the S-asymptotics in the weak*
topology of modulation spaces.

Chapter 4 is dedicated to the ridgelet and the Radon transform. We provide
a thorough analysis of the ridgelet transform and its transpose, called here the
ridgelet synthesis operator, on various test function spaces. The crucial continuity



vi

results for test function spaces are given in Section 4.3. In Section 4.4 we show
that the ridgelet transform and the ridgelet synthesis operator can be extended as
continuous mappings Ry : Sp(R") — S'(Y**) and R}, : S'(Y"') — Sp(R"). We
then use our results to develop a distributional framework for the ridgelet trans-
form that is, we treat the ridgelet transform on Sj(R") via a duality approach.
The ridgelet transform is intimately connected with the Radon and wavelet trans-
forms. Helgason [33] proved range theorems for the Radon and dual Radon trans-
form on the Lizorkin test function spaces Sy. In Section 4.5 we apply our con-
tinuity theorems for the ridgelet transform to discuss the continuity of the Radon
transform on these spaces and their duals. The Radon transform on Lizorkin
spaces naturally extends the one considered by Hertle [34] on various distribu-
tion spaces. We use in Section 4.6 ideas from the theory of tensor products of
topological vector spaces to study the relation between the distributional ridgelet,
Radon, and wavelet transforms. We proof the desingularization formula, which
essentially shows that the ridgelet transform of a Lizorkin distribution is smooth
in the position and scale variables. In Section 4.7, we present a ridgelet transform
characterization of the bounded subsets of S{(R"); we also show in this section
that the Radon transform on S| (R") is a topological isomorphism into its range.
It is interesting to notice that the Radon transform may fail to have the latter
property even on spaces of test functions; for instance, Hertle has shown [34] that
the Radon transform on D(R™) is not an isomorphism of topological vector spaces
into its range. We conclude Chapter 4 with some asymptotic results relating the
quasiasymptotic behavior of distributions with the quasiasymptotics of its Radon
and ridgelet transform.

The last chapter is devoted to the multiresolution analysis (MRA) of M-exponential
distributions. We study in Section 5.2 the convergence of multiresolution expan-
sions in various test function and distribution spaces. Section 5.3 treats the point-
wise convergence of multiresolution expansions to the distributional point values
of a distribution. Finally, Section 5.4 gives the asymptotic behavior of the se-
quence {¢;f(xo)}jen as j — oo when f has quasiasymptotic behavior at xo; we
also provide there a characterization of the quasiasymptotic behavior in terms of
multiresolution expansions and give an MRA sufficient condition for the existence
of a-density points of positive measures.

Novi Sad, 2014 Sanja Kostadinova



Chapter O

Introduction

The term generalized asymptotics refers to asymptotic analysis on spaces of gen-
eralized functions. Perhaps, the most developed approaches to generalized asymp-
totics are those of Vladimirov, Drozhzhinov and Zavialov [113], and of Estrada
and Kanwal [17]. The work of Pilipovié¢ and his coworkers have great contribution
in this field too, [69, 65, 67, 62, 105, 106, 110, 86, 87, 88]. A survey of definitions
and results related to generalized asymptotics up to 1989 can be found in [65]. A
more resent and complete account on the subject can be found in the book [73].
In general case, distributions do not have value at a point. One way to define the
value at a point(if possible) is in sense of Lojasiewicz [50]. Natural generalization
of this notion is the quasiasymptotic behavior of distributions. The introduction
of the quasiasymptotic behavior of distributions was one of major steps toward the
understanding of asymptotic properties of distributions. The concept is due to Za-
vialov [113]. The motivation for its introduction came from theoretical questions
in quantum field theory. Roughly speaking, the idea is to study the asymptotic
behavior at large or small scale of the dilates of a distribution.

The study of structural theorems in quasiasymptotic analysis has always had a
privileged place in the theory [50, 66, 65, 113]. In general, the word structural
theorem refers in distribution theory to the description of convergence properties
of distributions in terms of ordinary convergence or uniform convergence of con-
tinuous functions. Vladimirov and collaborators gave the first general structural
theorems in [113], and many authors dedicated efforts to extend the structural
characterization and remove the support type restrictions [65]. In the work of
Vindas [107, 104, 105, 106, 111, 18] there is a complete structural characterization
for quasiasymptotics of Schwartz distributions (in one dimension).

The name Abelian (or direct) theorem usually refers to those results which obtain
asymptotic information after performing an integral transformation to a (general-
ized) function. On the other hand, a Tauberian (or inverse) theorem is the converse
to an Abelian result, subject to an additional assumption, the so called Tauberian
hypothesis. In general, Tauberian theorems are much deeper and more difficult to
show than Abelian ones. Tauberian theory is interesting by itself, but the study
of Tauberian type results had been historically stimulated by their potential ap-
plications in diverse fields of mathematics. More historical details about Abelian
and Tauberian theorems can be found in [47]. Tauberian theorems are an essential
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2 Chapter 0. Introduction

tool of the theory of probability and statistics, number theory, the theory of gen-
eralized functions and many others. In the work of [82, 83, 84, 70, 71, 69, 65, 113]
they are applied in the study of the asymptotics of integral transforms such as the
Laplace, Stieltjes and wavelet transform on distributions. In this dissertation we
use Abelian and Tauberian ideas for asymptotic analysis of the short-time Fourier
transform, Radon, and ridgelet transforms, and multiresolution approximations.
Remarkably, many of our Tauberian theorems turn out to be full characterizations
of the asymptotic properties of a distribution.

Time-frequency has its origin in the early development in quantum mechanics
by H. Weyl, E. Wigner and J. von Neuman around 1930. D. Gabor in 1946 set the
foundation of information theory and signal analysis. At the end of 20th century
time-frequency analysis had been establish as a independent mathematical field
by the work of Guido Janssen. Because the growth of time-frequency analysis is
connected with the rise of wavelet theory, both theories grew in parallel. Their
mutual interaction is beautifully summarized in Ingrid Daubechies’s textbook|[10].
The Fourier transform is probably the most widely applied signal processing tool
in science and engineering. It reveals the frequency composition of a time series
by transforming it from the time domain into the frequency domain. However, it
does not reveal how the signals frequency contents vary with time. Because the
temporal structure of the signal is not revealed, the merit of the Fourier transform
is limited; specifically, it is not suited for analyzing nonstationary signals. On
the other hand, as signals encountered in manufacturing are generally nonstation-
ary in nature (e.g., subtle, time-localized changes caused by structural defects are
typically seen in vibration signals measured from rotary machines), a new sig-
nal processing technique that is able to handle the nonstationarity of a signal is
needed. A straightforward solution to overcoming the limitations of the Fourier
transform is to introduce an analysis window of certain length that glides through
the signal along the time axis to perform a time-localized Fourier transform. Such
a concept led to the short-time Fourier transform (STFT), introduced by Dennis
Gabor. The most cited textbook where one can find a full treatment on STFT is
26].

The short-time Fourier transform (STFT) is a very effective device in the study of
function spaces. The investigation of major test function spaces and their duals
through time-frequency representations has attracted much attention. For ex-
ample, the Schwartz class S(R™) and the space of tempered distributions S’'(R™)
were studied in [29] (cf. [26]). Characterizations of Gelfand-Shilov spaces and
ultradistribution spaces by means of the short-time Fourier transform and mod-
ulation spaces are also known [30, 59, 102]. We study in this dissertation the
short-time Fourier transform in the context of the space K} (R™) of distributions
of exponential type, the dual of the space of exponentially rapidly decreasing
smooth functions Iy (R™). We will obtain various characterizations of K} (R") and
related spaces via the short-time Fourier transform. The space K7 (R™) was in-
troduced by Silva [90] and Hasumi [31] in connection with the so-called space of
Silva tempered ultradistributions &’(C"). Let us mention that I} (R™) and U'(R™)
were also studied by Morimoto through the theory of ultra-hyperfunctions [58] (cf.
[60]). We refer to [19, 38, 91, 121] for some applications of the Silva spaces. Also,



we present Abelian and Tauberian theorems for the short-time Fourier transform
of tempered distributions and we prove new Tauberian theorems where the expo-
nential asymptotics of functions and distributions can be obtained from those of
the short-time Fourier transform.

Another subject of research in this dissertation is the ridgelet and the Radon
transforms. The ridge function terminology was introduced in the 1970s by Logan
and Shepp. In recent years, ridge functions (and ridgelets) have appeared often
in the literature of approximation theory, statistics, and signal analysis. In [4, 5]
Candes introduced and studied the continuous ridgelet transform. He developed
a harmonic analysis groundwork for this transform and showed that it is possible
to obtain constructive and stable approximations of functions by ridgelets. One of
the motivations for the introduction of the “X-let” transforms, such as the ridgelet
or curvelet transforms, comes from the search of optimal representations of signals
in high-dimensions. Wavelets are very good in detecting point singularities in the
sense that wavelet coefficients near the discontinuity are significantly higher than
those at the smooth region, but they have several difficulties in localizing edges of
higher dimension [6]. We can construct two-dimensional wavelets by simply taking
the tensor product and compute wavelet coefficients. However, these edges, while
separating smooth regions, are themselves smooth curves. As a result, a direct
applications of 2D wavelets will not be able to localize coefficients near the edges
as a 1D wavelet transform does. The ridgelet transform is more sensitive to higher
dimensional discontinuities, as it essentially projects a hyperplane singularity into
a point singularity (this is done with the Radon transform) and then takes a one-
dimensional wavelet transform.

The ridgelet transform of distributions must be more carefully handled than the
wavelet transform. While the wavelet transform of a distribution can be defined
by direct evaluation of the distribution at the wavelets, this procedure fails for the
ridgelet transform because the ridgelets do not belong to the Schwartz class S(R™).
The larger distribution space where the direct approach works is D}, (R"). Actu-
ally, in earlier works by other authors [79], the continuous ridgelet transform was
not properly extended to distributional spaces. In this dissertation (cf. Chapter
3) we provide a thorough analysis of the ridgelet transform and its transpose,
called here the ridgelet synthesis operator, on various test function spaces. Our
main results are continuity theorems on such function spaces (cf. Section 4.3). We
then use our results to develop a distributional framework for the ridgelet trans-
form. It should be noticed that Roopkumar has proposed a different definition for
the ridgelet transform of distributions [78, 79]; however, his work contains several
major errors (see Remark 4.3.1 in Chapter 4). This motivated us in this doctoral
work to develop a correct theoretical framework for treating the ridgelet transform
of distributions.

The ridgelet transform is intimately connected with the Radon and wavelet trans-
forms. The Radon transform was first introduce by Johann Radon (1887-1956)
in a paper from 1917. Today, the Radon transform is widely known by working
scientists in medicine, engineering, physical science, optics and holographic inter-
ferometry, geophysics, radio astronomy and mathematics. Helgason [33] proved
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range theorems for the Radon and dual Radon transform on the Lizorkin test
function spaces Sy. We apply our continuity theorems for the ridgelet transform
to discuss the continuity of the Radon transform on these spaces and their duals.
The Radon transform on Lizorkin spaces naturally extends the one considered by
Hertle [34] on various distribution spaces. We use in Section 4.6 ideas from the
theory of tensor products of topological vector spaces to study the relation between
the distributional ridgelet, Radon, and wavelet transforms. Moreover, we give a
desingularization formula, which essentially shows that the ridgelet transform of
a Lizorkin distribution is smooth in the position and scale variables. Finally, we
present a ridgelet transform characterization of the bounded subsets of S|(R")
and we prove some Abelian and Tauberian theorems for the ridgelet transform.

We point out that the wavelet transform has shown usefulness to study pointwise
scaling properties of distributions [37, 55, 71, 87, 95, 110]. One can then ex-
pect that the ridgelet transform of distributions might provide a tool for studying
higher dimensional scaling notions, such as those introduced by Lojasiewicz in [49].

From a historical point of view, the first reference to wavelets goes back to

the early twentieth century by Alfred Haar. His research on orthogonal systems
of functions led to the development of a set of rectangular basis functions. Later,
an entire wavelet family, the Haar wavelet, was named on the basis of this set of
functions, and it is also the simplest wavelet family developed till this date.
Several mathematicians, such as John Littlewood, Richard Paley, Elias M. Stein,
and Norman H. Ricker have great contribution to what is today known as wavelet
analysis. A major advancement in the field was attributed to Jean Morlet who
developed and implemented the technique of scaling and shifting of the analysis
window functions in analyzing acoustic echoes while working for an oil company
in the mid 1970s. When Morlet first used the STFT to analyze these echoes, he
found that keeping the width of the window function fixed did not work. As a
solution to the problem, he experimented with keeping the frequency of the win-
dow function constant while changing the width of the window by stretching or
squeezing the window function. The resulting waveforms of varying widths were
called by Morlet the “wavelet”, and this marked the beginning of the era of wave-
let research.
The notion of multiresolution analysis (MRA) was introduced by Mallat and Meyer
as a natural approach to the construction of orthogonal wavelets [53, 56]. Ap-
proximation properties of multiresolution expansions in function and distribution
spaces have been extensively investigated, see e.g. [56]. The problem of pointwise
convergence of multiresolution expansions is very important from a computational
point of view and has also been studied by many authors. In [39] (see also [40]),
Kelly, Kon, and Raphael showed that the multiresolution expansion of a function
f e LP(R™) (1 < p < oo) converges almost everywhere; in fact, at every Lebesgue
point of f. Related pointwise convergence questions have been investigated by
Tao [100] and Zayed [120].

Walter was the first to study the pointwise convergence of multiresolution ex-
pansions for tempered distributions. Under mild conditions, he proved [114] (cf.
[117]) in dimension 1 that the multiresolution expansion of a tempered distribu-



tion is convergent at every point where f € §'(R) possesses a distributional point
value. As noted, the notion of distributional point value for generalized functions
was introduced by Lojasiewicz [50, 49]. Not only is this concept applicable to
distributions that might not even be locally integrable, but also includes the Le-
besgue points of locally integrable functions as particular instances. Interestingly,
the distributional point values of tempered distributions can be characterized by
the pointwise Fourier inversion formula in a very precise fashion [104, 109], but
in contrast to multiresolution expansions, one should employ summability meth-
ods in the case of Fourier transforms and Fourier series. The problem of pointwise
summability of distribution expansions with respect to various orthogonal systems
had been considered by Walter in [115].

The result of Walter on pointwise convergence of multiresolution expansions was
generalized by Sohn and Pahk [97] to distributions of superexponential growth,
that is, elements of K,(R). The important case M (x) = |x|?, p > 1, of K,;(R")
was introduced by Sznajder and Zielezny in connection with solvability questions
for convolution equations [99]. We extend in this dissertation the results from
[114, 97] to the multidimensional case. Actually, our results improve those from
[114, 97], even in the one-dimensional case, because our hypotheses on the order
of distributional point values are much weaker. We provide in Chapter 5 of this
work pointwise convergence results for multiresolution expansions of tempered
distributions and tempered measures as well as distributions and measures of su-
perexponential growth.

In [70], Pilipovi¢, Takaci, and Teofanov studied the quasiasymptotic properties
of a tempered distribution f in terms of its multiresolution expansion {g; f} with
respect to an r-regular MRA. A similar study was carried out by Sohn [95] for
distributions of exponential type. In these works it was claimed that ¢;f has the
same quasiasymptotic properties as f. Unfortunately, such results turn out to be
false. Here, we revisit the problem and provide an appropriate characterization
of the quasiasymptotic behavior in terms of multiresolution expansions. As an
application, we give an MRA criterion for the determination of (symmetric) a-
density points of measures. Finally, for other studies about the rich interplay
between wavelet analysis and quasiasymptotics, we refer to [70, 72, 86, 87, 95, 110].
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Notions

C™ (), m € Ny
C>(Q)

0'(62), m € No
C5e()

6”(K),m€No

open subset of R"

space of complex valued functions over 2 with continu-
ous derivatives up to order m

space of infinite differentiate functions over € (smooth
functions over §2)

subspace of C™(£2) whose elements have compact sup-
port in €2

subspace of C*°(€2) whose elements have compact sup-
port of Q

subspace of C™(£2) whose elements have compact sup-
port contained in some compact set K C €2

subspace of C*°(€2) whose elements have compact sup-
port contained in some compact set K C 2

space of absolute integrable functions over R”

space of locally integrable functions over R”

space of square integrable functions over R”

the locally convex space C3°(€2) (space of test functions)

space of continuous linear functionals over D(€2) (space
of distributions)

= ()

space of continuous linear functionals over £(2) (space
of distributions with compact support in 2)



S, (R")

K (R™)

Karri(R™)

K (R™)

Ki(R")

K1 (R™)

Dp:(R™)

DL(R)
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space of rapidly decreasing smooth functions over R

the space of tempered distributions (distributions with slow
growth)

subspace of S(R") consisting of all those functions having all
their moments vanishing (space of highly localized functions
in time and frequency space)

Lizorkin distributions (dual of Sy(R™))

space of highly localized functions over the upper half plane
H={(b,a): beR, a>0}

completion of D(R™) with norm
pra(e) = sup (14 [x]) [ (x)], rleN
|oe|<r, x€R™
projective limit of S, ;(R™) when [ — oo
space of all those smooth functions ¢ € C*(R™) for which
va(p) = sup  Mpl¥(x)] <o, 7l€N
|a|<r,x€eR™
={p e O"(R"): lim MW (x) =0, |a] <7}
X|—00
projective limit of ICp/,;(R™) when | — oo
the space of functions ¢ € C*°(R™) such that
vi(p) = sup ek‘xlyw(a) (x)| < o0, k €Ny
xeR,a<k
the dual of IC;(R™) (space of exponential distributions)

the space of functions ¢ € C*°(R") that together with their
derivatives belong in L'(R™)

Schwartz space of integrable distributions



Do (RY)

Di»(R)
Oc(R™)
f®g
EQ®F

YnJrl

D(s™)

S(Y™+)

8/(Y71+1)

U

u'cr)

K1 (RM)&U(CT)

(KL (R™)@U(C™))’

Lya(R2")

M9 (R)

the space of smooth functions with all their derivatives be-
longing to LP(R"),1 < p < oo

the dual space of Drq«(R™), 1 <p<o00,1 <¢g< oo,% + % =1
={feD : (1+|z|»)"f € D}~,Vm € N} (the space of
distributions with fast descent)

tensor product of distributions f and g

tensor product of topological vector spaces E and F

= {(u,b,a)lu e "1 b e R,a € R}, where S~ is the unit
sphere of R™

space of smooth functions on the sphere

= D(S" 1 ®S(H) where X®Y is the completion of X ® Y in,
say, the m-topology or the e—topology

the dual of S(Y"!)

space of entire functions which decrease faster than any poly-
nomial in bands

Silva tempered ultradistributions (dual of U (C™))
space of all smooth functions ® such that

aa
pu(®) = sup R )| (s, 2)

(z,2)eR? xIIj, |a|<k

< 00

= K (RM)&U'(C)

all measurable functions F' such that

a/p La
[F Nl g = (/ ( \F(%f)!pm(w,ﬁ)pd%’) dé) < o0,
Rn \JRn
where p, q € [1, 0]

consists of all f such that V,f € LE(R?") (Modulation space)
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B, (R")

~4q

~>

Ryf

Rf

Vof
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= {p € C®([R") : ¢ ¢ LL(R"),Ya € NP}, provided with
the family of norms

ol wr = sup [ o (B)|w(t)dt, ke N
jal<k Jro

the space of w-bounded distributions (the strong dual of
Dy (R™))

(or ~) notation for quasiasymptotics

notation for S-asymptotics

Fourier transformation of f

ridgelet transform of f

Radon transform of f

Short time Fourier transform of f with respect to a window ¢



Chapter 1

Preliminaries

Here, we will give the basic notions that will be used in the thesis. We will define
the spaces of test functions and distributions that are needed. Our goal is to give a
short introduction to the theory of distributions (generalized functions, the other
name under which they can be found), i.e. to those aspects who are significant
in the theory of their asymptotic analysis. There are several approaches to this
theory. We will follow the functional approach known as Schwarz-Sobolev.

1.1 Basic facts and notation

The n-dimensional Cartesian product of natural, integer, positive integer, real
numbers, positive real numbers, and complex numbers are denoted by N" Z",
7%, R", R?, and C" respectively. Also, Nj = N* U {0}. With H = {(a,b)|a €
R,b € R™} we denote the upper half plane and we introduce the set Y*™! =
S" 1t x H = {(u,b,a)lu € S" ' b € R,a € R}, where S"~! stands for the unit

sphere of R". For multi-indexes «, 5 € N, we set

lal=a+...+a,; add=a!...-a,; B<aefi<aq;,Vi=1,...,n

() -11()

For x = (21,22, ...,%n),y = (Y1, Y2, - - -, Yn) € R" and a € N", we use the symbols

For g < a,

e

. [ « Qn .
Y =Ty + oY+ ... FTYn; T =27
_ 0% olal
03 o—
D® = D" ... Dy where D} =i ' ——; 0% = s
Ox ;% Ox(* ... 0xon

For z,y € R™ and «, § € N", the following equalities and inequalities hold

.

r<a

11
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Let  C R™ is open set and let p € [1,00). The vector space LP(Q2) consists of
all functions f for which [, |f(z)[Pdz < co. With respect to the norm

1/p
1l = ( / If(x)|”dx) |

LP(2) is a Banach space Specially, L2(Q) is a Hilbert space equipped with the
inner product (f, )2 = [, f(x)g(x)de. With L} () we denote the space of
locally integrable functions, that is f 6 LP () if f € LP(I) for every bounded
and open interval I C Q. f € L>(Q) if there exists C' > 0 such that |f(z)| < C
for all z € 2. With respect to the norm

[f o) = essilelg\f(l’)l = nf {|f(2)] <C},

L>(Q) is a Banach space.

For measure and integration theory see, e.g., [80].

We will recall now some concepts and results from functional analysis. For a
detailed treatment and proofs see, e.g., [103].

A topological space is a nonempty set X in which the collection 7 of subsets
is defined such that 7 contains: X and the empty set ), the intersection of any
two elements from 7, and the union of any subcollection from 7. The elements
from 7 are called open sets, and 7 is said to define a topology on X (often the
pair (X, 7) is called topological space). A set A is called closed if its complement
is open set.

A set U C X is called neighborhood of x € X if and only if there exists open
set O € 7 such that x € O C U. Family of sets B(z) is called neighborhood basis
or local basis for x € X if and only if the following conditions hold true:

1. Elements from B(x) are neighborhoods of = € X;
2. For every neighborhood U of z there exists B € B(x) such that B C U.

The topological space (X, 7) is called Hausdorf if distinct points of X have disjoint
neighborhoods. A topological vector space is a linear space on which a topology
is defined in such a way as to preserve the continuity of the operations of the
underlying linear space.

A set A is called absorbing if for every x € X there exists A > 0 such that
x € MA. Aset A C X is called balanced if NA C A for every |A\| < 1. Aset AC X
is called bounded if for every neighborhood U of zero, there exists A > 0 such that
AC M.

A locally convex topological vector space is a topological vector space in which
the origin has a local base of convex sets.

Let {|| |l;};er be a family of seminorms on X, where I is an arbitrary index
set. A locally convex space X is then defined to be a vector space along with a
family of seminorms {|| ||;};er on X. The space carries a natural topology, the
initial topology of the seminorms. In other words, it is the topology for which all
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mappings © — ||z — x¢l|j,z0 € X, j € I are continuous. A base of neighborhoods
of xy for this topology is obtained in the following way: Up.(zo) = {z € V :
|z —x0l|; <&, j € B}, for every finite subset B of I and every ¢ > 0.

Definition 1.1.1. A subset T of a topological vector space X is called barrel if
T is absorbing, convex, balanced, and closed. A topological vector space X is said
to be barreled if every barrel in X is a neighborhood of zero in X.

Definition 1.1.2. Locally convex vector space X is called bornologycal space if
every balanced convex subset A C X, who absorbs all bounded sets in X, is a
neighborhood of zero.

Definition 1.1.3. Montel space is locally convex space who is Hausdorff and
barreled, and in which every closed and bounded set is compact.

Definition 1.1.4. A topological vector space is called Fréchet space if it is locally
convex, metrizable and complete.

Definition 1.1.5. The support of a function (distribution) f , denoted by supp f,
is defined to be the closure of the set {z € Q: f(z) # 0}.

It is worth mentioning that every Fréchet, Banach and Hilbert spaces are
also barreled. The importance of barreled spaces stems mainly from the Banach-
Steinhause Theorem.

We denote as X’ the dual of X, that is, the space of continuous linear function-
als on the topological vector space X. Unless otherwise specified, we shall always
provide X’ with the strong dual topology [103], that is, the topology of uniform
convergence over bounded sets of X.

Theorem 1.1.1 (Banach-Steinhause Theorem). Let X be barreled topological vec-
tor space, and F' be locally convex space. The following properties of a subset of
X' are equivalent

(1) H is bounded for the topology of pointwise convergence;
(1) H is bounded for the topology of bounded convergence;
(131) H is equicontinuous.

Let X and Y are topological spaces over, and let f : X — Y. f is said to be
isomorphism from X to Y if f is continuous bijection whose inverse is continuous.
The linear map f : X — Y is said to be bounded if f(A) is a bounded subset of
Y for every bounded subset A of X. The linear map f : X — Y is said to be
compact if there is a neighborhood U of zero in X such that f(U) is relatively
compact in Y (f(U) is relatively compact in Y if the closure of f(U) is compact).
We shall write X — Y if X C Y, the inclusion mapping X — Y is continuous,
and X is dense in Y.

A locally convex space X is called reflezive if it coincides with the dual of its
dual space, both as linear space and as topological space. It is well known that
every Montel space is reflexive.



14 Chapter 1. Preliminaries

For the topological vector spaces X, Y and Z, the mapping f : (z,y) — f(z,y)
from X xY to Z is called bilinear if for every xy € X (resp. yo € Y') the mappings
fao 1y f(zo,y) (vesp. fy, : @ — f(x,y0)) from X (resp. Y) into Z are linear.
The bilinear map f is said to be separately continuous if, for every xg,yo, these
two linear mappings are continuous.

A projective (injective) sequence of locally convex spaces with continuous linear
mappings:

X Xog— .. Xj ...

(Xi=Xo—= ... = X;—>..)

is said to be compact if all mappings are compact. The limit projlim;_,, X; =
N;X; (indlim;,. X; = U;X;) of a compact projective (injective) sequence is said
to be Fréchet-Schwartz that is F'S space (DFS space). FS and DFS spaces are
separable and Montel. Closed subspaces, quotient spaces and projective limits
of sequences in FS (DFS) spaces are FS (DFS). The strong dual spaces of FS
spaces are DFS spaces, and conversely. More explicitly we have the isomorphism
(proj lim;_, o Xj)/ = ind lim; o X} and (ind lim;_, Xj)/ = projlim; ., X} when
the sequence satisfies certain conditions.
We shall make use of the Landau order symbols.

Definition 1.1.6. Let g and h be two complex-valued functions defined in a
pointed neighborhood of zy. We write

g(x) = O(h(x)),z — zo,
if there exists a positive constant M such that
|g(z)| < M|h()],
for all x sufficiently close to xg.

Definition 1.1.7. Let g and h be two complex-valued functions defined in a
pointed neighborhood of zy. We write

9(x) = o(h(x)), x —= xo,
if for every ¢ > 0 there exists neighborhood V,, of x4 such that
l9(z)| < elh(z)],z € Va,

that is,
lim @ = 0.
T—x0 h(I)

Analog definitions holds for "big” O and ”small” o when x — oo. When z,
is finite, we describe local, and when x — oo we describe global behavior of the
function g with respect to the function h. Some properties of the "small” o are:

1. If for g(x) = o(1) when = — xy (zr — o0), then g(z) = o(C) for arbitrary
constant C' # 0 when x — zy (v — 00).
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2. If for g(x) = o(f(z)) and f(z) = o(h(x)) when x — zg (z — o0), then
g(x) = o(h(x)) when x — xy (z — 00).
We say that g is asymptotic to h as x — z¢ if g(z) = h(z) + o(h(x)). In this
case, we write
g(x) ~ h(x),z — xo.

When h is a non-zero near xg, it means that

. g(x)
lim Y — 1
25w0 h(z)

1.2 Function spaces and distributions

1.2.1 Spaces of distributions D’ and &’

Let €2 be an open subset of R™ with the usual topology. Then, 2 is subspace of
R™ with topology induced from R".

With C™(§2), m € Ny or m = oo we denote the space of complex valued functions
defined on  with continuous derivatives up to order m. For m = 0 we have
the space C°(€) of continuous functions on  and for m = oo we have the space
C™® = Nyp>oC™(Q) of functions with continuous derivatives of all orders (smooth
functions). We have the following inclusions

C®(Q) C ... C C™(Q) € C™ Q) C ... € CO(Q).

In CJ*(Q2),m € Ny or m = oo belong all those functions from C™(2) with
compact support in 2. Let K be compact subset of Q. With CJ*(K),m € Ny
or m = oo we denote the subspace of Cf*(§2) whose elements have support in K.
The topology of C§°(K) is defined by the seminorms

Pm(9) = sup{|0°¢(z)| : |a] < m},m € No,

with the sets By, (1) = {¢ € C°(K) : pm(¢) < 1} as a local base. But, C§°(K) is
closed subspace of C§°(£2), and we denote the topology of

Cr@) = |J e (K)

KcQ

to be the finest locally convex topology for which the identity map C§°(K) —
C§° () is continuous for every K C €. This means that a convex, balanced set U C
C°(Q) is a neighborhood of 0 in C§° () if and only if UNCE(K) is a neighborhood
of 0 in C§°(K) for every K C Q. The collection of all such neighborhoods U
constitues a local base for the topology we have defined in C§°(£2), which is known
as the inductive limit of the topology of C§°(K). It is clear that if €, is an
open subset of Q2 then C§°(€2;) is a subspace of C3°(2), because every function in
C§°(€21) may be extended as a C§° function into 2 by defining it to be 0 on /€.
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Definition 1.2.1. The locally convex space C5°(€2), endowed with the inductive
limit topology, is called the space of test functions and is also denoted by D(£2).

For every ¢ € D(2) we define the norms

|Gl = sug{lé’“sb(xﬂ tal < m},m € No.
e

We shall use D(K) to denote the locally convex space C§°(K) where K is com-
pact subspace of 2. For every ¢ € D(K) we define the norms as pr (@) =
> la|<m SUPzek |¢(®)(z)|. Let us note that D(£2) is a Montel space, and hence it is
reflexive.

Theorem 1.2.1. (i) Let E is given locally convezr space. The linear mapping
T : D(Q) — E is continuous if and only if the map T : D(K) — E is
continuous for every compact set K C €.

(i7) Set A C D(Q) is bounded if and only if there exists compact set K C € such
that A C D(K) and A is bounded in D(K).

(17i) The sequence {1y tren from D(Q) converge in D(QY) if and only if there exists
compact set K C § such that the sequence {{y}ren converges in D(K).

Definition 1.2.2. A distribution on (2 is a continuous linear functional on D(£2).

The linear space of all distributions on € is denoted by D’(£2), the topological
dual of D(£2), and its element are denoted as f, g, .... Every distribution f maps
D(Q) to the field of complex numbers C". Symbolically, this is written as:

fro—={fp), ©eDW).

Example 1.2.1. The Delta distribution §(x — zo) € D'(Q2), x¢ € Q is defined in
the following manner:

(6(x — x0), p(2)) = p(x0), ¢ € D(Q).

Example 1.2.2. The Heaviside distribution H:

(H(z), p(x)) = / " (@)

The following theorem is often taken as a definition for distributions.

Theorem 1.2.2. A linear functional f on D(Q) is a distribution if and only if,
for every compact set K C (), there exists a nonnegative integer m € Ny and a
constant C' > 0 such that

[(f, 0)] < Cprm(e). (1.1)

Definition 1.2.3. Let f € D'(2). Suppose that there is m € Ny for which (1.1)
holds for every compact set K C ). Then the smallest number m with this
property is called the order of the distribution f and then the distribution f is
said to be of finite order. If no finite number m satisfies the inequality (1.1) for
all K, then f is said to be of infinite order.
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In the space D'(€2) we will introduce the weak topology 7, the topology of
compact convergence 73 and the strong topology 7,. The weak topology is defined
with the following family of seminorms

[flle = [{f; )], ¢ € D();

the topology of compact convergence is defined with the family of seminorms:

[ £l = sup{[{f, ¥)| : ¢ € K};

where K is compact subspace of D(£2), and the strong topology is defined with
the family of seminorms:

1f1l5 = sup{[(f, )| : ¢ € B};

where B is bounded subspace of D((2).
Observe that the space D(12) is barreled. The Banach-Steinhaus theorem then

leads to the following simply descriptions of convergent sequences and bounded
sets in D'(Q2).

Theorem 1.2.3. The convergence of sequences in D'(§2) with respect to the weak
and strong topology coincide.

From the last theorem it follows that is easier to investigate convergence in the
weak topology.

Theorem 1.2.4. Let B' C D'(Q2). The following are equivalent:
(1) B’ is bounded set with respect to the weak topology;
(17) B’ is bounded set with respect to the strong topology;

(1ii) B’ is uniformly continuous subset from D'(S).

Let f € L},.(Q) that is [, |f(z)|dz < oo for evert compact set K C Q. It is

loc

easy to show that with

o= (f,p) = . f@)p(z)dz, ¢ € D(Q)

is defined a distribution from D’(€2).

Definition 1.2.4. Let f € L} (Q). We shall identify f with a distribution,

loc
denoted also as f, in the following way:

o) = [t = [ @,

where K is the support of ¢ € D(2). Distributions arising in this way are called
reqular distribution.
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Definition 1.2.5. Let p be a regular Borel measure on 2. We identify p with a
distribution, denoted also as pu, as follows:

() = / o(@)du(), o€ D).

Distributions arising in this way are called Radon measures.

There exist distributions that are not regular and they are called singular
distributions. An example of singular distribution is §.
For every f € D'(2), p € D(?) it holds:

() (Flaz +b), p@)) = (f@), e (552)) ab € Ria 0,
(ii) {g(@)f(x), o(x)) := (f(2),9(x)p(2)), 9 € C=(Q)
(iii) (F) (@), o)) == (~1){ f(2), o (@)), @ € Ng.
We will now give brief introduction to homogenous distributions.

Definition 1.2.6. A distributions f € D'(R") is called homogeneous of degree o
if
f(Az) = X*f(x), A > 0.

Example 1.2.3. Dirac delta distribution d(x) is homogeneous of degree —n, i.e.
d(Az) = A""0(x), A > 0.
Example 1.2.4. The function

o % x>0 o
x+:{07 <0 = H(z)xz" a € C.

is locally integrable over R if Reaw > —1, and in this case, it defines the regular
distribution

(2%, o)) = / " e p(a)d,

where ¢ € D(R). (H is the Heaviside function that it H(z) = 1 if x > 0 and 0 if
x < 0.) Using regularization procedures for analytic continuation (see [17, Chapter
2.4.]), for every a € C,a« # —1,—2, ..., we can define a regular distribution

wn—l

ot = [ (o) = o0~ — o)) e

- ~ ()
+/1 z%p(z)dr + ; (k—D(a+k)

It is easy to show that z¢,a # —1,—2,... is homogeneous with degree a. Ana-
logous results hold for the distribution %, # —1, -2, ... defined as

o {(—a:)a, <0

0, x>0
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We remark that all homogeneous distributions on the real line are explicitly
known [17, Thrm. 2.6.1]; indeed, they are of the form

g(x) =C_2® +Crag if a¢N,

g(z) =v6*V(z)+ pz* if a=-keN

where C_,C,,v, 8 € C and the distribution =% stands for the standard regular-
ization of the corresponding function i.e. 271 = (log|z|), —kax =% = (z=*)

In dimension n, every homogeneous distributions g of degree a # —n,—n —
1,—n — 2,... has the form

(9(z), (z)) = F.p. / G ), o) dr,

where G is a distribution on the unit sphere of R™ and F.p. stands for the Hadam-
ard finite part of the integral. See the book [17] for the definition of the finite part
and more over homogeneous distributions in several variables. We refer to [17,
Sect. 2.6] for properties of homogeneous distributions. Observe also that when f
is a positive measure, then o > —n and g = v, where v is also a positive Radon
measure that must necessarily satisfy v(aB) = a®™"v(B) for all Borel set B.

If there exists a constant C' such that for every ¢ € D(Q)

lim(f(zo + ex), p(2)) = (C, )

then we say that f has value C' at the point v = x(, and we denote f(2)|z=z, = C;
that is f has value at the point x = z¢ if and only if

i (). (“22) ) =€ [ taras

In general case, distributions does not have value at a point. For example, 6(x)
does not have value at xy = 0 which follows from

s e(2)) = Lo

Moreover, the regular distribution defined with the Heaviside function does not
have value at zo = 0.

But, if f(z) is a regular distribution defined with the continuous function f(z)
for which f(zo) = C, then, from Lebesque Dominated convergence theorem we
have f(m)‘m:xo =C.

Important class of distributions is the space £'(2) formed by those distributions
of D'(§2) whose support is compact. The notion £'(€2) suggests that this space is
the dual of certain space £(2). Indeed, let £(2) be the space of all smooth

functions defined in 2 with the topology generated by the family of seminorms

18]l 50,0 = sup |0 (2)],
reK

for « € N” and K a compact subset of 2. Then, the space D({2) is dense subspace
of £(2) and the inclusion is continuous. It follows that the dual space £'(€2) can
be identified with a subspace of D'(2), and this subspace is precisely the space of
distributions with compact support.
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1.2.2 Tempered distributions
Definition 1.2.7. A function ¢ € C*(Q) is said to be rapidly decreasing if

sup [2°9”p()] < o0,
zeR™

for all pairs of multi-indices o and /.

We shall use § to denote the set of all rapidly decreasing function, which is
clearly a linear space under the usual operations of addition and multiplications
by scalars. A function in S(R") approaches to 0 as || — oo faster than any power
of 1/|z|. An example of such a function is e~ */*.

For any ¢ € S(R™), we define the seminorms

Il = sup |20 (z) (1.2

with a, § € Nj. The countable family {||¢||a,5} defines a Hausdorff, locally convex
topology on S(R™) which is metrizable and complete. With this topology, S(R")
is a Fréchet space, and a sequence {py} converges to 0 in S(R") if and only if
7°0% o (z) — 0 uniformly on R" as k — oo.

Theorem 1.2.5. Let ¢ € C*(R™). The following are equivalent:
() ¢ € S(R™);
(i7) for every k € Ny, 8 € N§ it holds

Il = sup {(1 + [[*)*/%[0%p(2)[} < oo (1.3)

(ii1) P(z)(Q(9)p(x)) € S(R");
(iv) QI)(P(z)p(x)) € S(R™),

In this theorem P(x) and Q(z),z € R™ are polynomials with constant coefficients
and Q() is differential operator obtained when in Q(z) one replace z with L.

It is easy to show that the topology of S(R™) obtained with the family of
seminorms (1.2) is equivalent with the one defined with (1.3), and that both this
family of seminorms are equivalent with the family

lelw = sup  {(1+ |2)"*0%(2)[}, N € No.

z€R",|a|<N

Definition 1.2.8. The space of all continuous and linear functionals over S(R")
is denoted as S'(R™). The elements of S'(R") are called tempered distributions or
distributions of slow growth.

The following inclusions hold true

D(R™) < S(R") — ER™) — E'(R") — §'(R") — D'(R™).

Moreover,

S(R") — LP(R"),1 <p < 0.
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Remark 1.2.1. Any locally integrable function f such that |z|~™|f(x)| is bounded
as |x| — oo, for some positive integer m, defines a distribution in &'(R").

Theorem 1.2.6. A distribution f € D'(R™) belongs to f € S'(R™) if and only if
if and only if there exists constants C' > 0 and p € Ny such that

[(fro) < Cllelly, ¢ € SERY). (1.4)

Theorem 1.2.7. A distribution f € D'(R™) belongs to f € S'(R™) if and only if
if and only if there exists constants 8 € Nij, m € Ny and continuous and bounded
function F' on R™ such that

fl2) = [+ |2 )2 F ()] 2.

We shall also employ two important subspaces of S’(R™). They are the Schwartz
spaces of integrable distributions D}, (R") and the spaces of convolutors O (R").

The space of integrable distributions D’ ,(R") is, by definition, the strong dual
of the space B of smooth functions ¢ : R* — C for which %p — 0 as |z| — oo, for
each multi index . The space B is a closed subspace of the space B consisting of
those smooth functions ¢ with the property that 0%y is bounded for every multi-
index «, endowed with the topology of the uniform convergence on R™ of each
derivative. The space C§° is dense in B but not in B. Thus, the space D}, (R") is
a subspace of D'(R"). Moreover, according to [89, p.201], the elements of D}, (R")
are precisely those distributions that can be written as finite sums of derivatives of
L'-functions. Also, the space D}, (R") is closed under multiplication by functions
in B.

It is possible to consider D}, (R") as the strong dual of the space B, provided
that we endow B with a topology that gives rise to the following notion of se-
quence convergence: A sequence {p;} converges to ¢ if, for every multi index
a, sup;||0%pj]le < oo and the sequence {0%p;} converges to 0%p uniformly on
compact sets. If we denote as B, the resulting topological space, it can be proved
that Cg°, and so B, is dense in B,. Since every distribution f € D}, (R") is well
defined on C§° and it is continuous on C§° with respect to the topology of B,, it
turns out that D’ (R") is also the dual of B.,.

They satisfy the dense and continuous inclusions:

E'(R™) — Op(R") — D}, (R") — S'(R™).

We refer to Schwartz’ book [89, p.200 and p.244] for the precise definition of these
distribution spaces.

1.2.3 The Fourier transform of distributions

Now, we will study the Fourier transform. Let ¢ € S(R™). Then, its Fourier
transform is given by

Fle)w) = ¢la) = [ pla)e=ds (15

It is easy to see that ¢ belongs to S(R™) and that the Fourier transform is an
isomorphism of S(R") to itself, [112].
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Theorem 1.2.8. Let ¢,¢ € S(R™). Then
(2)

92($) = @(_I)’ r € R";
(11) Parseval relation

/nﬂxm("”)d"” = / o () (x)da;

(i01) Jgo lo(2)Pde = [pu [6(2)[*da.

Definition 1.2.9. Let f € S'(R™). Then, the Fourier transform of a tempered
distribution f is given by

(@), (@) = (f(x),(x)), » € SR (1.6)
In a similar way we can define the inverse Fourier transform in S'(R")

Theorem 1.2.9. F and F~ are isomorphism of S'(R") into itself.
Theorem 1.2.10. Let f € S'(R"). Then

(i) F(f(2))(w) = (2miw)* f(w), @ € N;

(i) F((=2miz)*f())(w) = f@(w),a € N*;
(ii7) F(f(x = k))(w) = ek f(w),k € R";

(iv) F(f(ax)(w) = o= f (£) ,a € R\ {0},

Example 1.2.5. (i) 6(w) = 1 because

(0(w), p(w)) = (§(2), §(2)) = $(0) = / pw)dw = (1,pw)), ¢eSR").

n

(#7) From Theorem (1.2.10) it follows that 1(w) = d(w).
(44) From Theorem (1.2.10) it follows that F (6 (2))(w) = (2miw)®, « € N™.

Example 1.2.6. If f is a homogeneous distribution of order A, then f is a homo-
geneous distribution of order —\ — 1. Indeed,
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1.2.4 Tensor products of distributions

Most of this subsection is taken from [103]. Let Y be a open subset of R” and let
E be some topological vector space (or a space of distributions). We shall denote
by C*(Y, E) the vector space of C* mappings of Y into £ (0 < k < o), and with
Ck(Y, E) the subspace of C*(Y, E) consisting of functions with compact support.

Definition 1.2.10. The C* topology on Ck(Y, E) is the topology of uniform
convergence of the functions together with the derivatives of order < k£ + 1 on
every compact subsets of Y.

Consider the sequence €2y C €2y C ... C §; C ... of relatively compact open
subsets of Y such that J ;§Y; =Y consider an arbitrary integer [ < k+ 1, and a
basis of neighborhoods of zero in E, {U,}. As j,l and « vary in all possible ways,
the subsets of C*(Y, E),

91
Uiia ={f : oy (y) € U, forall yeQ; andall ¢ € N, |q| <},

form a basis of neighborhoods of zero for the C* topology. Noting that Uj,, is
convex whenever U is a convex set, we see also that C*(Y, E) is a locally convex
space whenever this is true for £. When F is locally convex, it is easy to ob-
tain a basis of continuous seminorms on C*(Y, E). Tt suffices to select a basis of
continuous seminorms on E, {p;} and to form the seminorms

Pash) = sw [ SmCrwn | (17)

For all j,l and k,, the P;;; form a basis of continuous seminorms for the topology
C*.

Given an arbitrary compact subset K of Y, we denote by C*(K, F) the sub-
space of C¥(Y, E) consisting of those functions with support contained in K. We
provide C*(K, E) with the topology induced by C*(Y, E).

Proposition 1.2.1. [103, Prop. 40.1] Let Y be a open subset of R™ and let E be
locally Hausdorff topological vector space, and k an integer, possibly infinite. A lin-
ear map g of CE(Y, E) into a locally convex topological vector space F is continuous
if and only if the restriction of f to every subspace C*(K, E) is continuous.

Corollary 1.2.1. A linear functional on C*(Y, E) is continuous if and only if its
restriction to every subspace C*(K, E) is continuous.

Example 1.2.7 (Tensor product of functions). Let X,Y be two sets, and f and
g a complex-valued functions defined in X and Y, respectively. We shall denote
by f ® g the function defined in X x Y

(z,y) = f(2)g(y).

Now, let E (resp. F') be an arbitrary linear space of complex-valued functions
defined in X (resp. Y). We shall denote by E ® F' the linear subspace of the space
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of all complex-valued functions defined in X x Y spanned by the elements of the
form f ® g where f varies over £ and g over F'. (E ® F is a tensor product of £
and F.)

Theorem 1.2.11. [103, Thrm. 39.2.] Let X (resp Y') be an open subset of R™
(resp. R™). Then C*(X) ® CX(Y) is sequentially dense in C°(X x Y).

Example 1.2.8 (Projective tensor product). Let £ and F' be two Hausdorff loc-
ally convex topological vector spaces and let P and Q be the filtering systems of
seminorms defining the topology of E and F' respectively. The general elements
X in E ® F are of the form

X:Zei@)fl-witheiEEandfieF,izl,...,m,meN.

i=1

Note that this representation is not unique. Now, given two seminorms p € P and
q € Q the projective limit tensor product p ®, q of p and ¢ is defined by

p ®x q(x) = inf {Zp(ei)Q(.ﬂ') LY = Z e ® f}

The system P @, Q = {p @, q:p € P,q € Q} of seminorms of F ® F is filtering

and thus defines a locally convex topology on E ® F', called the projective tensor

product topology. The vector space £ ® F' equipped with this topology is denoted

by F ®, F, and is called the projective tensor product of the spaces E and F.
Similarly, we define the injective tensor product of p and ¢

p@-q(§) =sup { D s uhfesuw) 1 £ =Y e @ f,
i=1 i=1
we FE veF sup [{u,x)] <1, sup |[{v,y)| < 1}.

p(z)<1 a(y)<1

Then, £ ® F' provided with this topology is denoted as £ ®. F', and it is called
the injective tensor product of the spaces E and F'.

The completions of the algebraic tensor product in these two norms are called
the projective and injective tensor products, and are denoted by E®,F and E®.F.
It is easy to see that p ®, ¢(x) > p ®. q(x) for all x in E® F.

Theorem 1.2.12. Assume that X C R™ Y C R"™ are nonempty open sets. The
completion of the projective tensor product D(X) &, D(Y) of the test function
spaces is equal to the test function space D(X x Y') over the product X XY of the
sets X and Y:
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A nuclear space E is a locally convex Hausdorff space in which F®,F = EQ, F
for any arbitrary locally convex space F' (see [103] for equivalent definitions of
nuclear spaces). For nuclear spaces we shall use the common notation

EQF = EQ.F = E&, F

for the topological tensor product.

The inductive limit of a sequence of nuclear spaces, the strong dual of a nuclear
Fréchet space and the product of a family of nuclear spaces is also a nuclear space.
Let us note that there are no infinite-dimensional Banach spaces that are nuclear.
On the other hand the spaces S,S’, D', £ are examples of nuclear spaces.

Example 1.2.9. Let d = dim£FE be finite, e, ...,e5abasis of £, and €], ..., €], the
dual basis in £’ (this means that the functions (e}, e;) = 0ifi # j and (e}, e;) =1
if i = j). Consider a function f € C*(Y, E). For each y € Y, we may write

fly) = Z fiy)e;;

we have

fily) = (€}, f(y)) € C*(Y).
Conversely, let g be such a function and e a vector in E. Let us denote by g ® e
the function, valued in F (y — ¢(y)e). This means that the function of the form
g®e span C*(Y, E) when g varies over C*(Y)) and e over E; thus it is true if and

only if F is finite dimensional. Then, the bilinear map (g,e) — g®e of C*(Y)x E
into C*(Y, E) turns the latter into a tensor product of C*(Y') and E.

Now, let E be a vector space over the field of complex numbers, f a complex-
valued function defined in Y C R”, and e a vector belonging to £. We denote by
f ® e the function defined in Y and valued in E.

Proposition 1.2.2. [103, Prop. 40.2.] Let E be a Hausdorff topological vector
space. The bilinear mapping (f,e) — f ® e of C*(Y) x E into the subspace of
CH(Y, E), consisting of the functions whose image is contained in a finite dimen-

sional subspace of E, turns this subspace into a tensor product of C*(Y) and E
(denoted by C*(Y)® E.)

We shall use the notation C*(Y) ® E to denote the subspace of C*(Y) ® E
consisting of the functions with compact support.

Theorem 1.2.13. [103, Thrm. 40.1.] Let X and Y be open subsets of R™ and
R™ respectively. The mapping

¢ = (y = (= ¢(z,9))) (1.8)
is an isomorphism from C®(X xY) onto C>*(Y,C>*(X)).

Corollary 1.2.2. The restriction of (1.8) to CX(X x Y') is an isomorphism of
this space into C(Y,C°(X)).
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Theorem 1.2.14. [103, Thrm. 40.3.] Let f be a distribution in X. Then,
¢ = (y = (fe,0(z,y))) is a continuous linear map of CX(X x Y) into CX(Y).

If the support of f is compact, then it is a continuous linear map of C*°(X X Y)
into C=(Y).

Here, (f.,®(z,y)) means that f is acting on the test function = — ¢(z,y),
with y playing the role of parameter.
Now, let g be a function in Y. By the previous theorem,

CEX XY) 3 ¢ (gy, (for 0(2,9)))

defines a distribution in X x Y. Similarly,

CEX XY) 3¢ = (fe, (9, ¢(x,9)))

is a distribution in X x Y. The next result states that these two distributions
are equal. It can be viewed as a kind of rule of interchanging integration with
respect to x and y. In analogy with the integration theory, it is often referred to
as Fubini’s theorem for distributions.

Theorem 1.2.15. [103, Thrm. 40.4.] Let f be a distribution in X and g in'Y.
For every ¢ € CX(X xY), we have

(far (9> (2, 9))) = gy, (fr (2, )))-

Definition 1.2.11. Let f be a distribution in X and g a distribution in Y. The
distribution in X XY

C(X X Y) 3 ¢ (gy, (far &, ) = (fa, {9y, (2, 9)))
is called the tensor product of f and g (or of g and f) and denoted by

f®g or g®f

Some basic properties of the tensor product are stated with the following Pro-
position.

Proposition 1.2.3. (i) (f,g9) — f®g is a bilinear map of D'(X) x D'(Y) into
D(X xY);

(i2) supp (f © g) = (supp f) x (supp g);
(131) (f,9) — f® g is a bilinear map of E'(X) x E'(Y) into E'(X xY);
(iv) Dg(fz ®gy> = (Dg f) @ gy;

Definition 1.2.12. We shall denote by D'(X) ® D'(Y) the linear subspace of
D'(X x Y) spanned by the distributions of the form f® g, f € D'(X),g € D'(Y).

D'(X)®D'(Y) is obviously a tensor product of D'(X) and D'(Y).



1.2. Function spaces and distributions 27

Proposition 1.2.4. [103, Prop. 40.4.] D'(X) @ D'(Y) (resp. E'(X) @ E(Y)) is
a dense subspace of D'(X xY) (resp. E'(X xY)).

The tensor product of distributions (f,g) — f ® g is a continuous bilinear
mapping of §’'(R™) x §'(R") into S'(R™*™). (The same holds if we replace S’ with
&.

Proposition 1.2.5. [103, Prop. 50.7] Let E and F be two Fréchet spaces. If F'

18 nuclear, then
E'QF = (EQE).

By [103, Thrm. 51.6] we have the following isomorphisms

(é

) SERMESR) = SE™);
(i) S'RMSS (RY) = LSR): S'(R) = & R
) ©

(iti) C=(X)@D'(Y) = Cx(X;D'(Y)) (D'(X)@C=(Y) = C*(Y;D'(X))).

Moreover, if E is locally convex, Hausdorff and complete, then
(i) C*(X;E) 2 C®(X)®E;

(ii) S(R™ E) = S(R)QE;

)
)

(iii) S'(R™ E) = S'(R"®FE = L(S(R"); E);
)

(iv) (The space of E-valued distributions in X) D'(X; E) = L(C>; E) 2 D'(X)®E.

where L(F, E) is the space of all continuous linear mapping from F to E provided
with the strong topology [103].

1.2.5 Lizorkin distributions

In Chapter 4, of crucial importance will be the space of Lizorkin test functions
So(R™) of highly time-frequency localized functions over R™ [37].

The space Sp(R™) consists all those elements of S(R™) having all moments
equal to 0, namely, ¢ € So(R") if

/n " ¢(z)dr =0,

for all m € Nf. It is a closed subspace of S(R™). Let us point out that other
authors use a different notion for this space. For instance, Helgason [33] denotes
So(R™) by S*(R™). Its dual space S{(R™), known as the space of Lizorkin dis-
tributions, is canonically isomorphic to the quotient of S’'(R™) by the space of
polynomials; the quotient projection S'(R™) — S| (R™) is explicitly given by the
restriction of tempered distributions to So(R™). This quotient projection is inject-
ive on D}, (R"); therefore, we can regard D7, (R"), £'(R"), and Op(R") as (dense)
subspaces of S)(R").
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We denote by D(S"!) the space of smooth functions on the sphere. Given a
locally convex space A of smooth test functions on R, we write A(S"! x R) for
the space of functions o(u, p) having the properties of A in the variable p € R and
being smooth in u € S*~1.

We introduce S(Y"™!) as the space of functions ® € C(Y"*!) satisfying the
decay conditions

Ll

k
5l Do AL (u,b,a)] <oo  (1.9)

1 ,
k@) = s (o) ()

(u,b,a)eYn+1

for all [,m, k,s,r € Ny, where A, is the Laplace-Beltrami operator on the unit
sphere S"~!. The topology of this space is defined by means of the seminorms (1.9).
Its dual &'(Y"!) will be fundamental in our definition of the ridgelet transform of
Lizorkin distributions, as it contains the range of this transform (cf. Section 4.4).
We follow the ensuing convention. We fix a "dudbda as the standard measure on
Y7+, Here du stands for the surface measure on the sphere S*~!. Accordingly,
our convention for identifying a locally integrable function F' on Y"*! with a
distribution on Y"*! is as follows. If it is of slow growth on Y"™! namely, it
satisfies the bound

1
Flubal <o (e ), o er

for some s, C' > 0, we shall always identify F' with an element of &'(Y"*!) via

(F,®) ::/ / / F(u,b,a)cp(u,b,a)d“dfd“, e S(Y). (1.10)
0 —o0 JSn—1

a

A related space is S(H), the space of highly localized test functions on the
upper half-plane [37]. Its elements are smooth functions ¥ on H that satisfy

o o
%—m@q’ (b,a)

1
sup <a5 + —8) (1+b%)/? < 00,

(b,a)€H a

for all I,m,s,r € Ny; its topology being defined in the canonical way [37]. The
dual space is denotes with S’(H) and any locally integrable function F' of slow
growth on H, that is

1\™ .
F(b,a) sc(w;) A +0)%, (ba) € H,

for some C' > 0 and integers m, ! € N can be identified with an element of S’(H)

Observe that the nuclearity of the Schwartz spaces [103] immediately yields
the equalities S(Y"™!) = D(S" H®S(H), S(S* ! x R) = D(S" H®S(R), and
So(S" !t x R) = D(S"1)®Sy(R), where X®Y is the topological tensor product
space obtained as the completion of X®Y in, say, the m-topology or the e—topology
[103].
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1.2.6 Distributions of exponential type

The Hasumi-Silva [90, 31] test function space K; (R™) consists of those ¢ € C*(R™)
for which all norms

ve(p) == sup M@ ()|, keN,
z€R", |a|<k

are finite. The elements of IC;(R") are called exponentially rapidly decreasing
smooth functions. It is easy to see that K; (R") is an F'S-space and therefore Montel
and reflexive. The space K1 (R") is also nuclear [31]. The following topological
inclusions are clear

D(R") = K1(R") — S(R") — S'(R") — K} (R") — D'(R").

Note that if ¢ € Ii(R™), then the Fourier transform (1.5) extends to an
entire function. In fact, the Fourier transform is a topological isomorphism from
IC1(R™) onto U(C™), the space of entire functions which decrease faster than any
polynomial in bands. More precisely, a entire function ¢ € U(C") if and only if

2(¢) = sup (1 + [2*)*2|g(2)| < 0o, Vk € Ny,

zelly,

where 11}, is the tube I, = R™ + i[—k, k]™.

The dual space K} (R™) consists of all distributions f of exponential type, i.e.,
those of the form f = Zla‘gl(e‘*"'fa)(a), where f, € L*(R"™) [31]. The Fourier
transform extends to a topological isomorphism F : K{(R™) — U'(C"), the latter
space is known as the space of Silva tempered ultradistributions [31] (also called
the space of tempered ultra-hyperfunctions [58]). The space U’'(C") contains the
space of analytic functionals. See also the textbook [38] for more information
about these spaces.

In Chapter 3, we will study the short-time Fourier transform in the context
of the space K7 (R"), and we will obtain various characterizations of K}(R") and
related spaces via the short-time Fourier transform. The space K (R") was in-
troduced by Silva [90] and Hasumi [31] in connection with the so-called space of
Silva tempered ultradistributions ¢’(C™). Let us mention that K} (R") and U’'(R")
were also studied by Morimoto through the theory of ultra-hyperfunctions [58] (cf.
[60]). We refer to [19, 38, 91, 121] for some applications of the Silva spaces.

We introduce a generalization of the Schwartz space of bounded distributions
B'(R™) [89, p. 200]. Let w : R" — (0,00) be an exponentially moderate weight,
namely, w is measurable and satisfies the estimate

w(z +y) < Aw(y)e’™,  z,y eR", (1.11)

for some constants A > 0 and @ > 0. For instance, any positive measurable
function w which is submultiplicative, i.e., w(z + y) < w(z)w(y), and integrable
near the origin must necessarily satisfy (1.11), as follows from the standard results
about subadditive functions [1, 36]. Extending the Schwartz space Dy:1(R™), we
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define the Fréchet space Dpi (R") = {p € C=(R") : ¢ € LL(R"),Va € N},
provided with the family of norms

I@ll1wn = sup [ | (z)|w(x)dz, k€ Np.
|a| <k JR™

Then, B[,(R") stands for the strong dual of D1 (R"), i.e., B, (R") = (D (R"))".
Since we have the dense embedding KCi(R") — D1 (R"), we have B (R") C
K1 (R™). We call B/,(R") the space of w-bounded distributions. We also define
B/ (R") as the closure of D(R") in B.,(R").

Next, we shall consider IC;(R™)&U(C"), the topological tensor product space
obtained as the completion of K;(R") @ U(C") in, say, the 7- or the e- topology
[103]. Explicitly, the nuclearity of K;(R™) implies that

1R EU(C™) = K1 (RM)@-U(C™) = K1 (RV)®U(C™).

Thus, the topology of IC;(R™)&U(C") is given by the family of the norms

Q

9 4(a.2)

D) — Bl (1 2k/2
pr(®) sup e 1+ |2]7) pe

(z,2)ER™ xIIg, |a|<k

) k€N07

and we also obtain (KC;(R™)&U(C™))" = K} (R")&U'(C™).

1.2.7 Distributions of M-exponential type

Let us introduce the distribution space K}, (R™). We begin with the test func-
tion space Kpr(R™). We shall assume that M : [0,00) — [0,00) is a continuous
increasing function satisfying the following two conditions:

L M(t)+ M(s) < M(t+ s),
2. M(t+s) < M(2t) + M(2s).

We extend M to R™ and for simplicity we write M(x) := M(|z|), x € R™. Tt
follows from (1) that M (0) = 0 and the existence of A > 0 such that M (z) > Alz|.
Examples of M are M (z) = |z|P with any p > 1. More generally, any function of
the form

satisfies (1) and (2), provided that 7 is a continuous non-decreasing function with
n(0) = 0 and lim;_,o 7(t) = 0.
Using the function M, we define the following family of norms:

V() == sup eM(lm)|g0(a)($>|a r,l € N. (1.12)

|oo| <r, z€ER™

The test function space K, (R™) consists of all those smooth functions ¢ € C*(R")
for which all the norms (1.12) are finite. We call its strong dual £, (R™), the space
of distributions of “M-exponential” growth at infinity. A standard argument shows
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that a distributions f € D'(R™) belongs to K;(R") if and only if it has the form
f=02(eM*F(z)), where k € N, « € N*, and F € L*(R") N C(R").

Denote as Ky, (R™) the Banach space obtained as the completion of D(R")
in the norm (1.12). It is clear that

Kari(R") ={p € C"(R") : lim eM(lw)go(a)(:c) =0, o] <7}

|x|—o00
Set KCpr(R™) = proj lim;_, o ICpri(R™). Note that
KuR") = o= Karpr1(R") = Kprp(R?) = -+ = Kpro(R"),

where each embedding in this projective sequence is compact, due to the Arzela-
Ascoli theorem and the property (1). Consequently, the embeddings ), .(R") —
w.r11(R") are also compact,

Ka(R™) = proj lim Iy, (R™),
T—>00

and
R™) U Ky = ind lim K}, (R"). (1.13)

r—00
reN

Therefore ICp/(R™) is an FS-space and K';(R™) a DFS-space. In particular, they
are Montel and hence reflexive.

For the Schwartz spaces S(R") and S'(R™), we can also employ useful project-
ive and inductive presentations with similar compact inclusion relations. Define
S,1(R™) as the completion of D(R™) with the norm

pra(p) = sup (1+|z])|e(2)], rl€eN,

|oe| <r, zER™

and set S,(R™) = proj lim;_,o S, ;(R™). Thus, S(R™) = projlim,_,~, S,(R™) and

= JS/(R") = ind lim S](R"). (1.14)
reN

The following simple but useful lemma describes convergence of filters with

bounded bases in the Fréchet space Ky, (R™) (resp. S,(R")), we leave the proof

to the reader. Recall that the canonical topology on C"(R") is that of uniform

convergence of functions and all their derivatives up to order r» on compact subsets.

Lemma 1.2.1. Let F be a filter with bounded basis over Ky, (R™) (resp. S,(R™)).
Then F — ¢ in Ky (R™) (resp. in S,.(R™)) if and only if F — ¢ in C"(R").






Chapter 2

Quasiasymptotics and
S-asymptotics

In the last five decades many definition of the asymptotic behavior of distributions
have been given by different authors. The main goal of this chapter if to give a
short survey to those results that are of most relevance for their application in
this dissertation, mainly to Abelian and Tauberian type theorems. The analysis
of this notion is given using regularly varying functions [93].

The quasiasymptotic behavior of distributions was introduced by Zavialov as a
result of his investigations in Quantum Field Theory, and further developed by
him, Vladimirov and Drozhzhinov, [113]. Great contribution to this theory is
made by Pilipovié¢ and his coworkers, [69, 65, 67, 62, 105, 106, 110, 86, 87, 88|.
In the last few decades a theory of S-asymptotics (shift-asymptotics) has been
presented and developed. It has an origin in the book of L. Schwartz [89], and
more about the good properties of this notion can be found in [65, 73].

2.1 Slowly varying functions

We will measure the behavior of a distribution by comparison with Karamata regu-
larly varying functions [93], defined in the early thirties as a natural generalization
of power functions. We start with regularly varying functions at infinity.

Definition 2.1.1. A function p : (A,00) — R, A € R is called regularly varying
at infinity if it is a positive, measurable and there exists a real number o such
that for every z > 0

pkz) (2.1)

lim = z“.

koo p(k)

The number « is called index of p. Specially, if a = 0, then p is called slowly
varying function and for such a function it will be used the letter ”L”. In fact,
the following assertion is obvious.

Proposition 2.1.1. A positive and measurable function p : (A, 00) — R is requ-
larly varying at infinity if and only if it can be written as

p(x) =2“L(x),x > A, (2.2)

33
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for some real number o and some slowly varying function L at infinity.

Hence, it is enough to explore the properties of slowly varying functions in
order to study those of regularly varying functions.

Example 2.1.1. The functions
1
2% z%Inz, 2% Inln x, £ <1 + §sinlnlnx) , <2 + sinVlnx) ,a e R,

are slowly varying with index a.

One can prove that the convergence in (2.1) is uniform on every fixed interval
[d',b], A < a <V < oo, and that p is necessarily bounded (hence integrable) on it.
Some properties of slowly varying functions are stated with the next proposition.

Let L be slowly varying function at infinity. Then, for each € > 0

(i) there exist constants Cy,Cy > 0 and X > A such that
Cixz ¢ < L(z) < Cyz®, for x> X; (2.3)

(77) we have lim, o, 2°L(z) = 400, lim, o 2 °L(z) = 0;

The first two statements together with relation (2.2) explain the relation of the
regularly varying functions to power functions, while the third shows that such
functions with positive index are asymptotically equal at infinity to monotone
ones. It is also known that if Ly(z) — 00,2 — 00, and Ly, Lo are slowly varying,
then their composition L;(Ls) is slowly varying, as well. Hence, for z > —oo

L h L(log ut
lim ZEHR) o Llogud)
h—oo  L(h) u—oo L(logu)
Definition 2.1.2. A function p : (0, A) — R, A > 0 is regularly varying at zero
(from the right) if the function p;(x) = p(1/z) is regularly varying at infinity.

The following representation holds: L is slowly varying function at zero on
the interval (0, A], A > 0 if and only if there exists measurable functions v and w
defined on the interval (0, B], B < A, such that u is bounded and lim, o u(x) =
M < o0, and w is continuous on [0, B] and lim,_,ow(x) = 0, and for which

w(t)

L(z) = exp (u(:z:) + /xB Tdt> .z € (0,B].

A similar representation formula holds for slowly varying functions at infinity.
Some useful properties of a slowly varying function L are:

(1) For every a >0

1
L(e)=o0 (—) when & — 0%, (2.4)
60{
L(A)=0(A") when X\ — o0, (2.5)
(17) For every a > 0
L(ex)

1
—min{z"% 2%} <

C
for some C' > 0.

< Cmax{z™* 2%}, x,e€ (0,00),

L(e)
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2.2 Quasiasymptotic behavior of distributions

2.2.1 Quasiasymptotic behavior at zero

In general, we cannot talk about pointwise behavior of distributions, therefore,
if we want to study asymptotic properties of distributions, we should usually
introduce new parameters in order to give sense to asymptotic relations.

The quasiasymptotic behavior will be a fundamental concept in the subsequent
chapters in this thesis. It is a very convenient notion to describe the local behavior
of a distribution around a point, or its asymptotic behavior at infinity. One gains
generality by considering quasiasymptotics rather than ordinary asymptotics of
functions because they are directly applicable to the nature of a distribution;
moreover, one might say that every distribution shows, in one way or another,
quasiasymptotic properties. Despite its generality, the concept is extremely useful
in practice; in fact, it has an evident advantage over the asymptotics of ordinary
function: its flexibility under analytical manipulations such as differentiation or
integral transforms. We now define the concept of quasiasymptotic behavior.

Definition 2.2.1. Let L be a slowly varying function at the origin and let x, € R™.
We say that the distribution f € D'(R™) has quasiasymptotic behavior (quasi-
asymptotics) of degree a € R at the point g € R"™ with respect to L if the

following limit
_ f(zo+ex)
JB&< =i W) (2.6)

exists and is finite for every ¢ € D(R").

From the Banach-Steinhaus theorem follows that if f € D'(R™) has quasi-
asymptotic behavior in sense of Definition 2.2.1, then there exists distribution
g € D'(R™) such that

lim <f(x0 + ex)

22 o) = ale). ol )

e—0t
for every ¢ € D(R™). We will use the following convenient notation for the
quasiasymptotic behavior,

flzg+ex) ~e*Lie)g(x) as e— 0" in D(R"),

or,

flxzo +ex) =eL(e)g(x) + o(e*L(e)) as e—0" in D'(R"),

which should always be interpreted in the weak topology of D'(R™), i.e., in the
sense of (2.7). A trivial observation is that, by shifting to z, in most cases it is
enough to consider zq = 0.

One can prove that g cannot have an arbitrary form; indeed, it must be ho-
mogeneous with degree of homogeneity «, i.e., glaxr) = a*g(zx), for all a € Ry
(65, 113].

Proposition 2.2.1. ([73, Prop. 2.8]) Let f € D'(R) and let f ~9 g at 0 related
to e"L(e) in D'(R). Then:
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(i) f™ ~9 g™ at 0 related to e*~™L(e) in D'(R),m € N;
(i7) 2™ f(x) ~? x™g(x) at O related to €' L(e) in D'(R), m € N.
The next proposition asserts that the quasi-asymptotics at 0 is a local property.

Proposition 2.2.2. ([73, Prop. 2.9]) Let f € D'(R) and f ~9 g at 0 related to
e'L(e) in D'(R), and let fi € D'(R) be such that f = fi in some neighborhood of
zero. Then f1 ~% g at 0 related to €"L(¢), as well.

The same assertions from Propositions (2.2.1) and (2.2.2) hold for quasi-
asymptotics at 0 in S'(R).

The following proposition gives the relation between the asymptotic behavior
at zero of a locally integrable function and the quasi-asymptotics at zero of the
distribution defined by it.

Proposition 2.2.3. ([73, Prop. 2.10]) Let f € S'(R) be a locally integrable
function in (—a,a),a > 0, and let c(e) = €*L(e),a > —1 where L be slowly
varying function at 0%. If

lim f(z)/c(|z]) = Cs,

x—0+

then f has the quasi-asymptotics at zero in S'(R) related to ¢ and

lirgl+ flex)/e(e) = Chaf +C_z® in S'(R).
£—
Proposition 2.2.4. ([73, Prop. 2.12]) Let f € S'(R) and f = F) in some
netghborhood of 0, where m € Ny and F' is a locally integrable function such that
for some v > —1 and some slowly varying function L,

F(x)

lim —— .
S L) ~

Then f ~ g at zero related to e'L(e) in S'(R) where g = (Ca? + C_x¥)™),

A deeper result of Pilipovi¢ and Vindas asserts that the converse to Proposition
2.2.4 also holds true, see [73, Sect. 2.10] or [106].

It is obvious that if a tempered distribution has quasiasymptotics at 0 in &',
then it will have it in D’. It was shown in [64] that if L is bounded near the
origin and o < 0, ¢ {—1,—2,—3,...}, then the converse is true. The following
theorem shows that the converse is true without any restrictions on L and «.

Theorem 2.2.1. ([73, Thrm. 2.35])Let f € S'(R"™). If f has quasi-asymptotic
behavior at 0 in D'(R™), then f has the same quasi-asymptotic behavior at 0 in
the space S'(R™).

We will considerably extend Theorem 2.2.1 in Section 5.4.

Let us note that in [105, 106, 111, 73] authors give complete structural theorems
for quasiasymptotics at the origin and at infinity. Their results are based on the
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concept of asymptotically and associate asymptotically homogeneous functions.
This concept is used for obtaining easier proofs for various structural theorems
when the degree of the quasiasymptotics in not negative, but also when the degree
of the quasiasymptotic is a negative integer.

If « =0 and L = 1, the definition of quasiasymptotics at zo in D'(R") is a
slight generalization of the Lojasiewicz definition of the distributional ”value at
xo”. Actually, as explained in Section 1.1, f has the distributional point value ~
in the sense of Lojasiewicz, [49] and we write

flzo) =
if and only if
lim f(wo + ) =, (2.8)
e—

distributionaly, that is, if and only if

iy f(an20).0(0) = iy () 20 (“20) ) = [~ owian, o DR

—0 g

In particular, this is a local concept. So, in the notation of quasiasymptotics, the
limit (2.8) may be written as

flxo+ex)=v+o0(l) as e—0 in D'(R").

Lojasiewicz gave himself a structural characterization of distributional point val-

ues. It was shown by him [50] that the existence of the point value f(zq) = v,

distributionaly, is equivalent to the existence of m € N, and a primitive of order

m of f,that is F(™ = f, which is continuous in a neighborhood of z, and satisfies
m!F(x)

lim )
20 (x — zo)™ 7

2.2.2 Quasiasymptotic behavior at infinity

The quasiasymptotics of distributions at infinity with respect to a slowly varying
function L at infinity is defined in a similar manner,

Definition 2.2.2. Let L be a slowly varying function at infinity. We say that
the distribution f € D'(R™) has quasiasymptotic behavior (quasiasymptotics) of
degree o € R at infinity with respect to L if there exists a distribution g € D'(R"™)
such that

E—0O0

7 fOw) B
im (50 pte) ) = (ol (o). (2.9
for every ¢ € D(R™), and the notation
fOx) ~TX*L(N)g(x) as A — oo in D'(R")
) = XLWg() + oAL() as A= oo in D/(R)

will be used in this case. Let us note that the quasiasymptotic behavior at infinity
is a global property. Several properties of the quasi-asymptotics at oo are given
with the following theorems.



38 Chapter 2. Preliminaries

Theorem 2.2.2. ([73, Thrm. 2.11]) Let f € D'(R) and let f ~9 g at +o00 related
to N\'L(X) in D'(R). Then:

(i) f™ ~9 g™ at £o0 related to \"L(N), A > A,m € N;
(i7) ™ f(x) ~? x™g(x) at oo related to \'T"L(N), m € N;

Theorem 2.2.3. ([73, Thrm. 2.12]) Let f € E(R) and f ~9 g at £oo related to
NL(A),g#0. Then L(\) = 1,A > A,v € =N, and g(z) = C§=V(x), for some
constant C'.

Theorem 2.2.4. ([73, Th. 2.13]) Let F be a locally integrable function on R such
that for some v € Ryv > —1,

where L is some slowly varying function at co. Then F ~% g at +oo related to
AL(X) where g = (Cyat + C_a? )™,

Theorem 2.2.5. ([73, Thrm. 2.1}]) Let f € D'(R) and f ~? g at +o0o related to
A'L(X), where g # 0 and v € R\(=N). There are m € Ny and a locally integrable
function F' such that

a
f=F™ and lim (z) = (Y,

avakoo ||t L([])
where Cy,C_ # (0,0).

In the following theorem, we compare the quasiasymptotics at zero and infinity
via the Fourier transform.

Theorem 2.2.6. ([73, Thrm. 2.16]) Let f € D'(R) and v € R\(—N). If
f~Tg at Loo related to N L(MN), (2.10)
with g # 0, then

N (€02

A3 00 (1/)\)—v—1L1(1/)\) = g(fb) in S/(R) (2.11)

where Li( - ) = L(1/-) is slowly varying at the origin.
Conversely, if f € S'(R) and (2.11) holds with v € R, then (2.10) holds, as
well.

Remark 2.2.1. We may also consider quasiasymptotics in other distribution spaces.
The relation f(zg + ex) ~ e*L(e)u(x) as ¢ — 07 in A'(R) means that (2.7) is
satisfied just for each ¢ € A(R); and analogously for quasiasymptotics at infinity
in A'(R).

Example 2.2.1. Let f(z) = H(x —a)F(z),z € R for a > 0, where F' i a locally
integrable function such that F'(z) ~ x“L(x) as x — oo for @« > —1. Then f has
the quasiasymptotics related to A*L(A), A — oo.
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2.3 S-asymptotic behavior of distributions

2.3.1 Definition of S-asymptotics and basic properties

Here we will discussed the so-called S-asymptotic behavior of distributions (also
known as shift-asymptotics or Schwartz-asymptotics). We briefly explain this
notion; we refer to [73] for a complete treatment of the subject. The idea of the
S-asymptotics is to study the asymptotic properties of the translates 17", f with
respect to a locally bounded and measurable comparison function ¢ : R — (0, 00).

Definition 2.3.1. Let f € D'(R"™). It is said that f has S-asymptotic behavior
with respect to c if there is g € D'(R™) such that

lim <”f(—;f”,so<x>>:<g<x>,go<x>> o€ D(R™). (2.12)

|h|—o0
We will use the more suggestive notation
ft+h) ~%c(h)g(t) inD'(R™) as |h| — oo (2.13)

for denoting (2.12), which of course means that (f * @)(h) ~ c(h) [p. o(t)g(t)dt
as |h| — oo, for each ¢ € D(R").

This definition is valid also for some subspaces of D'(R™). One only have to
suppose that in relation (2.12) ¢ belongs to the corresponding test function space.
The following proposition gives the characteristic properties of the S- asymptotics.

Proposition 2.3.1. Let f € D'(R). If for every r > 0 exists h, such that the sets
{z eRlx esupp fN(h—r,h+71)}, |h| > h, are empty, then for every c(h):

i (2250

) ,gp(x)> =0, ¢ € DMR). (2.14)

|h|—o0

Proposition 2.3.1 shows that the S-asymptotics preserved the natural property
of the asymptotics of numerical functions.

Example 2.3.1. From Proposition (2.3.1) it follows that ¢ which is distribution
with support {0} has S-asymptotics with limit 0, with respect to every c(h), i.e.

5(z 4 h) ~% ¢(h) -0, |h| — oo.

The quasiasymptotics at infinity does not have the same property. For example,
0 has quasiasymptotics of degree —1, i.e.

S(Ax) ~ A H5(z), A — oo.

Theorem 2.3.1. Let fi; and fy be two distributions equal on a open set 2 € R,
where ) has the following property: for every r > 0, there exists h, such that
(=r,7) C{Q—h,|h| > h.}. If fi(x+h) ~° c(h)g(z),|h| — oo, then folx +h) ~
c(h)g(x), |h] — oc.
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This last theorem shows that S-asymptotics is a local property, which is not
true for quasiasymptotics at infinity. For example, the supports of 4 and ¢’ are the
same and equal to {0}, but § has quasiasimptotics of degree —1 and ¢’ of degree
—2.

The distribution g is not arbitrary; in fact, one can show [73] that the relation
(2.12) forces it to have the form g(t) = Cet, for some C' € R and € R. If
C' # 0, one can also prove [73] that ¢ must satisfy the asymptotic relation

t+h
im c(t+h) =" uniformly for ¢ in compact subsets of R. (2.15)
lhj=oo  c(h)

From now on, we shall always assume that ¢ satisfies (2.15). A typical example
of such a ¢ is any function of the form c(t) = e%*L(el"l), where L is a Karamata,
slowly varying function [2]. The assumption (2.15) implies [73] that (2.12) actually
holds in the space D'(R).

Let us note that an explicit form of the function ¢ is not known in n-dimensional
case, n > 2. This problem is related to the extension of the definition of a regularly
varying function to the multi-dimensional case, [65].

Example 2.3.2. [65, 73]
1. ed@th) s gahgaz p c R™,
2. For a slowly varying function L(t),t > « > 0, we have

L(t+h) ~* L(h)-1,h € R,.

3. Let f € L*(R). Then, the distribution defined by f has S-asymptotic beha-
vior related to ¢ = 1 and limit g = 0.

4. If f € &', then there exists a real number k such that f has S-asymptotic
behavior related to c(h)||h]|*, where c(h) tends to infinity as ||h]| — oo, h €
R™ and with limit g = 0.

5. If f € Kf, then there exists k € Ny such that f has S-asymptotic behavior
related to c(h)e!Il where c(h) tends to infinity as ||h| — oo, h € R™ and
with limit g = 0.

2.3.2 S-asymptotics and asymptotics of a function

In this section we will compare the asymptotic behavior of a locally integrable
function f and the S-asymptotic behavior of the generalized function generated
by it. Let us note that a function f has asymptotics at infinity if there exists a
positive function ¢ such that

lim /(@)

oo o{)

=A#0, (in short f(x)~ Ac(z),z — o0).

The following example point out that a continuous and L!-integrable function
can have S-asymptotics as a distribution without having an ordinary asymptotics.
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Example 2.3.3. Let G € L'(R) N C(R) have the property G(n) = n,n € N
and it is equal to zero outside suitable small intervals 7, > n,n € N. Denote by
f(t)=¢et fot G(x)dx,t € R. Tt is easy to see that

f(t+h) ~% e et/ g(z)dz, h € R;.
0

Then, f'(t) has S-asymptotics related to e and with the same limit. But, in view
of the properties of G, f'(t) + e'g(t) has not the same asymptotics. Moreover, G
can be chosen so that f’ has no asymptotics at all.

The following example shows that a function f can have asymptotic behavior
without having S-asymptotics with limit g different from zero.

Example 2.3.4. Let f(z) = ¢’z € R and let us assume that f has S-asymptotics
related to a c¢(h) > 0, h € Ry with limit g different from zero. As mentioned pre-
viously, g has the form g(z) = Ce*,C > 0. Then, for every ¢ € D(R) such that
@ > 0 we have

hh_)rgo ﬁ /exp [(z + h + ho)*)p(x)dr = e (Ce™, p(z)).

Therefore,

1
eho <g’ 90> _ eh% lim —— /€(x+h)2€2h0(x+h)g0($)d:€

h—o0 C(h)
> eM(g, ), for every hg>0.

But this inequality is absurd. Consequently, e® cannot have such an S-
asymptotic behavior.
One can prove a more general assertion.

Proposition 2.3.2. ([73, Prop.1.3]) Let f € L} .(R) C D'(R) have one of the

loc

four properties for o > 0,6 > 0,2 > xg,h >0, M >0 and N > 0:
(i) flw+h) = M) f(x) >0,
() —f(z+h) > —MeP™) f(z) >0,
(i1) 0 < f(z+h) < Net=PR f(z) > 0,

(i3i) 0 < —f(z+h) < —Nel=) f(z) >0,

Then, f cannot have S-asymptotics with limit g # 0, but the function f can have
asymptotics.

It is easy to show that for some classes of real functions f on R the asymptotic
behavior at infinity implies the S-asymptotics.
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Proposition 2.3.3. ([73, Prop.1.4]) a) Let ¢ be a positive function and let T €
L} (R). Suppose that there exist locally integrable functions u(x) and v(x),r € R,

loc

such that for every compact set K C R"
|T(x 4+ h)/c(h)| <v(x),x € K,|h| > rk,

‘hlgnoo T(x+h)/c(h) =u(z),z € K.

Then, T(z + h) ~° c(h)u(x), |h| — oo in D'(R).
b) Let T € L} (R) have the ordinary asymptotic behavior

loc

T(x) ~e*L(e”),x — oo, € R,

where L is slowly varying function. Then

T(x+h) ~° e*"L(eMe** h e Ry, in D'(R).

The following proposition gives a sufficient condition under which the S-asymptotics
of f € L. (R), in D'(R), implies the ordinary asymptotic behavior of f.

Proposition 2.3.4. ([73, Prop.1.6]) Let f € L}, .(R),c(h) = hPL(h), where 3 >
—1 and L be a slowly varying function. If for some m € N,x™f(z),z > 0, is
monotonous and f(x+h) ~% c(h)-1,h € Ry in D'(R), thenlimy_,« f(h)/c(h) =

If we suppose that L is monotonous, then we can omit the hypothesis B > —1.

The space of tempered distributions is a natural one for the quasiasymptotics
while for the S-asymptotics the space K} has this role. The following example
illustrate the problem of comparison of these two types of asymptotic behavior in

S(R).

Example 2.3.5. The regular distribution f(x) = H(z)e"*, x € R,a # 0 has
quasiasymptotics 28 in S’'(R) related to c(k) = k™
(H()e ™ (@) =k [ pade = o [T () dle)
0 1a J, k

~1 1 [, /x|, i
=o)L [T (E) et o L), koo
—(0) k/o w3 ) et = —p(0), k= o0

But the distribution f has no S-asymptotics related to h* with g # 0 for any
a € R. We start with

< (Zf—i—h) ta(t+h) QO(ZU)> — eiah /Ooo ei“xgp(a:)da:

~ emh/ e“o(z)dr, n € Ry.
0

This distribution has the S-asymptotic but related to the oscillatory function
c(h) = eth,

More on this relations between the S-asymptotics and quasiasymptotics of
distribution can be found in [73, 63, 66, 68].
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2.3.3 Characterization of some generalized function spaces

Theorem 2.3.2. ([73, Thrm.1.7]) A necessary and sufficient condition for a dis-
tribution f to belong to £ is that f(x + h) ~% c¢(h) - 0,h € R™ for every positive
function c.

Proposition 2.3.5. ([73, Prop.1.7])

a) If for every rapidly decreasing function c, f has the S-asymptotic behavior
related to ¢ (h) and with limit u. (u. = 0 included), then f € S'(R).

b) If for every rapidly exponentially decreasing function c¢ (for every k > 0,
c(h)eFIMl — 0, ||h|| — oo) a distribution f has the S-asymptotic behavior
related to ¢ with limit u. (u. = 0 included), then f € K;(R).

Proposition 2.3.6. Let f € K[ (R). If for every rapidly exponentially decreasing
function r on R™ the set {r(h)f(x+h)|h € R"} is bounded in D' then, f € K}(R).

2.4 Quasi-asymptotic boundedness

Definition 2.4.1. Let L be a slowly varying function at infinity (respectively at
the origin). We say that f € D'(R") is quasi-asymptotically bounded at infinity
(at the origin) in D'(R™) with respect to A*L(A), « € R if|

(fAr), 6(x)) = ONCL(N), as A — oo, Vo € D(RY), (2.16)

(resp. A — 07). If (2.16) holds, it is also said that f is quasi-asymptotically
bounded of degree o at infinity (at the origin) with respect to the slowly varying
function L. We express (2.16) by

f(x) =O0\*L(N\)), as A — o0 in D'(R"), (2.17)
(resp. A — 0T).

Note that in analogy to the quasi-asymptotic behavior of distributions we may
talk about (2.17) in other spaces of distributions.

Theorem 2.4.1. [73, Thrm. 2.44] Let f € S'(R). If f is quasi-asymptotically
bounded at 0, with respect to a slowly varying function L, in D'(R), then f is
quasi-asymptotically bounded at O of the same degree with respect to L in the space

S'(R).






Chapter 3

The short time Fourier transform
of distribution spaces

The short-time Fourier transform (STFT) is a very effective device in the study of
function spaces. The investigation of major test function spaces and their duals
through time-frequency representations has attracted much attention. For ex-
ample, the Schwartz class S(R"™) and the space of tempered distributions S’'(R™)
were studied in [29] (cf. [26]). Characterizations of Gelfand-Shilov spaces and
ultradistribution spaces by means of the short-time Fourier transform and modu-
lation spaces are also known [30, 59, 102].

The purpose of this Section is three folded. On the one hand we analyze
the quasiasymptotic behavior of tempered distributions via the STFT. Next, we
study the short-time Fourier transform in the context of the space K}(R"™) of
distributions of exponential type, the dual of the space of exponentially rapidly
decreasing smooth functions Ky (R™). The third aim is to present a new kind of
Tauberian theorems. In such theorems the exponential asymptotics of functions
and distributions can be obtained from those of the short-time Fourier transform.

3.1 The short time Fourier transform

Gabor (1946) adapted the Fourier transform to analyze only a small section of
the signal at a time - a technique called windowing the signal. Gabor’s ad-
aptation, called the short-time Fourier transform (STFT), maps a signal into a
two-dimensional function of time and frequency. The STFT represents a sort of
compromise between the time- and frequency-based views of a signal. It provides
some information about both when and at what frequencies a signal event occurs.
However, you can only obtain this information with limited precision, and that
precision is determined by the size of the window.

The translation and modulation operators are defined by T,.f(-) = f(- — x)
and Mcf(-) = €™ f(-), x,& € R". The operators M¢T, and T, M are called
time-frequency shifts and for x,& € R", f € L*(R") we have

MT,f = ™ ST, Mcf and  (MTof) = TeM_, f. (3.1)

45
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Definition 3.1.1. The short-time Fourier transform (STEFT) of a function f €
L?*(R™) with respect to a window function g € L*(R"™) is defined as

Vof (x,8) : = (f, M¢Thg) = . f(t)g(t —w)e™™ dt, x,€ € R (3.2)

Remark 3.1.1. If g is compactly supported with its support centered at the origin,
then V, f(z, -) is the Fourier transform of a segment of f centered in a neighborhood
of x. As z varies, the window slides along the z-axis to different positions. For
this reason, the STF'T if often called the ”sliding window Fourier transform”.

Remark 3.1.2. In signal analysis, at least in dimension n = 1, R? is called the
time-frequnecy plane and in physics the phase space.

The following lemma lists several useful equivalent forms of the STFT.

Lemma 3.1.1. /26, Lemma 3.1.1] If f,g € L*(R"), then V,f is uniformly con-
tinuous on R™ and

~

Vof(x,8) = (f - T:9)(§)
= (f, M)
= (f,TeM_.3)
eV, f(E ).

The STFT may be considered as the sesquilinear form (f,g) — V,f. Let
f ® g be the tensor product f ® g(x,t) = f(z)g(t), and let T, be the asymmetric
coordinate transform T, F(t1,ty) = F(to,ty —t1), and let F3 be the partial Fourier
transform FoF'(t1,t5) = fR” F(ty,ty)e 2™2¢dt, of a function F on R?". Then

Lemma 3.1.2. [26, Lemma 3.1.2] If f € L*(R™), then
Vof = FTu(f ©7).

Theorem 3.1.1. [26, Th. 3.2.1] (Orthogonality relation for STFT) Let f1, fa, g1, 92 €
L*(R"), then Vg, f; € L*(R*") for j = 1,2, and

(‘/glfh‘/ngQ) = (f17f2)<g17g2)-
Corollary 3.1.1. /26, Co. 3.2.2] If f,g € L*(R"), then
Varllz = £ ll2llgll2;
In particular, if ||g||2 = 1 then

[ fll2 = Ve flla (3.3)

for all f € L*(R™). Thus, in this case the STFT is an isometry from L*(R™) into
L2 (R2n>‘
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It follows from (3.3) that f can be completely determined by V; f. Furthermore,
the implication (f, M¢T,g) = 0,Vz,£ € R* = f = 0 is equivalent to saying that
for each fixed g € L*(R") the set {M:T,g : x,£ € R"} spans a dense subspace of
LA(R™).

The adjoint of Vj, is given by the mapping

Vi) = [[ | Flagut - ot

interpreted as an L?*(R")-valued weak integral. If ¢ # 0 and v € L*(R") is a
synthesis window for v, namely, (v,%)z2 # 0, then for any f € L?*(R"), the
following inversion formula holds

1
F= e [ verw mdga, (3.4)

Whenever the dual pairing in (3.3) is well-defined, the definition of V,,f can
be generalized for f in larger classes than L*(R"), for instance: f € D'(R") and
1 € D(R™). In fact, it is enough to have v € A(R") and f € A'(R"), where
A(R™) is a time-frequency shift invariant topological vector space. Note also that
the inversion formula (3.4) holds pointwisely when f is sufficiently regular, for
instance, for function in the Schwartz class S(R"). It is obvious that for ¢ € S(R")
the set

{MT,g : z,§ € K} (3.5)

is compact in S(R™), where K is a compact subset of R™.

Lemma 3.1.3. /26, Lemma. 11.3.5] Let go, 9,7 € S(R™) such that (7, g) # 0 and
let f € S'(R™). Then

Voo f (2, 0)] < (Va1 Voo D) (2, w),

(7, 9)]
for all (z,w) € R*".

Note that [26, Thrm. 11.2.3] for each used window g € S(R™")\{0} and f €
S'(R™) there exist constants C' > 0 and N > 0 such that

\V,f(z,6)] < O+ |z| + |¢)N for all z,& € R™ (3.6)

It is also known that [26, Thrm. 11.2.5] if f,g € S(R™) then for all N > 0,
there exists constant Cy > 0 such that

Vof(@,6)] < Cn(1+ |a| + 1€~ forall z,€ € R™. (3.7)

In the proof of our results we use the relations (3.8) and (3.9) regarding the
use of an adapted STFT window. In particular, we apply dilation to adapt the
window (or any function) and we use the notation

fe(x) = f(ex), e>0.
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It turns out that dilating the window is equivalent to the inverse dilation of the
function of interest or,

Vofel@,€) = Vi, f(ew,€/2). 39

Indeed, using the substitution ¢t = y/¢ we have

VA9 = (o MeTeg) = [ L0057

1 Y—EXT\ _ognk.
= —/ f(y)g< )e Y dy
9 n 9

1 1
= g<f7 M£/€T5x91/5> = g‘/gl/af(gx>5/5)'

We will also prove the following relation
eV, f- (% + x,525) = V. f(wo + ez, €6), xo € R™. (3.9)

Indeed, using the substitution y = ¢/ we obtain

‘/gl/s.f<x0 + Ex, 55) = <f7 Mafoo+axgl/s>

_ / f(t)g (—t — xz —~ m) em2miset gy

= = | Jleyg (y— 2 - w)emeay
R £

= 5<f€7 M52§TI?O+$Q> = 5‘/ng (% + z, 525) .

Following [26], we now give a brief introduction to modulation space. In general
a weight function is a simply a non-negative, locally integrable function on R?"
and they are used for describing the decay or growth of functions.

Definition 3.1.2. A weight function v on R?" is called submultiplicative if
v(z1 +22) < v(z)v(z) for all 21,2, € R?™
A weight function m on R?*" is v-moderate if
m(z1 + 22) < Cv(z)m(z) for all 2,z € R
Two weights m; and my are equivalent if
C_1mi(2) < my(z) < Cmy(z) for all z € R*™.

For simplicity we will assume without loss of generality that v is continuous
and symmetric in each coordinate, formally that

v(r,w) =v(—z,w) =v(r,—w) =v(—r,—w) for all z,weR"
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Example 3.1.1. The standard class of weights on R?" are weights of polynomial

type
vs(2) = (L4 ]2))° = (1 + (2® +w’)'?),

where z = (z,w) € R* and s > 0. vy(z) is equivalent to the weights
s 2\s/2
(1+|z|+ |w|)® and (14 |z]%)*~.

Let m be a weight on R*", that is, m : R*" — (0, 00) is measurable and locally
bounded. Then, if p,q € [1,00], the weighted Banach space L7%(R?") consists of
all measurable functions F' such that

a/p 1/a
1Pz = ( [ ([ 1reepm.ora) df) < oo

If p = o0 or ¢ = 00, then the corresponding p-norm is replaced by the essential
supremum. Thus

1/q
Pl = ( [ (s el F(o O )" ) <o

and

D 1/p
|F )l = (p( |F<x7§>rpm<x,§>f’dx) df) < co.
R’ﬂ

LP4 arises by taking a weighted L” norm with respect to z and an L? norm
with respect to w. Since w — F(-,w)m(-,w) takes values in L”, the mixed norm
space LP may be viewed as a vector-valued L? space. If p = ¢, then L2 = [P is
the usual weighted LP space.

Definition 3.1.3. Fix a non-zero window g € S(R"), a polynomial moderate
weight function m on R?", and 1 < p,q < oo. Then, the modulation space
MPA(R™) consists of all tempered distributions f € S’(R™) such that V,f €
LPa(R?™).

The norm on MP9 is || fllame = [[Vyfllee. If p = ¢, we write M? and if
m(z) = 1 on R*", then we write M.

Proposition 3.1.1. /26, Pr.11.5.2] The definition of MP? is independent of the
window g € S(R™). Different windows yield equivalent norms.

Proposition 3.1.2. [26, Pr.11.3.1] Writing vy(z) = (1 + |2|)%, 2 € R®*", we have
S®R") =My and S'®R") =] M55,
s>0 s>0

Proposition 3.1.3. /26, Pr.11.5.4] If |m(z)] < C(1 + |[z])Y and 1 < p,q < oo,
then S(R™) is a dense subspace of MP1.
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3.2 Abelian and Tauberian results on spaces of
tempered distributions

Our main goal in this paper is to provide Abelian and Tauberian type results
relating asymptotics of STF'T and the quasiasymptotic behavior of tempered dis-
tributions.

Theorem 3.2.1. Let L be slowly varying function at the origin, « € R and
f e S (R). Suppose that

flex)~e*L(e)u(z) as e—0" in S'(R).
Then for its STFT with respect to window g € S(R)\{0} we have

Voo, f(ex, €/e)~e T L(e)Vou(x,£)  as e — 0%
uniformly for x,& in compact subsets of R.

Proof. By relation (3.8) we have

Vo, fex, §/e) eVyfe(x 5 t)
;a+1L< ) - et (e <€°‘L ©) s MeT,g(t )>
f(et)
<€QL() MT,g(t)).

Using the compactness of the set given by (3.5) and the Banach-Steinhaus theorem
we obtain

lim Yoy flex,¢/e) = lim < f(et) ,Mgng(t)>

e—0t et (g) e—0+ \e?L(¢)
= (ult), MTog(t)) = Vyu(z, £).

Remark 3.2.1. Let f, g1, 9, € S(R)\{0} and
gi(ex)~e“Li)ga(z) as e— 0" in S'(R). (3.10)
According to Theorem 3.1 it follows

Vf1/sgl<5$’£/€)N5a+1L(5)Vf92($,f) as & — 0",

By relation V, f(z,&) = e ™ V;g(z,€), x,§ € R we obtain

e‘Qﬂixf‘/'glfl/E (ex, §>~50‘+1L(5) _27”“”5‘/ f(x, &) as e — 0%,
€

1.e.

Vo fr)e(e2,&/e)~e T L(e)V,, f(2,€)  as e—07.
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This is an expected result, given that the choice of STFT window is causing
no significant change in the quality of the STF'T; that is, two windows with the
same quasiasymptotic property result with STFTs with related quasiasymptotics.

Theorem 3.2.2. Let L be a slowly varying function at the origin, a € R and
feSMR), ge S(RI\{0}. The following two conditions:

(i) the limits
1

gl—i>r(§l+505+1—L() 91/e (5.17 5/8) ac{ < 00, (311)
uniformly for x,& in compact subsets of R.

(i1) there exist C >0 and N > 0 such that

Vi, (2 /9] _
ca+tl L(€)

C(1+ |z| + €)Y, (3.12)

forallz, & € R and 0 < e < 1, are necessary and sufficient conditions for existence
of a homogeneous distribution u such that

flex) ~e*L(e)u(xr) as e—0" in S'(R). (3.13)

Proof. (3.11) and (3.12) imply that the function given by J(z,£) = My ¢, 2, € R
is measurable and satisfies the estimate

| J(2,€)| = [ Mae| < C(1+ |2] + [€])",

for all z,& € R and some constant C' > 0. Moreover, by relation (3.8) and the
inversion formula we obtain

7 f(et) o few o) ——
slg(?+ <€O‘T(5)7S0(t)> a—>0+//R2 </€°‘+1L Vagla, §)dedr,

where 7 is synthesis window for g such that (g,v) # 0. Because of (3.11) and
(3.12) we can use Lebesque dominated convergence theorem

tim (L 00) = = [ [ e Vot gagas

Observe that the last integral converges absolutely because |J(z,£)| = O((1+|z|+
€])Y) for some N > 0 and |V, ¢(z,€)| = O((1+|z|+]&])~™") for all n > 0, whenever
0,7 € S(R) [[26], Theorem 11.2.5]. It follows that the limit lim€_>0+(€];(L%, (1))
exists for each ¢ € S(R). So, we conclude that f has quasiasymptotic behavior at
the origin in §'(R).

We now prove the converse. If (3.13) holds then (3.11) follows from the Abelian
type result given in Theorem 3.1. Also, from (3.8), (3.13) and (3.6) it follows that

there exist constants C, Cy > 0 and N > 0 such that

Vo fex /)l [Vofel(z, O] _ [(f(et), McTug(t)]
et [(g) e*L(e) e*L(e)
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< Ol|<u>M§ng>| - Ol|‘/;]u($7§)|
< Gyl + |2 + [¢))™.

O

Remark 3.2.2. Clearly, the STFT Vju(x, &) in Theorem 3.6.1 is given by the limits
(3.11).

A similar assertion as previous theorem holds for quasiasymptotics at infinity.

Theorem 3.2.3. Let L be a slowly varying function at infinity, o« € R and f €
S'(R), g € S(R)\{0} The following two conditions:
(i) the limits

: 1
Alggo )\a+1—L()\)V91/Af<>‘m7 §/A) < oo,

uniformly for x,& in compact subsets of R.

(i1) there exist C' >0 and N > 0 such that

Vo /A, §/A)|

N
SrEry < Ol +1el)”,

forall x,& € R and \ > 1, are necessary and sufficient conditions for existence of
a homogeneous distribution u such that

fOx) ~ A L(N)u(z) as A— oo in S'(R).

Remark 3.2.3. The same consideration of Remark 3.2.2 apply to the case of infinity
by analogy.

Theorem 3.2.4. Let L be a slowly varying function at the origin, a € R, xg € R
and f € §'(R). Suppose that

f(xg+ex) ~e®Le)u(x) as e— 0" in S'(R).
Then for its STFT with respect to window g € S(R)\{0} we have
Vou, (o + e, 6€) ~ e L(e)Vyu(z,0)  as e — 0.
uniformly for x,& in compact subsets of R.

Proof. Using the substitution ¢ — xy = €y we obtain

Vy f(l"o +ex, Ef) 1
1. 1/e _ 1 ME Tx . )
ELI(I)IJF €a+1L(€> 5i%1 €O‘+1L<5) <f7 edzgtexd1y/ >

L 1 t—x9—€x omicet
B sllglﬂ“ g2 t1L(e) <f(t),g ( £ )6 >

L 1 2miet(vo+ey)
-l g (ke oty —ajeeonen)
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= lim ;<f(x0 +ey), MyT. g(y)e2m65(z°+€y)>.
e—0+ e*L(¢) ’ ’

In view of (3.2.4), the Banach-Steinhaus theorem and the compactness of the
set given by (3.5) we have

hm 91/5f(x0 + ET 86)
e—0t g*t1L(¢e)

= (u(y), MoT9(y)) = Vyu(z,0).

O
We now investigate the inverse (Tauberian) theorem related to Theorem 3.2.4.

Theorem 3.2.5. Let L be a slowly varying function at the origin, o € R, g € R,
and f € S'(R), g € S(R)\{0}. Suppose that the limits
1

El_l)I(%_ gal—L() gl/gf(ZE() + ex 65) 5 < o0, (314)
uniformly for x,& in compact subsets of R, and that there exist C' >0 and N > 0
such that

Vo, f (20 + ez, £€)|
e 1L(e)

for all z,& € R and 0 < ¢ < 1. Then, there exists a homogeneous distribution u
such that

C(1+ |2V, (3.15)

f(xg+ex) ~e®Le)u(z) as e—0" in S'(R). (3.16)

Proof. (3.14) and (3.15) imply that the function M, = J(z,§) satisfies the es-
timate

[ J(2,6)| = [Mye| < C(1+ |2])7,
for every z,£ € R and for some constants C' > 0 and N > 0. Let ¢ € S(R) and
v € S(R)\{0} be a synthesis window for g such that (g,v) # 0. By inversion
formula (3.4) and the substitution ¢ = e2¢;, t =t; — % we obtain

el—i>I(I)1+ wﬂo(t»
N ﬁ slgtr)l+ / /1[@2 e 822621?(&)@1 — Wea T, e)dads
- ﬁfféi/ /R e i\fff;rog(tl» (Moo, Ty, @) dér
N ﬁsli%h//w erei —ZLJ Sy e Vyple, e26)d&de.

By relation (3.9) we have
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To+ex,e§)—
= 11m// Vo, f (0 fl)vap(x,s%l)dfldx.
R2

v, g) e—0+ e 1L(¢g)

Because of (3.14), (3.15) and (3.6) we can use Lebesque dominated convergence
theorem

. f (Ig + €t)
lim (—————=
es0t ' e2L(¢g)

,p(t) = ﬁ/ 5 J(x, &)V, o(x, 0)déda.

Observe that the last integral converges absolutely because |J(z,&)| = O((1 +
|z|)V) for some N > 0 and |V,p(x,0)] = O((1 + |x|)™™) for all n > 0, whenever

t
J;:i(]l—;;),go(t)> exists for each
¢ € S(R). So, we conclude that f has quasiasymptotic behavior in S&’(R). ]

¢ € S(R). It follows that the limit lima_>g+<

3.3 Short-time Fourier transform of distributions
of exponential type

In this section we study the mapping properties of the STFT on the space of
distributions of exponential type. Note that the STF'T extends to the sesquilinear
mapping (f, ) = Vi f and its adjoint induces the bilinear mapping (F},¢) = V; F.

We start with the test function space K1 (R"™). If f,¢ € K1(R™), then we im-
mediately get that (3.3) extends to a holomorphic function in the second variable,
namely, Vi, f(x,z) is entire in z € C". We write in the sequel z = £ + in with
&,m € R™. Observe also that an application of the Cauchy theorem shows that
if ® € K;(R")QU(C") and ¢ € K, (R"), then for arbitrary n € R” we may write
V@ as

= // O(x, & + in)p(t — )™ EH Mt drdg. (3.17)
R2n

Our first proposition deals with the range and continuity properties of V' and
V* on test function spaces.

Proposition 3.3.1. The following mappings are continuous:
(i) V : Ky (R™) x K1 (R™) — Ky (RM)QU(T™).
(i1) V*: (K (RMEU(C™)) x K1 (R™) — K1 (R™).

Proof. For part (i), let ¢, 9 € IC;(R™). Let k be an even integer. If (z, z) € R x 1,
and |o| <k, then

ek|z\(1 + |Z|2)k/2

o Vap(z.2)

— Gk‘xl(l + |Z|2)k/2

[ 0@ = et
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< (1 +nk2)k/26k|z|

[ 0= s T e

<G Y e /

|B1]+|B2]<k

) (£) (et B2 (f — x)) 27 gy

n

which shows that p(Vye) < Chrvsr(e)ve(v). For (i), if & € Ky(R")&U(C),
¥ € Ki(R"), and || < k, from the Leibniz formula we obtain

5w [ o2yl - a)eme
<@ X (5)e [[ 1o ol - ol

p<a
< ) w) [ 16l oG, )l
< Atk (V) Prns1(P);

hence pi(V;;®) < Ap (V) prin+1(P).

aa
— V*® i
BT % (t)' e

e

O

Observe that if the window ¢ € K1(R™) \ {0} and v € KC1(R") is a synthesis
window, the reconstruction formula (3.4) reads as:

1
(77 7vD)LQ

We now study the STFT on K}(R™). Notice that the modulation operators
M, operate continuously on K;(R"™) even when z € C". Thus, if f € £|(R") and
¢ € Ki(R™) then V, f, defined by the dual pairing in (3.3), also extends in the
second variable as an entire function Vj, f(z, z) in z € C". Furthermore, it is clear
that Vi, f(z, 2) is C*° in x € R". We begin with a lemma.

V2V = idi, (en)- (3.18)

Lemma 3.3.1. Let ¢ € K;(R").
(a) Let B' C K{(R™) be a bounded set. There is k = kg € Ny such that

sup e~ Hlel=amesm () 42V R |V, f (2, 2)] < 00, VA > 0. (3.19)
feB’, (z,z)ER™ XIIy

(b) For every f € Kj(R™) and ® € K,(R")&U(C"),

(Vof, @) = <fﬁ> (3.20)

Proof. Part (a). By the Banach-Steinhaus theorem, B’ is equicontinuous, so that
there are C' > 0 and k € Ny such that |(f, ¢)| < Cuk(p), Vf € B',Vp € Ki(R").
Hence, for all f € B (z =& +in),

e ()

v, <C it
Vo f(z,2)| < sup e o

teR”,|o|<k
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< (27T)k0(1 + ’Z‘Z)k/2 sup ek|t|+27r77-t Z (a) |¢(’B)(t _ .73)’
teR™, o] <k \s
< (4m)FC (L A+ |2 2M2T iy (0),

where |27|n|| stands for the integral part of 27|n|.

Part (b). We first remark that the left hand side of (4.21) is well defined
because of part (a). To show (4.21), notice that the integral in (3.17), with n = 0,
can be approximated by a sequence of convergent Riemann sums in the topology
of IC1(IR™); this justifies the exchange of integral and dual pairing in

(1 [[ w6 e neriii=aanic) = [[ otw.e( T e

which is the same as (4.21). O

In particular, if B’ is a singleton, part (a) of Lemma 3.3.1 gives the growth
order of the function V, f on every set R" x II,.
Let us define the adjoint STFT on € K} (R™)&U'(C").

Definition 3.3.1. Let ¢ € K1(R"). The adjoint STFT V;; of I € K} (R™)&U'(C™)
is the distribution V; I € K7 (R") whose action on test functions is given by

(ViF, ) = (F,Vyo), ¢e€Ki(R"). (3.21)
The next theorem summarizes our results.
Theorem 3.3.1. The two STFT mappings
(i) Vi Ky(R™) x K (R™) — K5 (RM&U'(C)
(ii) V* : (KY(RMSU'(C) x Ki(R") = K3(R")
are hypocontinuous. Let ¥ € K1 (R™) \ {0} and let v € KC1(R™) be a synthesis
window for it. The following inversion and desingularization formulas hold:
1
(v ¥) 2

and, for all f € K{(R"™), ¢ € K1(R"), and n € R™,

VAV = idgy n), (3.22)

1 . .
(o) = i [ Vel s inVigla—e —inade. (3:23)

Proof. That V and V* are hypocontinuous on these spaces follows from Propos-
ition 3.3.1 and the formula (4.21) from Lemma 3.3.1; we leave the details to the
reader. By the Cauchy theorem, it is enough to show (3.23) for n = 0. Using
(4.4.1), (4.21), and (3.18), we have (VXVyf, ) = (Vuf, Vo) = ([, V;Vip) =
(v, ¥)2(f, ¢), namely, (3.22) and (3.23). O

The next corollary gives the converse to part (a) of Lemma 3.3.1 under a weaker
inequality than (3.19), namely, a characterization of bounded sets in I} (R"™) in
terms of the STFT.



2.4. Characterizations of B, (R") and B.,(R")e 57

Corollary 3.3.1. Let B C K|(R") and v € K (R") \ {0}. If there are n € R™
and k € Ny such that

sup e (L4 [€)) F IV f (2, € + i) < oo (3.24)
feB’ (z,£)eR2n

then the set B is bounded in K}(R"™). Conversely, if B' is bounded in ICj(R™)
there is k € Ny such that (3.19) holds.

Proof. In view of the Banach-Steinhaus theorem, we only need to show that B’ is
weakly bounded. Let v be a synthesis window for ¢ and let ¢ € Iy (R™). Then,
by the desingularization formula (3.23), we have

C
up [(f, )] < —=

k| kv s
sup o [ R ) Wapte 6 — in) o < o,

because V¢ € K;(R")&U(C™). The converse was already shown in Lemma 3.3.1.
[

3.4 Characterizations of B/ (R") and B/,(R")

We now turn our attention to the characterization of the space of w-bounded
distributions B/, (R™) and its subspace B, (R"). Recall that w stands for an ex-
ponentially moderate weight, i.e., a positive and measurable function satisfying
(1.11).

Theorem 3.4.1. Let f € K}{(R") and ¢ € IC1(R") \ {0}.

(1) The following statements are equivalent:

(a) f € BL(R").
(b) The set {T_pf/w(h): h € R"} is bounded in K} (R™).
(¢) There is s € R such that

sup (14 [§]) " ——== < oo. (3.25)

Vi f(2,8)|
(z,£)ER2 w()

(13) The next three conditions are equivalent:
(a) f € BLR".
(¢) There is s" € R such that

lim (1+|€|)—s’|v¢£((j)a§)|

|(2,8)| =00

= 0. (3.26)



58 Chapter 2. STF'T of distribution spaces

Remark 3.4.1. Theorem 3.4.1 remains valid if we replace K} (R™) and KC;(R™) by
D'(R") and D(R™) everywhere in the statement. Schwartz has shown in [89,
p. 204] the equivalence between (a) and (b) for w = 1 by using a much more
complicated method involving a parametrix technique.

Proof. Part (i). (a) = (b). Let f € B[ (R"), since Dpi(R") is barreled, we
only need to show that the f * ¢ is bounded by w for fixed ¢ € K;(R™). Let
={p € D[R") : [z, |¢(z)|w(x)dx < 1}. By the assumption (1.11),

1@ % B||1.0k < Almlz?]i @) (z)[e®ldz,  VE € Ny, Vo € B,
namely, the set ¢ x B is bounded in Ky (R"). Consequently, supycp [(f * ¢, ¢)| =
SUP4e | (f; @ * @) < co. Since D(R™) is dense in L) (R™), this implies that f*¢ €
(LL(R™)Y, i.e., suppepn |(f * ©)(h)|/w(h) < oo, as claimed.
(b) = (c). Notice that (VuT_pf)(z,2) = ™"V, f(x + h,z2). Fix A > 0.
By Corollary 3.3.1 (cf. (3.19)), there are k € Ny and C), > 0 such that, for all
r,h € R" and z € II,,

|62“iz'hV¢f($ + h, 2)| < Chw(h)(1 + |z|)kelk+zm Vel

Taking z = 0 and Sm z = 0, one gets (3.25).
(¢) = (a). Fix a synthesis window v € ICy(R"). In view of (1.11), one has that
if j is any non-negative even integer and A > 0, then, for all ¢ € D1 (R"),

sup (14 7 [ €2 a) Vg, 2) o

ZGH)\
< G Z // P80 (1) B2 (¢ — ) |22l gty
|B1]-+|B2]<g

< ACj ||l max | [y (@) M de < Ol 1.

We may assume that s is an even integer. By (3.25) and the previous estimate,
we obtain, for every ¢ € Ky (R™),

C s . B
(ol < o [ ko) Vel ~6) dode
< Collplliw,s+nt1s

which yields f € B (R").

Part (i7). Any of the conditions implies that f € B'(R"). (a)’ = (b)". Fix ¢ €
K1(R"). Given fixed ¢ > 0, we must show that limsup,_,, [{(T-nf, ¢)|/w(h) < e.
Notice that {Tj¢/w(h) : h € R"} is a bounded set in D1 (R™). Since f is in the
closure of D(R™) in B/, (R™), there is ¢ € D(R™) such that |[(T_,(f — @), ¢| < ew(h)
for every h € R™. Consequently,

: (T_wnf, )] :
limsup ———— < e+ lim ——
|h|ﬁoop W(h) - |h| =00 w(h)

/ lt - h)gb(t)dt’ <e.
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(b) = (¢)'. If € remains on a compact of K C R", then {Mg) : £ € K} is
compact in Ky (R™), thus, by the Banach-Steinhaus theorem,

0= qim KTl Me)] [V (@)

, uniformly in ¢ € K.
|| —o00 w(z) oo w(2)

There is s such that (3.25) holds. Taking into account that the above limit holds
for arbitrary K, we obtain that (3.26) is satisfied for any s’ > s.

(¢)) = (a)’. We may assume that s’ is a non-negative even integer. Consider the
weight wy (7, &) = w(z)(1 + |£])*. The limit relation (3.26) implies that V,,f is in
the closure of K; (R")®@S(R™) with respect to the norm || ||L‘1>7;J°°/ . Since we have the

dense embedding U(C") — S(R"), there is a sequence {®;}32, C K, (R™M)&U(C™)
such that lim; e ®; =V, f in L7)7X (R?"). Let v € K1(R™) be a synthesis window

and set ¢; = V*®; € K1(R") (cf. Proposition 3.3.1). By the relations (3.23) and
(4.4.1), we have for any ¢ € IC;(R"),

CllellLw,snt1
[(f = 5,0 < anwf - ‘I)jHL‘;j;f/;
where C' does not depend on j. Thus, ¢; — f in B, (R"), which in turn implies
that f € B/, (R") because D(R") — KC;(R").
O

We immediately get the ensuing result, a corollary of Theorem 3.4.1.

Corollary 3.4.1. K} (R") = |, B, (R") = U, B, (R™). In particular, f € D'(R")
belongs to K} (R™) if and only if there is s € R such that {e™*"T_,f . h € R"} is
bounded in D'(R™).

3.5 Characterizations through modulation spaces

We present here the characterization of the spaces Ky (R™), K}(R"™), B (R"),
B (R™), U(C™), and U'(C") in terms of modulation spaces.

Let us recall the definition of the modulation spaces. There are several equi-
valent ways to introduce them [26]. Here we follow the approach from [8, 9] based
on Gelfand-Shilov spaces. We are interested in modulation spaces with respect to
weights that are exponentially moderate. We denote by 91 the class of all weight
functions m on R?" that satisfy inequalities (for some constants A > 0 and a > 0):

m(xl + 22,61 +§2) < Aea(\le-l—\&l)

2n
m($1,€1) ($1,§1), (:L‘27€2) e R™".

Observe that any so-called v-moderate weight [26] belongs to 9t. We also consider
the Gelfand-Shilov space 3{(R") of Beurling type (sometimes also denoted as
SW(R™) or G(R™)) and its dual (X1)'(R"). The space X}(R") consists [7] of all
entire functions ¢ such that

sup |p(z)[eM* < oo and  sup |@(€)|eNdE < 00, VA > 0.
zeR? £eRn
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We refer to [62] for topological properties of ¥1(R"). The dual space (X])(R") is
also known as the space of Silva ultradistributions of exponential type [38, 91] or
the space of Fourier ultra-hyperfunctions [60]. If m € 9, ¢ € 21(R™) \ {0}, and
p,q € [1,00], the modulation space MPF9(R™) is defined as the Banach space

MEAR™) = {f € () (R™)  [[fllagn = Vi fll g < o0} (3.27)

This definition does not depend on the choice of the window v, as different windows
lead to equivalent norms. If p = ¢, then we write M? (R") instead of MZ:¢(R").
The space M} (R™) (for m = 1) was original introduced by Feichtinger in [28]. We
shall also define M2°(R™) as the closed subspace of M2°(R") given by M°(R") =
{f € (SR ¢ 1oy m(e, &)V S (2.6)] = 0.

We now connect the space of exponential distributions with the modulation
spaces. For it, we consider the weight subclass 91, C 9 consisting of all weights
m such that (for some s,a > 0 and A > 0)

m(z1 + 9, &1 + &)
m(ifbfl)

Let m € ;. By Proposition 3.3.1, K;(R™) € MP4(R"). Since ¥} (R") < K;(R"),
we obtain that IC;(R") is dense (weakly* dense if p = 0o or ¢ = o0) in MP4(R")
and therefore MP2(R™) C K} (R"). It follows from the results of [26] that we may
use ¥ € K1(R™) \ {0} in (3.27). Also, if f € MPY(R™) and ¢ € K1(R™) then V, f
is an entire function in the second variable (cf. Section 3.3); the next proposition
describes the norm behavior of V, f(z, z) in the complex variable z € C™.

< A1+ 6))%,  (21,6), (22, &) € R (3.28)

Proposition 3.5.1. Let m € My, p,q € [1,00|, and ¥ € Ki(R") \ {0}. If
f e MPYR"™), then (VA > 0)

a/p 1a
sup (/Rn<Rnle2”'"wa(:(:,£+in)m(x,£)lpdx> da) <Gl e

[nl<A
(3.29)
(With obvious changes if p = 0o or ¢ = c0.)

Proof. Assume that m satisfies (3.28) and set v(z, &) = (1 +|¢|)%e?®!. Notice first
that e 2™V, f(x, & +in) = Vy, f(x, ), where ¢, () = e*™")(t). As in the proof
of [26, Prop. 11.3.2, p. 234,
1 %

WH(V%Vd;)waHL&q < ClWVi, Ol allVa fll pae-

L2
Since {9, : [n| < A} is bounded in K;(R"), we obtain that {Vj, 1 : |n| < A} is
bounded in &1 (R™)&U(C™); hence supj, e Vi, ¥y < oo.

1V fllpe =

]

Using the fundamental identity of time-frequency analysis, i.e. [26, p. 40]
Vo f(x,8) = e 2™V f(€, —x), we can transfer results from K} (R") into U'(R")
by employing the weight class My = {m € M : m(x,&) = m(§,x) € My}
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For s,a > 0, we employ the following special classes of weights (w satisfies the
conditions imposed in Subsection ?77?):

Vs.a(2,€) = eI+ [€])° and wy(z,€) = w(z)(1 + [¢])".

Clearly v q,ws € 9. Obviously, for every m € 9, there are s,a > 0 such that

Me (R™) € ME(R™) C MPf (R™),

Proposition 3.5.2. Let p,q € [1,00]. Then,

KiR") = U MPAR™),  U(C") = U MEPAR"), (3.30)
meM meN

Ki(R") = () MEAR™),  UC)= () MEIURY), (3.31)
meM meNM2

B,(R") = | J My, (R"), and BL(R") =M, (R"). (3.32)
s>0 s$>0

Proof. The results for U(C"™) and U'(C™) follow from those for K1 (R™) and K} (R™).
The equalities in (3.32) are a reformulation of the equivalences (a) < (¢) and
(a) < (¢) from Theorem 3.4.1. By (3.28) and [26, Cor. 12.1.10, p. 254],

given m € My, there are s,a > 0 such that the embeddings ]\45’:’+n+1 (R C
MpAR"™) € M7y, (R") hold. Thus, part (a) from Lemma 3.3.1 gives the equality
KiR") = U, 50 Mf;’vs A(R") = Upeam, MEY(R™). In view of Proposition 3.3.1, it

only remains to show that

ﬂ M’%q(Rn m 'Usa Rn C ICl(Rn)
meMy s,a>0
We show the latter inclusion by proving that if f € My (R") (with s,a > 0),
then f is holomorphic in the tube R™ + i{n € R": |n| < a/(2m)} and satisfies

sup (1+ |22 f(2)] < 00, VA< % (3.33)

|Sm z|<A

In fact, choose a positive window v € D(R") such that » . ;. ¢(t — j) =1 for all

t € R". Since f =3, 4. fTj1), we obtain f =2 ez VoI (4, ), with convergence
in Y'(C"). In view of Proposition 3.5.1, each V,, f(j, ) is entire in z and satisfies
the bounds
sup (1 + [2*)2[Vi (4, 2)| < Crele72m00l,
[Sm z|<A

The Weierstrass theorem implies that f(z) = 30 jezn Vo f (4, 2) is holomorphic
in the stated tube domain and we also obtain (3.33). Summing up, if f €
Noaso M, (R™), then f € U(C"), ie., f € Ky (RY). 0

The following corollary collects what was shown in the proof of Proposition
3.5.2.
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Corollary 3.5.1. Let s,a > 0. If f € My (R"), then f is holomorphic in the
tube R" +i{n € R": |n| < a/(2m)} and satzsﬁes the bounds (3.33).

We make a remark concerning Proposition 3.5.2.

Remark 3.5.1. Employing [102, Thrms. 3.2 and 3.4, Proposition 3.5.2 can be
extended for p, g € (0, 00].

3.6 Tauberian theorems for S-asymptotics of dis-
tributions

In this section we characterize the S-asymptotic behavior of distributions in terms
of the STFT. As explained in Section 2.3, the idea of the S-asymptotics is to study
the asymptotic properties of the translates 7', f with respect to a locally bounded
and measurable comparison function ¢ : R® — (0, 00). It is said that f € K} (R")
has S-asymptotic behavior with respect to c if there is g € D'(R™) such that

ft+h)~ c(h)g(t) in £} (R") as |h| — 00, (3.34)

which of course means that (f * @)( h) Jan @(t)g(t)dt as |h| — oo, for each
¢ € D(R™) (or, equivalently, ¢ € ICl(R”))

In order to move further, we give an asymptotic representation formula and
Potter type estimates [2] for ¢:

Lemma 3.6.1. The locally bounded measurable function c satisfies (2.15) if and
only if there is b € C®(R") such that lim, o b (z) = 0 for every multi-index
la| > 0 and

c(x) ~exp(f-x+blx)) as|z] — oo. (3.35)

In particular, for each € > 0 there are constants a., A. > 0 such that

c(t+h)

acexp(f -t —elt]) < < Acexp(B-t+elt]), theR™ (3.36)

Proof. By considering e Ple(t), one may assume that § = 0. Let ¢ € D(R") be
such that [, o(t)dt = 1. Set b(t) = [, loge(t + x)@(t)dt. Clearly, b € C**(R")
and the relation (2 15) implies that b(x) = loge(z) + o(1) and b (z) = o(1) as
|z| — oo, for each multi-index |a| > 0. This gives (3.35).

Conversely, since ¢ is locally bounded, we may assume that actually c(x) =
P e @ hut |b(t + h) — b(h)| < [t| maxeep,in) [VO(E)|, which gives (2.15). Using
the fact that |Vb| is bounded, the same argument yields (3.36). O

Observe that Lemma 3.6.1 also tells us that the space B.(R") is well-defined
for c. We can now characterize (3.34) in terms of the STFT. The direct part of
the following theorem is an Abelian result, while the converse may be regarded as
a Tauberian theorem.
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Theorem 3.6.1. Let f € K{(R") and ¢ € K1(R")\{0}. If f € K|(R") has the
S-asymptotic behavior (3.34) then, for every A > 0,

= Vy9(x, 2), (3.37)

uniformly for z € Il and x in compact subsets of R".
Conversely, suppose that the limits

. e Vol (@,§)
lim ?m€r 2205 — ey e C 3.38
Jm ) ©) (3.38)
exist for almost every & € R™. If there is s € R such that
V.
sup (14 eyl @O (3.39)
(z,£)ER2" c(z)

then f has the S-asymptotic behavior (3.34) with g(t) = Ce’t, where the constant
is completely determined by the equation J(§) = C’zﬁ(—f —i3/(2m)).

Remark 3.6.1. Assume (3.39). Consider a weight of the form m.(x, &) = e#@+elzl(14-
|€])® with € > 0. It will be shown below that the asymptotics (3.34) holds in the
weak” topology of M77, (R"), i.e., (f*@)(h) ~ c(h)(g, ) as |h] — oo for every ¢
in the modulation space M}, (R"). Furthermore, one may use in (3.38) and (3.39)
a window ¢ € M, (R")\{0}.

Proof. Fix A > 0 and a compact K C R™. Note that the set
{M. T, (z,2) € K xII,}
is compact in K;(R™). By the Banach-Steinhaus theorem,

lim 627rizh V¢f(l’ + h7 Z)

|h| =00 c(h) - |hl|iinoo < T_—hf’ MZT“/}> - <g, Msz¢>’

c(h)
uniformly with respect to (z,2) € K x II,, as asserted in (3.37).

Conversely, assume (3.38) and (3.39). Let H = {£ € R : (3.38) holds}. In
view of Theorem 3.4.1, we have that f € BL(R™) or, equivalently, {T_,f/c(h) :
h € R"} is bounded in K} (R™). By the Banach-Steinhaus theorem and the Montel
property of K (R™), T_,,f/c(h) converges strongly to a distribution ¢ in K} (R")
if and only if limyp| oo (T-1 f, ) /c(h) exists for ¢ in a dense subspace of Ky (R").
Let D be the linear span of {MT,v : (x,&) € R" x H}. By the desingularization
formula (3.23) and the Hahn-Banach theorem, we have that D is dense in IC; (R™).
Thus, it suffices to verify that limn_oo (T-p f, McT,)) /c(h) exists for each (z,§) €
R™ x H. But in this case (2.15) and (3.38) yield

AT, M) mig-h Vo f(x+h,§)
u}ﬁinoo c(h) B |h1|1£>noo ¢ c(h)

f-rmie)a pp 2mic(arn) Vo (24 1 E)
|h|—oc0 c(h+x)

:6(
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= PO (e),

as required. We already know that g(t) = Ce*. Comparison between (3.37) and

(3.38) leads to J(§) = Vyg(0,&) = C [5, ¢(t)e’ 2" dt. To show the assertion

from Remark 3.6.1, note first that, by using (3.36), one readily verifies that
T f | args

sup ———1™ < 0.

hern c(h)
Since we have the dense embedding K;(R") < M}, (R"), we also have that D is
dense in M,, (R") and the assertion follows at once. The fact that one may use a
window ¢ € M,, (R™)\{0} in (3.38) and (3.39) follows in a similar fashion because

in this case the desingularization formula (3.23) still holds.
[

Let us make two addenda to Theorem 3.6.1. The ensuing corollary improves
Remark 3.6.1, provided that ¢ satisfies the extended submultiplicative condition
(for some A > 0):

c(t+ h) < Ac(t)c(h). (3.40)

Corollary 3.6.1. Assume that ¢ satisfies (3.40) and set cs(x,£) = c(x)(1 + [€])°,
s € R.If f € My}, (R") and there is ¢ € M (R™)\{0} such that the limits (3.38)
exist for almost every & € R™, then, for some g, the S-asymptotic behavior (3.34)
holds weakly* in Mf5, (R"), that is, (f x @)(h) ~ c(h){g,¥) as || — oo for every
o e M} (R").

Proof. We retain the notation from the proof of Theorem 3.6.1. The assumption
f e Mg, (R") of course tells us that (3.39) holds. Employing the hypothesis
(3.40), one readily sees that supjcgn ||T_hf||Mlo765/c(h) < 00. A similar argument
to the one used in the proof of Theorem 3.6.1 yields that the set D associated to

1 is dense in M (R"), which as above yields the result. O

In dimension n = 1, the next theorem actually obtains the ordinary asymptotic
behavior of f in case it is a regular distribution on (0, 0o) satisfying an additional
Tauberian condition. We fix m. as in Remark 3.6.1 and ¢, as in Corollary 3.6.1.

Theorem 3.6.2. Let f € M, (R). Suppose that

. ea Vol (2, §)

2mig-x VY ) —
xh_{roloe ) J(§) € C, (3.41)
for almost every & € R, where ¢ € M}, (R) \ {0} (resp. v € M} (R)\ {0} if c
satisfies (3.40)). If there is a > 0 such that e® f(t) is a positive non-decreasing
function on the interval (0,00), then

im m =
tgw o) C, (3.42)

where C' is the constant from Theorem 3.6.1.
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Proof. Using (3.41), the same method from Theorem 3.6.1 applies to show that
f(t+h) ~ Cg(t) in K (R) as h — oo, where g(t) = Ce’*. We may assume that
a > —f. Set f(t) = e f(t), b(t) = e*c(t), and r = a4+ 8 > 0. It is enough to
show that f(t) ~ Cb(t) as t — oo, whence (3.42) would follow. By (3.34), we have
that

f(t+h) ~bR)Ce™ as h — oo in K)(R),

ie.,
oo

(f(t 4 h), p(t)) ~ Cb(h)/_ e"lp(t)dt, Vo € Ki(R™). (3.43)

[e.9]

Let £ > 0 be arbitrary. Choose a non-negative test function ¢ € D(R) such that
suppp C (0,¢) and fo t)dt = 1. Using the fact that f is non-decreasing on
(0,00) and (3.43), we obtaln

o f) L f(R) [
llgls;}pm—llﬁs;}pm/o p(t)dt < hm /ft+h

<f(t+h),(,0(t)> — C/ 6”()0( ) t < Cere

= )
taking ¢ — 0T, we have shown that limsup,_, f(k ) /b(h) < C. Slmllarly, choos-
ing in (3.43) a non-negative ¢ such that supp ¢ C (—¢,0) and f t)dt =1, one

obtains liminf,_, f(h)/b(h) > C. This shows tha f(t) ~ Cb(t ) as t — 00, as
claimed. O

We conclude this Section with the following Theorem.

Theorem 3.6.3. Let f be a positive non- decreasz'ng function on [0,00) and let ¢ be
a positive function such that " € L}, (R) and [7°_(w(t)+]y' (t)|+[0" (t)])e’Felldt <
0o, where >0 and € > 0. Suppose that the lzmzts

lim ———— e / f(t) e 2 gt = J(€) (3.44)

T—00 eﬁwL er)
exist for every & € R, then

@) J(0)

T—00 eﬁIL(ex) ffooo w(t)eﬂtdt : (345)

Furthermore, if L satisfies L(zy) < AL(x)L(y) for all z,y > 0 and some constant
A, the requirements over ¢ can be relazed to [~ (¢ ()40 (t)]+[¢" (¢)]) L(el)ePtdt <
0.

Proof. Set c(t) = e L(el"l) and, as before (with s = 0), cy(7,€&) = c(x) and
me(z, &) = P17l Note that (3.45) is the same as (3.42). Let us first verify that
Y € M}, (R). In fact, if we take another window v € K;(R), we have

TTE|T TTE|T dg
[ vt et asas = [[ 1+ 1€0Wite e e
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3
<c (/ ol =)ol e+ 3 [ w0 - x)”(g_j)“)'eﬁmmdtdlﬁ) |
R? j=0 7 JR?

which is finite (a similar argument shows that ¢ € ML (R) if [7°_(¢(t) + |[¢/'(¢)] +

1" (t)) L(eleftdt < oo). In view of Theorem 3.6.2, 1t is enough to establish
f e fj’c (R). Let us first show the crude bound f(t) = O(c(t)). Set A; =

fo t)dt < oo. Since f is non-decreasing, we have

SAil/ooof(t—l—x dt<—/ fO)v(t —x)dt < Ase(z),
because of (5.15) with & = 0. Thus
Vi f(2,€)] < A / (B (t—)dt < o(z) A / el (1) dt < Age(z), V(x,€) € R?
0 —00

(likewise in the other case using L(zy) < AL(z)L(y)), which completes the proof.
[



Chapter 4

The ridgelet and Radon
transforms of distributions

In this Chapter we want to provide a thorough analysis of the ridgelet transform
and its transpose, called here the ridgelet synthesis operator, on various test func-
tion spaces. Our main results are continuity theorems on such function spaces. We
then use our results to develop a distributional framework for the ridgelet trans-
form. In Section 4.5 we apply our continuity theorems for the ridgelet transform
to discuss the continuity of the Radon transform on these spaces and their duals.
The Radon transform on Lizorkin spaces naturally extends the one considered by
Hertle [34] on various distribution spaces. Finally, Section 4.8 deals with Abelian
and Tauberian theorems for the ridgelet transform. We should mention that here,
we use the constants in the Fourier transform as

~

o(w) = . P(x)e > Vdx.

Moreover, in this Chapter, we use bold letters to denote elements from R™.

4.1 Preliminaries on the ridgelet and Radon trans-
forms

4.1.1 The ridgelet transform of functions and some distri-
butions

In [4, 5] Candes introduced and studied the continuous ridgelet transform. He
developed a harmonic analysis groundwork for this transform and showed that
it is possible to obtain constructive and stable approximations of functions by
ridgelets. Ridge functions often appear in the literature of approximation theory,
statistics, and signal analysis. One of the motivations for the introduction of the
“X-let” transforms, such as the ridgelet or curvelet transforms, comes from the
search of optimal representations of signals in high-dimensions.

Let v € S(R). For (u,b,a) € Y""' where u is the orientation parameter, b
is the location parameter, and a is the scale parameter, we define the function

67
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Yupa - R — C, called ridgelet, as

a

wu,b,a (X) — %1/} <ﬂ) ., XE R™.

This function is constant along hyperplanes x - u = const., called “ridges”. In
the orthogonal direction it is a wavelet, hence the name ridgelet. The function
¥ is often referred in the literature [4, 5] as a neuronal activation function. The
ridgelet transform R, f of an integrable function f € L'(R") is defined by

Ryf(u,b,a) = - FE)upa(x)dx = (f(%), Yupa(X)),. - (4.1)

where (u,b,a) € Y"1

The ridgelet transform can also be canonically defined for distributions f €
D, (R™) via (4.1), because the test function ¢y, € Dre(R™) and thus the integral
formula can be still interpreted in the sense of Schwartz integrable distributions
(89, p. 203]. In particular, (4.1) makes sense for f € £&'(R™) or f € O (R™). On the
other hand, if one wishes to extend the definition of the ridgelet transform to more
general spaces than D}, (R™), one must proceed with care. Even in the L? case,
(4.1) is not directly extendable to f € L*(R™) because the defining integral might
fail to converge. A similar difficulty is faced when trying to extend the ridgelet
transform to distributions: the function ¢y, ¢ S(R™) and therefore (4.1) is not
well defined for f € S’(R™). We shall overcome this difficulty in Section 4.4 via
a duality approach and define the ridgelet transform of Lizorkin distributions for

Y € S(R).

4.1.2 The continuous wavelet transform

Wavelets have generate significant interest from both theoretical and applied re-
searchers over the last few decade. The concepts for understanding wavelet were
provided by [10, 54] and many others. Usually, the wavelet analysis presents
two main important features: the wavelet transform as a time-frequency analysis
tool, and the wavelet analysis as part of approximation and function space theory.
Wavelet transform is now used in a wide variety of applications in the areas of
signal processing, image processing, computer science, acoustics, communications,
geophysics, medicine, etc.
Given functions f and 1, the wavelet transform W, f(b, a) of f is defined by

z—>b
a

Wy f(b,a) = / f(g;)lzp( )dm, (b,a) € H. (4.2)
R a

The expression (4.2) is defined, e.g., if f,% € L*(R), f € L'(R) and ¢ € L*(R),

or in other circumstances. We will actually work with the wavelet transform of

distributions. So if f € §'(R) and ¢ € S(R) (or f € S{(R) and 1 € Syp(R)), one

replaces (4.2) by

Wy f(b,a) = <f(a:), %E(": — b)> . (ha) € H. (4.3)

a
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We have that [37, Thrm. 19.0.1], W, : So(R) — S(H) is a continuous linear map.
Given ® € S(H), we define wavelet synthesis operator with respect to the wavelet

P as

Myd(t) / / ba b)dbda teR. (4.4)

One can show that My, : S(H) — Sy(R) is continuous.
We shall say that the Wavelet Y € So(R) admits a reconstruction wavelet if
there exists 7 € Sp(R) such that

Cypn(w / ¢rw weES,

is independent of the direction w; in such case we set ¢y, := ¢y, (w). The wavelet
7 is called a reconstruction wavelet for ¢. It is easy to find explicit examples of
wavelet admitting recosntruction wavelets; in fact, any non-trivial rotation invari-
ant element of Sy(R) is itself own reconstruction wavelet.

If ¢y admits the reconstruction wavelet 7, one has the reconstruction formula
for the wavelet transform on Sy(R)

Ids,®) = LMWWW
Cyon

We refer to Holschneider’s book [37] for a distribution wavelet transform theory
based on the spaces Sp(R), S(H), Sj(R), and S’'(H). For the wavelet transform
of vector-valued distributions, we refer to [71, Sect. 5 and 8]. Let we mention
that the quasiasymptotic behavior is a very suitable concept for wavelet analysis
(82, 83, 84, 110, 70]. In fact, the wavelet transform can be thought as a sort of
mathematical microscope analyzing a distribution on various length scales around
any point of the real axis.

4.1.3 The Radon transform

The Radon transform is named after J. Radon in 1917 who showed how to describe
a function in terms of its (integral) projections. The mapping from the function
onto the projections is the Radon transform. The inverse Radon transform corres-
ponds to the reconstruction of the function from the projections. Within the realm
of image analysis, the Radon transform is mostly known for its role in computed
tomography. It is used to model the process of acquiring projections of the original
object using X-rays. Given the projection data, the inverse Radon transform, in
whatever form (e.g. back-projection), can be applied to reconstruct the original
object.

Let f be a function that is integrable on hyperplanes of R®. For u € S*!
and p € R, the equation x - u = p specifies a hyperplane of R". Let P" denote
the space of all hyperplanes in R"”. Each hyperplane h € P" can be written as
h={x€R":x-u=p}. Then, the Radon transform of f is defined as

Rf(u.p) = Rfa(p) = / s = [ s —x- wax
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where d is the Dirac delta. Fubini’s theorem ensures that if f € L'(R"™), then
Rf € L}(S™ ! x R).

Remark 4.1.1. Note that the pairs (u, p) and (—u, —p) give the same hyperplane,
so the mapping (u,p) — h is double covering of S"~* x R onto P".

The Fourier transform and the Radon transform are connected by the so-called
Fourier slice theorem [33];

~

F(f(x))(wu) = fwu) = Rf(u,w) = F(Rf(u,1))(w), weR, ueR"

According to it, the Radon transform can be computed as
1 BN .
Rf(u,p) = 2—/ flwu)e™dw, ueS" ' peR, (4.5)
m —00

for sufficiently regular f (e.g., for f € L*(R™) such that ]/”\E LY(R™)).
The dual Radon transform (or back-projection) R* o of the function o € L>®(S"~!x
R) is defined as

R*o(x) = /Sn_1 o(u,x - u)du.

The transforms R and R* are then formal transposes, i.e.,

(Rf,0) = {f, R"0). (4.6)

For instance, for f € L'(R™) and o € L>®(S"! x R),

fomoxiix = [~ [ Rftwpotu. piud.

Rn

More details on the Radon transform can be found in Helgason’s book [33]. See
also [24, 34, 35, 51, 76]. In particularly, Hertle [34] has exploited the duality
relation (4.6) to extend the definition of the Radon transform as a continuous
map between various distribution spaces. In fact, the dual Radon transform R* :
A(S"t xR) — A(R™) is continuous for A = Dy1, &, O¢ and the Radon transform
can then be defined on their duals by transposition as in (4.6). Namely, [34, Thrm.
1.4] states that the Radon transform defines a continuous operator form A’'(R"™)
into A'(S""! x R), where A" = &', 0., D},. In Section 4.5 we will enlarge the
domain of the Radon transform to the Lizorkin distribution space Sj(R™).

4.1.4 Relation between the Radon, ridgelet and wavelet
transforms

The ridgelet transform is intimately connected with the Radon transform. Chan-
ging variables in (4.1) to x = pu+y, where p € R and y runs over the hyperplane
perpendicular to u, one readily obtains

Rof (u,b.a) = Wy(Rfa) (b, ), (4.7)
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where W, is a one-dimensional wavelet transform. The relation (4.7) holds if
f € LY(R"™). (In fact, we will extend its range of validity in Sections 4.4 and 4.6.)
Thus, ridgelet analysis can be seen as a form of wavelet analysis in the Radon
domain, i.e., the ridgelet transform is precisely the application of a one-dimensional
wavelet transform to the slices of the Radon transform where u remains fixed and
p varies. Furthermore, by the Fourier slice theorem (4.5), the properties of the
Fourier transform and the relation (4.7), we get the useful formula

R¢f (u> bv a) - CL_I/RRf(u,p)@/_J (p_b> dp

a
_ % /_ Z RF (@) (aw)e™dw
— o [ F ) Blawetd (138)

4.2 Extended reconstruction formulas and Par-
seval relations
In [5] (see also [4, Chap. 2]), Candes has established reproducing formulas and

Parseval’s identities for the ridgelet transform under the assumption that 1 €
S(R) is an admissible neuronal activation function, meaning that it satisfies the

constrain R
00 2
/ [¥(w) dw < 0. (4.9)

jw!”

[eo]

We shall establish in this section more general reconstruction and Parseval’s formu-
las employing neuronal activation functions which are not necessarily admissible.
The crucial notion involved in our analysis is given in the next definition. As
usual, a function is called non-trivial if it is not the zero function.

Definition 4.2.1. Let ¢ € S(R) be a non-trivial test function. A test function
n € S(R) is said to be a reconstruction neuronal activation function for v if the
constant

dw

o (4.10)

K= @ [ D))

is non-zero and finite.

It is then easy to show that any ¢ admits a reconstruction neuronal activation
function 7, as long as 1 is non-trivial, and, in such a case, one may take n €
So(R), if needed. Our first result states that it is always possible to do ridgelet
reconstruction for non-trivial neuronal activation functions.
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Proposition 4.2.1 (Reconstruction formula). Let ¢ € S(R) be non-trivial and let
n € S(R) be a reconstruction neuronal activation function for it. If f € L*(R™) is
such that f € L*(R™), then the following reconstruction formula holds pointwisely,

1 oo [ dbdadu
== / / / Ry f (0, b,a) nupa(x)——. (4.11)
wﬂ? Sn—1 0 — 0 a

Remark 4.2.1. Proposition 4.2.1 shows that ridgelet reconstruction is possible for
non-oscillatory neuronal activation functions; indeed, for test functions that might
not satisfy the admissibility condition (4.9) (e.g., the Gaussian ¢(z) = ™).
Nevertheless, if 1 is not oscillatory, then the reconstruction function 7 should
compensate this fact by having its first n + 1 moments equal to 0.

Proof. Indeed, (4.8) yields

/Sn : / . / ) Ryf (u,b,a) ﬁu,b,a(x)dbdidu
/ /Sn 1/ "”“"w wa)f(wa) f(w )daciudw

K
= w”/ / X1 f (wu) dudw.
Sn—1

A similar calculation leads to the ensuing result.

Proposition 4.2.2 (Extended Parseval’s relation). Let 1 € S(R) be non-trivial
and let n € S(R) be a reconstruction neuronal activation function for it. Then,

1 o[ dbdadu
[ reaseoix= o [ R R b TR 12)
)

for any f,g € L*(R™) N L?(R").

According to our choice of the standard measure on Y"™ (cf. Subsection ?7),
we denote by L2(Y"™!) := L2(Y"™! a~"dudbda) so that the inner product on this

Space is
dudbd
(FG L2(Yn+1) - —/ / / ( ba) v " a.
S§n—1 a

As already observed by Candes [5], the transform ,/K;jﬂ@p is L?-norm pre-

serving whenever ¢ is an admissible function. In such a case ||Ry||r2qynt1y =
Kywl|fllr2@n) on a dense subspace of L*(R™), as follows from (4.12). Con-
sequently, R, extends to a constant multiple of an isometric embedding L*(R™) —
L2 (YnJrl)'

The reconstruction formula (4.11) suggests to define an operator that maps
functions on Y"*! to functions on R" as superposition of ridgelets. Given v €
S(R™), we introduce the ridgelet synthesis operator as
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dbdad
/ / / w, b, @)t pa(X) afi Y xeRr (4.13)
Sn— 1

The integral (4.13) is absolutely convergent, for instance, if ® € S(Y"*!). In
Section 4.3 we will show that if ¢ € Sy(R), then R}, maps continuously S(Y"*") —
So(R™). It will then be shown in Section 4.4 that R}, can be even extended to
act on the distribution space S'(Y"*!). Observe that the relation (4.11) takes the
form (R; o Ry)f = Ky, f-

We remark that R% and R, are actually formal transposes. The proof of
the next proposition is left to the reader, it is a simple consequence of Fubini’s
theorem.

Proposition 4.2.3. Let ¢ € S(R). If f € L*(R™) and ® € S(Y"*), then

f(x) dx—/Snl/ / Ry f(u,b,a)d(u, )db‘i“d“ (4.14)

Following our convention for regular distributions on Y**! (cf. (1.10)), we may
write (4.14) as (f, Rj;®) = (Ryf, ®) . This dual relation will be the model for our
definition of the distributional ridgelet transform.

Rn

4.3 Continuity of the ridgelet transform on test
function spaces

The aim of the section is to prove that the ridgelet mappings
Ry : S(R") = S(Y™)  and R : S(Y') = So(R")

are continuous when ¢ € Sy(R). For non-trivial ¢, the ridgelet transform R, is
injective and pr is surjective, due to the reconstruction formula (cf. Proposition
4.2.1). Recall that we endow S(Y"™!) with the system of seminorms (1.9).

Notice that we can extend the definition of the ridgelet transform as a sesqui-
linear mapping R : (f,v) — Ry f, whereas the ridgelet synthesis operator extends
to the bilinear form R": (®,¢) — R} ®.

Theorem 4.3.1. The ridgelet mapping R : So(R™) x Sp(R) — S(Y"1) s con-
tinuous.

Proof. For the seminorms on Sp(R™), we make the choice

po(¢) = sup (1+x))"|o"™(x)|, veN. (4.15)

x€R”,|m|<v

We will show that, given s,r,m, [,k € Ny, there exist v,7 € N and C' > 0 such
that

Pt (Ryo) < Cpu(9)p-(v), ¢ € SH(R™), ¥ € So(R). (4.16)
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We may assume that r is even and s > 1. We divide the proof into six steps.
1. Using the definition of the ridgelet transform and the Leibniz formula, we
have

ot om
dal 8mew¢( a)
' 1 o [(x-u—0b
| [ 060 e (2= ax
l (1) )
[ 1 L /x-u—> x-u—>b
= (m+1)
Z <j > (x) (am+1) (8 ( a ) ( . ) dx
_Zamn}rll]] a—d- 1B7anldj / o (x m+z ( -1(11_5) (x-u—b)ldx
1,q<j
d<2j
1 1 . cu—>
=¢ <Gm+2l+m> (L+6)72 ) 5/ X% (x) P+ <X 1; )dx |

i<l

Setting ¢q(x) = x*¢(x), this yields

PR Ry0) < C Y o iRy (6a).-

j<m—+l
|| <1

So we can assume that m = [ = 0 because multiplication by x“ and differentiation
are continuous operators on Sy.
2. We now show that we may assume that k£ = 0. Notice that

AERy (w,b,a) = A% [ ¢(x)a™y (m) dx
R™
_ Z a_dPa,j,d<u)é/ X% (X) ¢(j) (ﬂ) dx,

A a
|ae],5,d<2k

n

where the P, j 4(u) are certain polynomials. The P, ;4 are bounded, thus

1 1 v (x-u—>
k 2k il a ()
|Au7€¢¢(u,b,a)‘§C’<a +a2k) E a/nx ¢ (x) Y ( ” >dx.
This gives (with ¢, as before)

o], <2k
p(s)gk <C Z p2k+sr R¢(J>(¢G))'

|a],7 <2k

Reasoning as above, we can assume that £ = 0.

3. Observe that, by (4.8),

_ r/2
(1 + bQ)T/QR ¢ (u / qb wu) 12}\ (1 — 8_2> e dw

Ow?
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_1 Ooeibw (1 aQ)T (G(wn)d(aw))dw
27 ow?

= 3 Qusw) [ )i )

laf,j<r

for some polynomials Q, ;. Taking (4.8) into account, and writing v;(z) = 27 (z)
and again ¢,(x) = x*¢(x), we conclude that

PROORy) < C Y pUl% (R, (6a)).

leef,5<r

Consequently, we can assume r = 0.
4. We consider the part involving multiplication by a® in p(s)’,g,o. Using the
Taylor expansion of ¢, we obtain

a’ |,R’7J1¢ (117 ba (I>| = 271'

/ gb wu) Z w)e™ dw
(wu

§|a§_l o /_Oo a!) o (wou){ﬂ\(aw)eibwdw
< algsjlm, [ ol | [ o i) @

< Cps—i-n(gb)ps—i-l(w)‘

5. For the multiplication by a=*, we develop 15 into its Taylor expansion of
order s. Then,

@ Ry (u,ba)| =5— ‘/ S(wu)d(aw)e® du
<

|w G (wn)P® (aw)|dw.

27rs! e

It is easy to see that last integral is less than Cpgip11(9)psi2(?0). Combining this
fact with the bound from step 4, we obtain

pg 8 O(Rw¢) < Cps+n+1 (¢)ps+2 (w)

6. Summing up all the estimates, we find that (4.16) holds with v = s + 2r +
4l+4k4+m+n+1and 7 = s+ 2r+4l+4k+2m—+2. This completes the proof. [

We now study the ridgelet synthesis operator.

Theorem 4.3.2. The bilinear mapping R' : S(Y") x Sy(R) — So(R™) is con-
tinuous.
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Proof. Let us first verify that the ridgelet synthesis operator has the claimed range,
that is, we show that if 1) € So(R) and ® € S(Y"*!), then ¢(x) := R, € Sp(R").
In other words, we have to prove that

lim o(w)

woo [wl

=0, VkeN,. (4.17)
Observe that

_ 1 x n—1 _iwu-x * J(wa) da .
p(x) = o /Sn1 /Oow e </0 d(u,w,a) (wa)yT ;) dwdu;

hence, by Fourier inversion in polar coordinates,

a(wu) = (2m)" ! /000 (&D(u,w,a) Plwa) + ®(u, —w,a)M> @, (4.18)

(wa)r—1 (—wa)" 1] a

w € Ry, ue S L (Here ® stands for the Fourier transform of ®(u, b, a) with
respect to the variable b.) Since ® belongs to S(Y"™!), we have that for any k € N

we can find a constant Cj > 0 such that |EI\>(u,w,a)| < Cra=*7! uniformly for
w € R and u € S* 1. Thus,

| < [ V)] i _ o o |

oo Jwal*=1 falF+2 0

Y(a)

an+k+1

da, weR, uesS",

whence (4.17) follows.
We now prove the continuity of the bilinear ridgelet synthesis mapping. Since
the Fourier transforms ¢ — ¢ and ® — & are continuous automorphisms on the

~

S spaces, the families (cf. (4.15) and (1.9)) p,(¥) = pu(¥), ¥ € Sy(R), v € Ny,
and pimF(®) = pi’f’“(@), ® € S(Y"), I,m, k, s,r € Ny, are bases of seminorms
for the topologies of Sy(R) and S(Y"*1), respectively. We shall need a different
family of seminorms on Sy(R™). Observe first that the Fourier transform provides
a Fréchet space isomorphism from Sp(R™) onto S.(R™), the closed subspace of
S(R™) consisting of all those test functions that vanish at the origin together
with all their partial derivatives. On the other hand, polar coordinates ¢(wu)
provide a continuous mapping S,(R") — S,(S""! x R); the range of this mapping
is closed (it comsists of even test functions, i.e., o(—u, —w) = o(u,w) [13, 33]),
and therefore the open mapping theorem implies that it is an isomorphism into
its image. Summarizing, the seminorms py 4%, given by

. NN

pN,q,kz(¢) = sSup w WAUQS(WU) > N7 q, ke N07

(u,w)eSm—IxR w

are a base of continuous seminorms for the topology of Sp(R™). We show that
given N, q,k € Ny there are C' > 0 and v € N such that

gk (RE®) < Churig(®) Y pon™(®).

m,s<v
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Now, setting again ¢(x) := R, ® € So(R"), using the expression (4.18), the Leibniz
formula, and the Taylor expansion for 1, we get

aq N q J 00 ] aq*j ~ QZ(]*d) (wa)
N k -j—1, N k
w %Auqﬁ(wu) < C;dzg/_oo a7 w mAuq)(u,w,a)W da
a J ) ‘ 51-J - ~.
SOD Y [N g A )8 e
j=0 d=0 "~
o 0,q—j,k > a’da
S Opn—l—i—q(w) Z(] + 1)/)]‘1335\7[ ((I))/ (l4 + 1’
=0 o

as claimed. O

For future use, it is convenient to introduce wavelet analysis on S(S"! x R).
Given ¢ € S(R), we let W, act on the real variable p of functions g(u,p) (or
distributions), that is,

Wyg(u,b,a) == /OO o (?) g(u,p)dp = <g(u>p) 1@(1)7_% >p, (4.19)

-
oo @ a

(u,b,a) € Y"™1. Similarly, we define the wavelet synthesis operator on S(Y"*1)

as
00 oo —b dbd
chpm,p):/o / %¢ (p >CI>(u,b,a) a“. (4.20)

a

A straightforward variant of the method employed in the proofs of Theorem 4.3.1
and Theorem 4.3.2 applies to show the following continuity result. Alternat-
ively, since S(S"™! x R) = D(S" 1)@S(R), Sp(S"! x R) = D(S"1)@Sy(R) and
S(Y"1) = D(S" 1) ®S(H), the result may also be deduced from a tensor product
argument and the continuity of the corresponding mappings on S(R), So(R), and
S(H) (cf. [37] or [74]).

Corollary 4.3.1. The mappings
(1) W:8S(S" ! x R) x So(R) — S(Y"H)
(i) M :S(Y") x S(R) — S(S"! x R)
(1) M : S(Y"1) x So(R) — Sp(S"! x R)
are continuous.

We end this section with a remark concerning reference [78].

Remark 4.3.1. In dimension n = 2, Roopkumar has considered [78] the analogs of
our Theorem 4.3.1 and Theorem 4.3.2 for the space Sy (Y"™), where Sy (Y")
consists of all those smooth functions ® on Y"*! satisfying

Lo om

l,m,k s k
MR (D) = up @V =—=——AFD (u,b,a)| <oo, I,m,k, s reN,.
73,7’ ( ) (u,b,i)g i1 ) 1 Hpm U ( ) S, T 0
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Observe that his system of seminorms {vé’:‘k} does not take decay into account
for small values of the scaling variable a (the term a~* does not occur in his con-
siderations). He claims [78, Thrm. 3.1 and 3.3] to have shown that R, : S(R?) —
S4(Y?) and Rl : Sx(Y?) — S(R?) are continuous when ¢ € S(R) satisfies the
admissibility condition (4.9). His proof of the continuity of RY, : Sx(Y?) — S(R?)
appears to be incorrect because it seems to make use of the erroneous relation
11 cosl + mysind = (zy + ixy)e® [78, p. 436]. Furthermore, his result on the
continuity of Ry : S(R?) — Sx(Y?) turns out to be false because the ridgelet
transform R, does not even map S(R") into Roopkumar’s space Sy (Y"). We
show the latter fact with the following example. Choose the admissible function
D(w) = 27 /2 yMe=w/4 e R and ¢(w) = e * w € R™. Then, by (4.8),

o 1 00
Rw¢(u7 0’ a) — / €7w2/4<aw)2n€*(aw)2/4dw _ - / €7w2/(4a2)w2n67w2/4dw
a J_

—00 o0

1 e 2 C
N—/ whe ™ Mdw = =, a— oo,

a ) _o a

where ¢ # 0. This shows that 73”8’0(R¢¢) = co. Therefore, Ry¢p ¢ Sy (Y"H1).

4.4 The ridgelet transform on Sj(R")

We are ready to define the ridgelet transform of Lizorkin distributions.

Definition 4.4.1. Let ¢ € Sp(R). We define the ridgelet transform of f € S|(R")
with respect to ¢ as the element R, f € S'(Y"!) whose action on test functions
is given by
(Ryf, @) == (f,R5®), ®eSY"). (4.21)
The consistence of Definition 4.4.1 is guaranteed by Theorem 4.3.2. Likewise,
Theorem 4.3.1 allows us to define the ridgelet synthesis operator R}, for ¢/ € So(R)
as a linear mapping from S'(Y"™!) to S/(R™) (and not to S'(R™)).

Definition 4.4.2. Let ¢ € Sp(R). The ridgelet synthesis operator R!, : S'(Y"™') —
SH(R™) is defined as
(RUF,¢) == (F,Ry¢), F eS8 Y, ¢eSR. (4.22)

Taking transposes in Theorems 4.3.1 and 4.3.2, we immediately obtain the
ensuing continuity result.

Proposition 4.4.1. Let ¢ € Sy(R). The ridgelet transform R, : SH(R™) —
S'(Y") and the ridgelet synthesis operator R, : S'(Y'!) — Si(R™) are con-
tinuous linear maps.

We can generalize the reconstruction formula (4.11) to distributions.

Theorem 4.4.1 (Inversion formula). Let ¢ € So(R) be non-trivial. If n € So(R)
s a reconstruction neuronal activation function for i, then

1
Ky
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Proof. Applying Definition 4.4.1, Definition 4.4.2, and Proposition 4.2.1, we obtain
at once <RZ(R¢f)7 ¢> = <f7 R%<Rﬁ ¢)> = Kﬁ,@<f7 Qb) = de,n(fa ¢> O

In Subsection 4.1.1 we have given a different definition of the ridgelet transform
of distributions f € D’ ,(R"™) via the formula (4.1). We now show that Definition
4.4.1 is consistent with (4.1) (under our convention (1.10) for identifying functions
with distributions on Y**1). In particular, our definition of the ridgelet transform
for distributions is consistent with that for test functions.

Theorem 4.4.2. Let f € D}, (R"). The ridgelet transform of f is given by the
function (4.1), that is,

(Ryf, @ / / | Refwb @, )d“dfda, O e S(Y"). (4.24)

a

Proof. By Schwartz’ structural theorem [89], we can write f = Zjv i (M) where

each f; € L'(R™). Observe first that (f;mj),wuyb@ = (—a70)"™ (f;, ™))y pa)-
On the other hand, since
1 [m] a‘m‘] Rt P = Rt 1.\ P
(=1) Opmi b T E<mj>((—@ 11) ),
the ridgelet transform R, f, defined via (4.21), satisfies Rw(f](mj)) = (=a" )" R ym)) fj.
Therefore, we may assume that f € L'(R™). But in the latter case, the result is a
consequence of Proposition 4.2.3. O

Remark 4.4.1. Let us point out that (4.24) holds in particular for compactly sup-
ported distributions f € &'(R™) or, more generally, for convolutors f € O (R").
Furthermore, when f € O (R"), one can easily check that R, f € C>®(Y"*1).

4.5 On the Radon transform on Sj(R")

In this section we explain how one can define the Radon transform of Lizorkin
distributions. Its connection with the ridgelet and wavelet transforms will be
discussed in Section 4.6.

We begin with test functions. Hertle [35] has made nice discussions about
the range of the Radon transform on D(R™) and £(R™) and manage to prove that
R:E&'(R") — &'(S"1xR) is a topological isomorphism. Helgason [33] and Gelfand
et al. [24] gave the range theorem for the Radon transform on S(R"). Indeed,
its range R(S(R™)) consists of the closed subspace of all those o € S(S"! x R)
such that ¢ is even on S"™! x R, i.e., o(—u, —p) = o(u, p), and ffooo pFo(u,p) is a
k-th degree homogeneous polynomial in u for all £ € Ny. The situation is not so
satisfactory for the dual Radon transform R*, because it does not map S(S"~! xR)
to S(R™). Consequently, the duality relation (4.6) fails to produce a definition for
the Radon transform on &’(R™). The Radon transform on &'(R") can be defined
24, 51, 76], but it does not take values in &'(S"™! x R). The range R(S’(R"™)) is
particularly complicated to describe in even dimensions n.
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As Helgason points out [33], a more satisfactory situation is obtained if we
restrict our attention to the smaller test function spaces Sy(R") and Sp(S"~! x R).
In such a case,

R:Sy(R™") — Sy(S™ ' x R) (4.25)

and

R S()(Snil X R) — So(Rn) (426)

We apply our results from Section 4.3 to deduce the following continuity result for
R and R*.

Corollary 4.5.1. The mappings (4.25) and (4.26) are continuous.

Proof. Let 1 € Sy(R) have a reconstruction wavelet [37] n € Sy(R), that is, one
that satisfies

dw

con= [ D)) ™ = / D)) ™ 20 (4.27)

0 w —00 ‘w‘
From the one-dimensional reconstruction formula [37], we obtain ¢ ,id So(S"—1xR) =
MWy By (4.7), R = cqz’ln(./\/lan), and so the continuity of R follows from The-
orem 4.3.1 and Corollary 4.3.1. Next, define the (continuous) multiplier operators

Jo: S(Y') = S(Y™™),  (J,®@)(w,b,a) = a*®(u,b,a), scR. (4.28)

We have that ¢y, R* = R*M,Ji_nJpn_1 Wy = R;Jn,lwd, is continuous in view of
Theorem 4.3.2 and Corollary 4.3.1. [

The mapping (4.26) allows one to extend the definition of the Radon transform
to SH(R™).

Definition 4.5.1. The Radon transform
R:S)(R") — S)(S"' x R) (4.29)
is defined via (4.6).
Since (4.29) is the transpose of (4.26), we obtain,
Corollary 4.5.2. The Radon transform is continuous on Sy(R™).

Notice that the dual Radon transform (4.26) is surjective [33]. Therefore, the
Radon transform is injective on S{(R™). The restriction of (4.29) to the subspaces
D (R™), E'(R™), Op(R™), clearly coincides with the Radon transform treated by
Hertle in [34].
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4.6 Ridgelet desingularization in Sj(R")

The ridgelet transform of f € S;(R™) is in turn highly regular in “the variables”
b and a. This last section is devoted to prove this fact. We also give a ridge-
let desingularization formula and establish the connection between the ridgelet,
wavelet, and Radon transforms.

As mentioned in Subsection 1.2.5, we have S(Y"*!) = D(S" 1)®S(H). The
nuclearity of the Schwartz spaces leads to the isomorphisms &'(Y"™!) = S'(H, D' (S" 1))
~ D/(S"1, §'(H)), the very last two spaces being spaces of vector-valued distri-
butions [92, 103]. We shall identify these three spaces and write

S'(Y'") = S'(H,D'(S" 1)) = D'(S" 1, S'(H)). (4.30)
The equality (4.30) being realized via the standard identification
(FoaW) = ((FU),¢)=((F¢),¥), TeSH), peDE"), (431)

Thus, given F € &' (Y"™!), the statement F is smooth in (b,a) has the clear
interpretation F' € C(H,D'(S" 1)) = D/(S"~ !, C*>°(H)). Moreover, we shall say
that F € S'(Y"™) is a function of slow growth in the variables (b,a) € H if
(F(u,b,a),¢(u)), is such for every ¢ € D(S" '), namely, it is a function that
satisfies the bound

[(Flaba) el < (o + ) 0B (o e

for some positive constants C' = C, and s = s,,.
Notice also that S)(S"! x R) = S}(R,D’'(S*!)) (again under the standard
identification). This allows us to define the wavelet transform (¢ € Sp(R)),

Wyt S x R) = SR, D)) = S(H,D/(S) = S(¥"*),

by direct application of the formula (4.3) as a smooth vector-valued function W,g :
H — D'(S"!), for ¢ € S)(S™' x R). One can also check that this wavelet
transform satisfies

(g, M;®) :/Ooo /Z Wyg(u,b,a), ®(u,b,a)), dbda, (4.32)

a

for g € S5(S"!' x R) and & € S(Y"™'), where My is as in (4.20). Implicit in
(4.32) is the fact that we are using the measure a~'dbda as the standard measure
on H for the identification of functions of slow growth with distributions on H.
This choice is the natural one for wavelet analysis, in the sense that one can check
that the following duality relation holds:

for all for g € SH(S" ' xR) and ® € S(Y™"*). (See [71, Sect. 5 and 8] for additional

comments on the vector-valued wavelet transform.)

The relation between the Radon transform, the wavelet transform, and the
ridgelet transform is stated in the following theorem, which also tells us that the
ridgelet transform is regular in the location and scale parameters.
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Theorem 4.6.1. Let f € Sj(R™) and ¢ € Sp(R). Then,

(R f, ) /0 h /_ T W (R (wb,a), du,b.a)), P e Sy, (4.33)

a

Furthermore, Ry f € C=(H, D'(S* 1)) and it is of slow growth on H.

Proof. That Ry is smooth and of slow growth in the variables b, a follows from
(4.33) and the corresponding property for the wavelet transform. Let us show
(4.33). The multiplier operator J; was introduced in (4.28). By (?77?),

/ / Ww Rf b CI,) ( ,b, a)) dbda = <Rf,M J1 —-n > = <f, R*Mﬂjl—nq)>

]

It should be emphasized that the relation (4.33) is consistent with the ridgelet
transform of test functions, as follows from Theorem 4.4.2 and (4.7).

We end this article with a desingularization formula, a corollary of Theorem
4.6.1. The next result generalizes the extended Parseval’s relation obtained in
Proposition 4.2.2.

Corollary 4.6.1 (Ridgelet desingularization). Let f € S|(R") and let ¢ € Sp(R)
be non-trivial. If n € So(R) is a reconstruction neuronal activation function for
1, then

(. dbda

1 oo )
- Kw/o /R<Ww(Rf)(u, b.a), Ry $(u.b,0)), —=, & € So(R").
(4.34)

Proof. By Theorem 4.4.1, Ky, (f, ¢) = <f, R%Rﬁ ¢> = (Ryf,R7 ¢) . The desin-
gularization formula (4.34) follows then from (4.33). O

According to (4.32), the relation (4.33) for distributions might be rewritten as
Ry = JinoWyoR. (4.35)

Observe that (4.35) is not in contradiction with (4.7). Indeed, if f € L'(R™) (or
more generally f € D}, (R")), then (4.7) expresses an equality between functions,
(4.33) is then in agreement with (4.24), whereas (4.35) simply responds to our
convention (4.32) of using the measure a~'dbda for identifying wavelet transforms
with vector-valued distributions on H. We also have to warn the reader that
under this convention, the smooth function F,(b,a) = (Ryf(u, b, a), p(u)), from
the standard identification (4.31), where ¢ € D(S" 1), is the one that satisfies

(Ryf(u,b,a), p(u) / / T(b a)dbja, U € S(H); (4.36)

so that if f € D7, (R™), we have, as pointwise equality between functions,

<R¢'f(u7 bv a)? Sp(u»u - a_(n_l) i Rlﬂf(“ﬁ bv a)@(u)du' (437)
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4.7 Ridgelet characterization of bounded sub-
sets of S(R")

This section is dedicated to prove a characterization of bounded subsets of S}(R")
via the ridgelet transform. We begin the ensuing useful proposition. Note that
33] R(Sp(R™)) is a closed subspace of So(S"~! x R). The open mapping theorem
implies that R : Sp(R") — R(Sp(R™)) is an isomorphism of topological vector
spaces. We prove a similar result for the distributional Radon transform.

Proposition 4.7.1. The Radon transform R : Sj(R") — R(Sy(R™)) is an iso-
morphism of topological vector spaces.

Proof. Since R* : Sy(S"! x R) — Sp(R™) is a continuous surjection between
Fréchet spaces, its transpose R : SH(R") — Sj(S"~! x R) must be continuous,
injective, and must have weakly closed range [103, Chap. 37]. The subspace
R(S}(R™)) is thus strongly closed because S;(S"~! x R) is reflexive. Ptak’s theory
[48, 77] applies to show that R : S{(R") — R(S;(R™)) is open if we verify that
SH(R™) is fully complete (B-complete in the sense of Pték) and that R(S)(R™)) is
barrelled. It is well known [77, p. 123] that the strong dual of a reflexive Fréchet
space is fully complete, so S((R"), as a DFS space, is fully complete. Now, a
closed subspace of a DF'S space must itself be a DFS-space. Since Sj(S"! x R)
is a DF'S space, we obtain that R(S}(R™)) is a DFS space and hence barrelled. [

We then have,

Theorem 4.7.1. Let ¥ € Sy(R) \ {0} and let B C SH(R™). The following three
statements are equivalent:

(i) B is bounded in S{(R™).

(17) There are positive constants | = lg and m = msg such that for every ¢ €
D(S™1) one can find C = Cypp > 0 with

!
{(Ryf(u,b,a), p(u)),] < C (a—l— é) (1+|6))™, for all (b,a) € H and f € *B.
(4.38)
(4ii) Ry(B) is bounded in S'(Y™1).

Proof. By Proposition 4.7.1, 8 is bounded if and only if ®8; := R(8) is bounded
in S)(S"! x R) = SH(R,D'(S"!)). On the other hand, in view of (4.35), the
estimate (4.38) is equivalent to one of the form

|(Wyh(u,b,a), p(u))u| < C (a + é) (1+1b])™, for all h e B;. (4.39)

(i) = (i1). Assume that B; is bounded. As a DFS space, D'(S"!) is the
regular inductive limit of an inductive sequence of Banach spaces, [71, Prop. 3.2]
then implies the existence of s = sy and m = mg such that (a + 1/a)7%(1 +
b)) "™ Wy, (B1) is bounded in D'(S"1), which implies (4.39).



84 Chapter 4. Ridgelet and Radon transforms of distributions

(73) = (idi). If the estimates (4.38) hold, we clearly have that for fixed ¢ €
D(S) and ¥ € S(H) the quantity (Ryf(u,b,a), p(u)¥(b,a)) (see (5.28)) remains
uniformly bounded for f € . A double application of the Banach-Steinhaus the-
orem shows that R, (B) is a bounded subset of Ly(S(H), D'(S"™!)) =: S'(H, D'(S* 1))
(= &' (Ymh).

(#17) = (i). Let n € So(R). Since R} is continuous, it maps R, (B) into a
bounded subset of S)(R™). That 9B is bounded follows at once from the inversion
formula (4.23).

[

4.8 Abelian and Tauberian theorems

In this last section we characterize the quasiasymptotic behavior of elements of
SH(R™) in terms of Abelian and Tauberian theorems for the ridgelet transform.

4.8.1 An Abelian result

We provide here an Abelian proposition for the ridgelet transform. The following
simple but useful lemma connects the quasiasymptotic properties of a distribution
with those of its Radon transform.

Lemma 4.8.1. f € S§{(R).

(7) f has the quasiasymptotic behavior (2.7)(resp. (2.9)) if and only if its Radon
transform has the quasiasymptotic behavior

Rf (u, Ap) ~A*T" LX) Rg(u,p) as A — 0T (resp. A\ — o0) in SH(R, D'(S"1)).
(13) f satisfies (2.17) if and only if its Radon transform satisfies

Rf (w, Ap) = OX“™1L(N)) as A — 0" (resp. A — 00) in Sp(R,D'(S™1)).
Proof. Set fi(x) = f(Ax). If p € Sy(S*™! x R), we have,

1

(Bfs(u, p), o(u,p)) = 32 {f(x), B e(x/A))

(i [ o) m)

(Rf(u, Ap), o(u, p)),

)\n—l

namely, Rfy(u,p) = A"V Rf(u, A\p). The result is then a consequence of Pro-
position 4.7.1.
m
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Proposition 4.8.1. Suppose that f € S{(R) has the quasiasymptotic behavior
(2.7)(resp. (2.9)). Then, given any ¢ € D(S™™!) and (b,a) € H, we have

o (Ruf (0,20, 2a)  p(w)),
A0+ A L(N) -

A—00

(Ryg (u,b,a),p(u)), (resp. lim) (4.40)

Proof. This proposition follows by combining Lemma 4.8.1 and the relation (4.35)
with the DFS-space-valued version of [71, Prop. 3.1] for the wavelet transform
(see comments in [71, Sect. 8]) O
Remark 4.8.1. The limit (4.40) holds uniformly for (b, a) in compact subsets of H.

Remark 4.8.2. If f € D}, (R"), then (4.40) reads
Ry f (1, Ab, Aa)p(u)du ~ AT 1L(N) Ryg(u,b,a)p(u)du,
Sn—1 Sn—1

as follows from (4.37).

4.8.2 Tauberian theorem

Our next goal is to provide a Tauberian converse for Proposition 4.8.1. The
next theorem characterizes the quasiasymtotic behavior in terms of the ridgelet
transform.

Theorem 4.8.1. Let ¢ € §o(R) \ {0} and f € S§(R™). The following two condi-
tions:

Jim g R (0 2a) o) = Mua(p) - (resp. Jim ) (441

exists (and is finite) for every o € D(S"') and (b,a) € HN'S , and there exist
m, 1 > 0 such that for every ¢ € D(S"1)

(Rof (0,30 30) ol < CoA' L) (a4 1) (4B (442

for all (bya) € HN'S and 0 < XA < 1 (resp. A > 1) are necessary and sufficient
for the existence of a distribution g such that f has the quasiasymptotic behavior

(2.7)(resp. (2.9)).

Proof. Assume first that f has the quasiasymptotic behavior (2.7)(resp. (2.9)).
Proposition 4.8.1 implies that (4.41) holds with M, .(¢) = (Ryg (u,b,a), p(u)),,.
Set fr(x) = f(Ax). Using (4.33), one readily verifies the relation

Rofr(u,b,a) = Ry f(u, \b, Aa). (4.43)

On the other hand, f satisfies (2.17). That (4.42) must necessarily hold follows
from Theorem 4.7.1.
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Conversely, assume (4.41) and (4.42). Applying the same argument as in the
proof of [71, Lem. 6.1], one may assume that they hold for all (b,a) € H (in the
case of (4.42), one may need to replace [ and m by bigger exponents). We will
show that there is G € S'(Y"™!) such that

, Ry f (0, Ab, Aa)
1
A0 < NL(\)

O (u, b, a)> = (G (u,b,a),P(u,b,a)) (resp. /\11_{210)

(4.44)
for each @ € S(Y"™'). Once (4.44) had been established, the inversion formula
(4.23) would imply that (2.7)(resp. (2.9)) holds with g = (1/Ky,)R;G. Using
Theorem 4.7.1 and (4.43) again, the estimates (4.42) are equivalent to the quasi-
asymptotic boundedness (2.17), but also to the boundedness in &'(Y"*!) of the

set

Ry f (u, Ab, Aa)

{ XY

By the Banach-Steinhaus theorem, the set (4.45) is equicontinuous. It is thus
enough to show that the limit in the left-hand side of (4.44) exists for ® in the dense
subspace D(S" 1) @S (H) of S(Y"*1). So, we check this for ®(u,b,a) = p(u)¥(b, a)
with ¢ € D(S"') and ¥ € S(H). The function M, ,(p) occurring in (4.41) is
measurable in (b,a) € H and, in view of (4.42), is of slow growth, i.e., it satisfies

t0< A< 1} (resp. A > 1). (4.45)

1\
|Mio(p)| < Cy (a + E) (1+1[o])™, for all(b,a) € H.

So, employing (5.28) and the Lebesgue dominated convergence theorem, we obtain

JRyf (0, \b, Aa)
Alf?+< ¢)\0<L(/\) ’w(“)w(b’“)>

Rof (u, \b, \ dbd
B ,\ligh/ / < wf)\aL (\) a)’(p(u)>\lj(b’ @) aa

/ / M ) dbda

(resp. limy_ ). This completes the proof. ]

The following fact was already shown within the proof of Theorem 4.8.1.

Corollary 4.8.1. Let ¢ € §o(R) \ {0} and f € S{(R™). Then, f satisfies (2.17)
if and only if there are m,l > 0 such that for every ¢ € D(S" ') the estimate
(4.42) holds for all0 < X <1 (resp. A > 1) and (b,a) € HNS (or, equivalently,
(b,a) € H).



Chapter 5

Multiresolution expansions and
quasiasymptotic behavior of
distributions

The notion of multiresolution analysis (MRA) was introduced by Mallat and Meyer
as a natural approach to the construction of orthogonal wavelets [53, 56]. Ap-
proximation properties of multiresolution expansions in function and distribution
spaces have been extensively investigated, see e.g. [56]. The problem of pointwise
convergence of multiresolution expansions is very important from a computational
point of view and has also been studied by many authors. Our purpose here is
to study the pointwise behavior of Schwartz distributions, in several variables, via
multiresolution expansions. In particular, we shall extend and improve results
from [70, 95, 97, 114]. The second aim is to study the quasiasymptotic behavior
of a distribution at a point through multiresolution expansions.
In this Chapter, we use bold letters to denote elements from R".

5.1 Multiresolution analysis in L*(R")

Research workers in the various specialities were hoping to find practical al-
gorithms for decomposing arbitrary function into sums of special functions which
combine the advantages of the trigonometric and the Haar systems. These systems
stand at two extremes, in the following sense: the functions of the trigonometric
systems (see [117, Chapter 1.2.1]) are exactly localized by frequency, that is in the
Fourier variable, but have no precise localization in space. On the other hand, the
functions of the Haar system (see [117, Chapter 1.2.2]) are perfectly localized in
space but are badly localized in the Fourier variable. The idea of a multiresolution
analysis enables us to combine analysis in the space variable with analysis in the
Fourier variable while satisfying the Heisenberg’s uncertainty principle:

TL2

/Rn xf () 2z /R o )l 2 gl
for any f € L*(R"™) with [|f|s = 1.

87
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Definition 5.1.1. Let {V};cz be a sequence of closed linear subspaces of L?(R™).
The collection of spaces {V; };ez is called a multiresolution analysis (MRA) if they
satisfy the following four conditions:

(i) (scaling) f € V; & f(2-) € Vi,
(1) feVoe f(- —m) € Vo, meZ,

(¢4i) (separation) (;V; = {0},
(density) W = L*(R"),

(iv) (orthonormal basis) there is ¢ € L?(R") such that {¢( - — m)}mezn is an
orthonormal basis of V4.

The function ¢ from (iv) is called a scaling function of the given MRA. Moreover,
from the properties (i) and (iv) we have that {27/2¢(27 - —m)}mez» is an orthonor-
mal basis of Vj.

There may be several choices of ¢ corresponding to a system of approximation
spaces. Different choices for ¢ yield different MRA. Although we require the
translates of ¢(x) to be orthonormal, we don’t have to. All that is needed is a
¢ for which the set {¢(x — k) : k € Z™} is basis. We can then use ¢ to obtain
a new scaling function ¢ for which {¢(x — k) : k € Z"} is orthonormal (this
othonormalization procedure can be done in several ways [10, 56]).

Example 5.1.1. Multiresolution analysis of Littlewood-Paley type. Here we start
with a function (), of the real variable & belonging to D(R), which is even, equals
to 1 on [—27/3, 27 /3| and is 0 outside [—47/3, 47 /3]. We suppose in addition that
6(¢) € [0,1], for all £ € R, and that 6*(€) +6*(2mr —&) = 1 when 0 < £ < 27. Let ¢
denote the function in S(R) whose Fourier transform is 6(¢). Then, we can verify
that the sequence ¢(x — k), k € Z is the orthonormal basis of a closed subspace
of L?(R) which we call V;. In fact, applying the Fourier transform, FVj is the
vector space of products m(§)0(§), where m(§) is 2m-periodic, and m(§) restricted
to [0,27] belongs to L?0,2x]. Vi is then defined with (i) and FV; is the set of
function m4(£)0(£/2), where my(§) is 4m-periodic. The other properties of the
MRA can be verified without difficulties.

Theorem 5.1.1. [3, Thrm. 5.6/ Let {V;}jecz is a MRA with scaling function ¢.
Then, the following scaling relation holds:
o(x) = Z pk¢(2x — k), where p, = 2/ o(x)o(2x — k)dx. (5.1)
kezZn "

Moreover, we also have

k=1 =) pead(@x - k). (5.2)

kezZn
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Recall that V; is a subset of V;;;. In order to carry out the decomposition
algorithm in the general case, we need to decompose V;.; into an orthogonal
direct sum of V; and its orthogonal complement, which we denote by W;. This
means that

Vj - V}‘—&-l ©® Wj+1
and
W, LW, it j#IL
In addition, we need to construct a function ¢ whose translates generate the space
W;. Once ¢ is specified, the scaling relation can be used to construct 1. This is
shown with the following theorem.

Theorem 5.1.2. [3, Thrm. 5.10] Let {V;}jecz is a MRA with scaling function ¢
that satisfies (5.1). Let W; be the span of {1(2/x — k) : k € Z"}, where

Y(x) = > (—1)Mpig(2x — k). (5.3)
kezn
Then, W; C Vji1 is the orthogonal complement of V; in Viii. Furthermore,
{j(x) := 20/%)(27x — k) : k € Z"} is an orthonormal basis for the W;.
It is required 1 (x) to be orthogonal to ¢(x — k). Hence, the two conditions

LY wezn U(w + 7K)h(w + 27k) = 0,

2 Ve 0w + 20k) = 1,
must be satisfied.

By virtue of (iii) we have

L*(R") = P W;,
jJEL

a decomposition of L?(R™) into mutually orthogonal spaces. Because of this and
again (77i) we have that {¢;(x) = 2//?¢(2/x —k) : k € Z",j € Z} is an orthonor-
mal basis for L?.

It can be shown that for qg and 1[1, the Fourier transforms of a scaling function
¢ and its corresponding wavelet 1), respectively, the following relation holds

s = ((6() - (b)) wem

Example 5.1.2. Most simple and oldest example of scaling function for which

{29/2(27 - —m)}mez is an orthonormal basis of V; is the Haar scaling function
1, 0<z<1
o) _{ 0, elsewhere -

The choices of the coefficients pj, in (5.2) are pg = p; = 1 and the other p, are
zero. The appropriate ¢ from Theorem (5.1.2) is the Haar wavelet

1, 0<xz<1/2
Y(x)=¢(2z) — 92z —1)=¢ -1, 1/2<z<1 .
0, elsewhere
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Example 5.1.3. The B -spline of order n is the function ¢(z) obtained by con-

volving the Haar scaling function with itself n-times. Its Fourier transform is

. , . N+1

d(w) = (2m) 1/ 2emiKE/2 (%2/2) . where K = 0 if N is odd, and K = 1 if N is

even. The mother wavelet obtained with (5.3) is called Battle-Lemarié wavelet.
If we take N = 2 we get the piecewise quadratic B-spline

fz+1)?, —-1<z<0
§—(az—l)2 0<r<l1

= 4 2 ? -
¢() t(x—2)% 1<zx<?2
0, elsewhere

Now, ¢ satisfies ¢(z) = }1¢(2$ +1)+ %qb(?x) + §L¢(2x — 1)+ 302z — 2), and we

have that ‘ ,
D(w) = (2m) 2%/ (—812/52/2> .

In [10, Cor. 5.4.2] it is proven that all the Battle-Lemarié wavelets and the
corresponding scaling function can be chosen from C"(R) and have exponential
decay (the decay rate decrease as r increase).

Remark 5.1.1. Note that it is possible to find a function 1 € L? such that the
family {¢u(-) = 2/%(27 - —k) : k € Z",j € Z} is an orthonormal basis of L?
but the corresponding scaling function ¢ does not exists.

Each of the spaces V; in the MRA is a reproducing kernel Hilbert space. Such
a space consists of a Hilbert space H of functions f on an interval 7" in which
all evaluation functions &/(f) := f(t), f € H,t € T are continuous on H. Then,
by the Riesz representation theorem, for each t € T' there is unique k¢ € H such
that for each f € H, f(t) = (f, kt). The function defined by k(t,u) = (k¢, ky) for
t,u € T is the reproducing kernel. Note that L?(R") is not a reproducing kernel
Hilbert space but has subspaces that are. The reproducing kernel of Vj is given

by
w(x%y) = Y ¢(x—m)p(y —m). (5.4)

meZzZm

where ¢ is the scaling function. It holds

1

w(xy)| < ————,nel 5.5
The reproducing kernel of Vj is given by
q;(x.y) = 2q0(2'x, 27y). (5.6)

5.2 Multiresolution analysis in distribution spaces

We now explain how one can study multiresolution expansions of tempered distri-
butions and distributions of M-exponential growth. We show below that, under
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certain regularity assumptions on an MRA, multiresolution expansions converge
in K}, ,.(R") or S/(R"). Observe that (1.13) (resp. (1.14)) allows us to analyze also
elements of K, (R") (resp. &'(R")) by reduction to one of the spaces K}, .(R")
(resp. S/(R™)). We mention the references [75, 72, 96, 101], where related results
have been discussed. The difference here is that we give emphasis to uniform con-
vergence over bounded subsets of test functions and other parameters, which will
be crucial for our arguments in the subsequent sections.

In order to be able to analyze various classes of distributions with the MRA,
we shall impose some regularity assumptions on the scaling function ¢. One says
that the MRA is r-regular [56, 117], r € N, if the scaling function from (iv) can
be chosen in such a way that:

(v) ¢ € S, (R").
The r-regular MRA are well-suited for the analysis of tempered distributions [?,
101, 117]. For distributions of M-growth, we need to impose stronger regularity

conditions on the scaling function. We say that the MRA is (M, r)-regular [97, 96]
if the scaling function from (4v) can be chosen such that ¢ fulfills the requirement:

(v)" ¢ € Karr(R™).

Example 5.2.1. Multiresolution analysis by splines of order r. This example will
be given in dimension 1, by nested spaces of splines of order r: the nodes of the
functions f € V; being precisely the points k277, k € Z. We start with an integer
r € N and denote by Vj the subspace of L*(R) consisting of the functions in C"*
whose restriction to each interval [k,k + 1),k € Z, coincide with polynomial of
degree less than or equal to r. V; is the defined by (i) and the other properties
(17) — (iv) can be verified immediately.

Throughout the rest of this Chapter, whenever we speak about an r-regular
MRA (resp. (M, r)-regular MRA) we fix the scaling function ¢ satisfying (v) (resp.
(v)"). We remark that it is possible to find MRA with scaling functions ¢ € S(R")
[56], therefore satisfying (v) for all r. In contrast, it is worth mentioning that
the condition (v)’ cannot be replaced by ¢ € KCp(R™); in fact [10, Corol. 5.5.3],
there cannot be an exponentially decreasing scaling function ¢ € C*°(R") with all
bounded derivatives. On the other hand, Daubechies [10] has shown that given
an arbitrary r, there exists always an (M, r)-regular MRA of L?(R") where the
scaling function can even be taken to be compactly supported. By tensorizing, this
leads to the existence of (M, r)-regular MRA of L*(R"™) with compactly supported
scaling functions.

Theorem 5.2.1. [Z]’], Thrm. 8.2] Let ¢ € S, be a scaling function with MRA
{Vitjez- Then, if $(0) >0

(1) ¢(2km) = oox, k € Z7,

(it) >, ¢(x—mn)=1, x € R".

The reproducing kernel of the Hilbert space V; is given by
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w(y) = Y ¢(x—m)j(y —m). (5.7)
mezZn
If the MRA is (M,r)-regular (resp. r-regular), the series (5.7) and its partial
derivatives with respect to x and y of order less or equal to r are convergent
because of the regularity of ¢. Furthermore, for fixed x, ¢o(x, - ) € Ku,(R")
(resp. qo(x, - ) € S.(R™)). Using the assumptions (1) and (2) on M, one verifies
(96, 97] that for every [ € N and |«|, |3] < 7, there exists C; > 0 such that

030 (x, )| < Cre MU (5.8)

(resp.

%5, y)| < G+ Ix =y,

and that ¢o(x + k,y + k) = qo(x,y) for k € Z". One can also show [56] that
/ qo(x,y)P(y)dy = P(x), for each polynomial P of degree < r. (5.9)

Note that the reproducing kernel of the projection operator onto V; is

so that the projection of f € L?(R™) onto V; is explicitly given by

(¢/)(x) = (f(¥),¢;(x,y)) = IRnJ”(}f)%(x,y)dy, x € R™ (5.10)

The sequence {g; f},ez given in (5.10) is called the multiresolution expansion of
f € L*(R™). Since for an (M, r)-regular (resp. r-regular) MRA ¢;(x, ) € Kur(R")
(resp. ¢j(x, =) € S,(R")), the formula (5.10) also makes sense for f € K}, (R")
(resp. f € S/(R™)) and it is not hard to verify that (¢;f)(x) turns out to be a
continuous function in x. It is convenient for our future purposes to extend the
definition of the operators (5.10) by allowing j to be a continuous variable and
also by allowing a translation term.

Walter [117] states that the sequence {g;((x,y))} is a delta sequence in S.(R"),
ie. ¢j(x,y) = d((x—y)) as j — oo. In [117], Chapter 5.1. is devoted to MRA of
tempered distribution.

Definition 5.2.1. Let {V}},cz be an (M, r)-regular (resp. r-regular) MRA. Given
z € R" and A € R, the operator gy, is defined on elements f € K}, .(R") (resp.
feS(R™)) as

(@2f)(x) = (f(¥), »a(x,¥))y, xER,
by means of the kernel gy ,(x,y) = 2"q(2*x + 2,2y + z), x,y € R". The net
{@r2f}rer is called the generalized multiresolution expansion of f.

Clearly, when restricted to L*(R™), gy, is the orthogonal projection onto the
Hilbert space Vi, = {f(2*- +2z) : f € V;} C L*(R"). When z = 0, we simply
write gy := gx0. The consideration of the parameter z will play an important role
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in Section 5.4. Note also that (qx.f,») = (f,qra), for any f € K, (R") and
v € Ky r(R™) (vesp. f € SL(R™) and ¢ € S,.(R")).

We now study the convergence of the generalized multiresolution expansions
of distributions. We need a preparatory result. In dimension n = 1, Pilipovi¢
and Teofanov [72] have shown that if f € C"(R) and all of its derivatives up to
order r are of at most polynomial growth, then its multiresolution expansion g¢; f
with respect to an r-regular MRA converges to f uniformly over compact intervals.
Sohn has considered in [96] the analog result for functions of growth O(e™®®)) but
his arguments contain various inaccuracies (compare, e.g., his formulas (17) and
(21) with our (5.13) below). We extend those results here to the multidimensional
case and for the generalized multiresolution projections gy , with uniformity in the
parameter z.

Let ¢ € D(R") such that [, ¥ (x)dx = 1. In the case of an r-regular MRA,
it is shown in [56, p. 39] that given any multi-index |a| < 7, there are functions
R*F € L>(R" x R") such that

IR*P(x,y)| < Ci(1+ |x—y|)™!, VIEN, (5.11)

/ R*P(x,y)dy =0, Vx e R", (5.12)
and for any f € C"(R™), with partial derivatives of at most polynomial growth,

0*(qof) =+ (0° )+ D> R*(0°)).
1Bl=le

Denoting as Rf\yf the integral operator with kernel Rif (x,y) = 2" R*F (2% +
z,2)y + z), we obtain the formulas

araf(x) =2 | (2 (x—y))05 f(y)dy + ) /

RS (x, )02 f(y)dy.
R 18l=la] “ B"

(5.13)
Likewise for an (M, r)-regular MRA, one can modify the arguments from [56] in
such a way that one chooses the R*? with decay

|R*P(x,y)| < Cre ™)yl e N (5.14)
Proposition 5.2.1. Assume that the MRA is (M, r)-reqular (resp. r-regular).

(a) If f € C"(R") and there is k € N such that f¥(x) = O(eM*) (resp.
fOx) = O((1+ |x)¥)) for each |a| < 7, then limy o0 graf = f in CT(R™).

(b) Suppose that the subset B C C"(R™) is such that for each |a| < r one has
fO(x) = O(eMFE¥)) (resp. @ (x) = O((1 + |x|)¥)) uniformly with respect
to f € B, then limy_oo @ of = f in C""H(R") uniformly for f € B.

All the limits hold uniformly with respect to the parameter z € R".
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Proof. We only show the statement for an (M, r)-regular MRA, the case of an
r-regular MRA is analogous. We first give the proof of part (a). In view of the
decomposition (5.13) and the condition (5.12), it suffices to show that for each
la| = |B| < r one has

lim 2" /n R (% + 2,20y + 2)[f(y) — f¥(x))dy = 0. (5.15)

A—00

Note that if x remains in a compact subset of R”, there is a non-increasing function
E, such that |f@(y) — f@(x)| < E.(]x — y|), where E,(t) — 0 as t — 0 and
E,(t) = O(eMCk) Since

lim 2" [ |R*P(2*x + 2,2y + 2)|Ea(x — y|)dy

A—00 R™

< )\lim CQk—H/ e MEHDEID B, (27 x — y[)dy =0,
— 00 n

we obtain (5.15). For part (b), it is enough to observe that, as the the mean value
theorem shows, the functions E, from above can be taken to be the same for all
feWBand |of <r—1. O

We then have,

Theorem 5.2.2. Suppose that the MRA is (M, r)-reqular (resp. r-regular). Let
¢ € Ky (RY) and f € Ky, (R") (resp. ¢ € S,(R") and f € S/ (R")). Then,

/\lim Dzp = in Ky, (R") (resp. in S.(R")) (5.16)
—00
and
/\lim Oof = [ weakly* in Ky, (R™) (resp. in S.(R")). (5.17)
—00 ’

Furthermore, if f € Ky, (R") (resp. f € S_(R")), then the limit (5.17)
holds strongly in K} .(R") (resp. in S (R™)). All the limits hold uniformly in the
parameter z € R”.

Proof. By Lemma 1.2.1 and part (a) from Proposition 5.2.1, the limit (5.16) would
follow once we establish the following claim:

Claim 5.2.1. Let B C Ky,(R"™) be a bounded set. Then the set
{pap: peB, A >1,2z€R"}

is bounded in Kyr,-(R™) (resp. in S,.(R™)).

Let us show Claim 5.2.1 for Ky, (R™). Using (5.13), (5.14), and the assump-
tions (1) and (2) on M, we have

M(lx) 2n)\

Vr(prap) = sup e o(y)ay” (2% + 2, 2%y + Z)dy‘

o] <r, x€R™ R™

< Awpalp)  sup 2™

|a|<r, x€R™

/ q(()a)(QaX + z, 2ay + Z)BM(ZX)—M(QZy)dy‘
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< Awrai(p) sup
xeR”

< Ara() sup 2n)\/ 6—M(2*+1(l+1)(x—y))€M(2l(x—y))dy
’ xER™ n

<A ) / ¢~ MUY M) gy, < %vmz(@ / MO gy

Qn)\/ e—M(2A+1(l+1)(x—y))eM(lx)—M(Qly)dy

For S, (R™) we make use of (5.11),

Pri(rze) < Aipra(p) sup 2“/ (I+2Mx—y)) "' (1 +|x—y|)dy
xcR™ n

A / dy
<y, —
= il J Ty

The limit (5.17) is an immediate consequence of (5.16) and the relation (g . f, ¢) =
(f,@rzp). Assume now that f € Ky, (R") (resp. f € S/ ;(R")) and let B
be a bounded set in Ky, (R™) (resp. in S,.(R™)). From Claim 5.2.1, part (b)
from Proposition 5.2.1, and again Lemma 1.2.1, we get that limy_, gr - = ¢ in
Karr—1(R™) (resp. in S,—1(R™)) uniformly for ¢ € B and z € R". Hence,

lim sup [(qzf — f, )| = lim sup [(f, gr 20 — )| = 0.

For the spaces S(R™) and S'(R™), we have:

Corollary 5.2.1. Suppose that the MRA admits a scaling function ¢ € S(R™).
Then, imy o gr 2 = ¢ in S(R") and imy_,oo r,f = f in S'(R™) uniformly in
z € R", for every p € S(R") and f € S'(R").

Remark 5.2.1. The proof of Theorem 5.2.2 also applies to show that limy_,o gx »pp =
¢ in the Banach space Ky, (R") (resp. in S,;(R™)) for each ¢ € sy 2041)(R"™)
(tesp. S,i1(R))

5.3 Pointwise convergence of multiresolution ex-
pansions

Walter was the first to study the pointwise convergence of multiresolution ex-
pansions for tempered distributions. Under mild conditions, he proved [114] (cf.
[117]) in dimension 1 that the multiresolution expansion of a tempered distribu-
tion is convergent at every point where f € S’(R) possesses a distributional point
value. The notion of distributional point value for generalized functions was intro-
duced by Lojasiewicz [50, 49]. Not only is this concept applicable to distributions
that might not even be locally integrable, but also includes the Lebesgue points
of locally integrable functions as particular instances. Interestingly, the distribu-
tional point values of tempered distributions can be characterized by the pointwise
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Fourier inversion formula in a very precise fashion [104, 109], but in contrast to
multiresolution expansions, one should employ summability methods in the case
of Fourier transforms and Fourier series. The problem of pointwise summability
of distribution expansions with respect to various orthogonal systems has been
considered by Walter in [115].

We shall use the notion of distributional point value of generalized functions
introduced by Lojasiewicz [50, 49]. Let f € D'(R") and let xo € R™. Recall (cf.
Section 2.2.1), we say that f has the distributional point value v at the point xg,
and we write

f(x0) =~ distributionally, (5.18)
if
lim f(x0+¢ex) =~ in the space D'(R"), (5.19)
that is, if
i {0 + £x), o) = | o(x)ax, (5.20)

for all test functions ¢ € D(R™). Naturally, the evaluation in (5.20) is with respect
to the variable x. Due to the Banach-Steinhaus theorem, it is evident that there
exists 7 € N such that (5.20) holds uniformly for ¢ in bounded subsets of D" (R").
In such a case, we shall say! that the distributional point value is of order < r.
Here, B(xg, A) stands for the Euclidean ball with center xy and radius A > 0 and
|| stands for the total variation measure associated to a measure u. One can
show [49, Sect. 8.3] that (5.18) holds and the distributional point value is of order
< r if and only if there is a neighborhood of xy where f can be written as

f=v+>_ u, (5.21)

|oo|<r
where each p, is a (complex) Radon measure such that
el (B(x0,€)) = o(e™Me) as e — 0F. (5.22)

Note that (5.22) implies that each p, is a continuous measure at xo in the sense
that p1,({X0}) = 0. The decomposition (5.21) and the conditions (5.22) yield [49,
Sect. 4] the existence of a multi-index § € N™, with |5| < r+n, and a [ primitive
of f, say, F with F®) = £, that is a continuous function in a neighborhood of the
point x = x( and that satisfies

F(x) :M—f—oﬂx—xopm) as X — X. (5.23)

B!
On the other hand, the existence of a 8 primitive F' of f satisfying (5.23) clearly
suffices to conclude (5.18) of order < |3|. Before going any further, we would
like to discuss the connection between distributional point values and pointwise
notions for measures.

!This definition of the order of a distributional point value is due to Lojasiewicz [49, Sect.
8]. It is more general than those used in [20, 97, 109, 114], which are rather based on (5.23).
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Let us define the notion of Lebesgue density points. We denote by m the
Lebesgue measure on R" and B(xg,¢) stands for the Euclidean ball with center
xg € R" and radius € > 0. A sequence {B,}>°, of Borel subsets of R" is said to
shrink regularly to a point xo € R™ if there is a sequence of radii {g,}5°, such
that lim, ,,, e, = 0, B, C B(xq,¢,) for all v, and there is a constant a > 0 such
that m(B,) > ae} for all v. We write B, — X regularly.

Definition 5.3.1. We call xq a Lebesgue density point of a (complex) Radon
measure /4 if there is 7y, such that

. (B
1
v oo m(B,)

= Yo (5.24)

for every sequence of Borel sets {B,}°, such that B, — x, regularly.

It is well known that almost every point xo (with respect to the Lebesgue
measure) is a Lebesgue density point of u. If du = fdm + dus is the Lebesgue
decomposition of u, namely, f € L} (R") and ps is a singular measure, then
f(x0) = 7Vx, a.e. with respect to m [80, Chap. 7|. If u is absolutely continuous
with respect to the Lebesgue measure, then a density point of x4 amounts to the
same as a Lebesgue point of its Radon-Nikodym derivative du/dm.

Example 5.3.1. If f € L} (R") has a Lebesgue point at xo, then it has a distri-
butional point value of order 0 at x¢ and (5.23) holds with 5 = (1,1,...,1). More
generally if f = u is a (complex) Radon measure, then it has distributional point
value of order 0 at a point xq if and only if x; is a Lebesgue density point of the
measure (cf. Definition 5.3.1).

Let us verify this fact. Clearly, upon considering the measure p — Yy, (= 1 —
Yxo), One may assume that 7, = 0. By decomposing into real and imaginary
parts, we can also assume that p is real-valued. We should show that

\u|(B(x0,¢)) = o(e") ase — 0T (5.25)

if and only if
w(B,) =o(m(B,)) asv — oo, (5.26)

for every sequence of Borel sets {B,}52, such that B, — xg. Assume (5.25), if
B, — X, there is a sequence of radii {¢,}>?, such that lim, ,. e, = 0, B, C
B(xg,¢e,) for all v, and there is a constant a > 0 such that m(B,) > as? for all v.
Then,

(Bl < 1pl(By) < |ul(B(x0,e0)) = o(ep) < o(a™'m(B,)) = o(m(B,)).

Conversely, assume that (5.26) holds for every B, — xq regularly. For (5.25),
it is enough to show that if a sequence €, — 0T, there is a subsequence such
that |u|(B(xo,¢€,,)) = o(e}, ). Write p = py — p— in Hahn-Jordan decomposition
form [80] so that |u| = py + p—. Find disjoint sets ST and S~ such that uy are
respectively concentrated at S* and R® = S~ U S*. Set B = S* N B(xg,¢,).
There are indices {v}}72, such that at least one of the subsequences {B, }7°, or
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{ B}, shrinks regularly to xo. Say B, — xo regularly, then ., (B(xo,¢€,,)) =
u(By,) = o(m(By,)) = ofe,). But we also have ju(B(x0.<,,)) = 0(B(xs.2,)) =

o(ep, ) by hypothesis. Therefore, \u|(B(x0,€,,)) = o(ep, ), since |u| = py +p_ =
P+ fly — fi

Example 5.3.2. The notion of distributional point values applies to distributions
that are not necessarily locally integrable nor measures, but if f € L} (R"), then
(5.23) reads as

/ / / J¥)x—y)"Hdy = (Xﬁ x0)” +o(]x — xo|”l) as x — xo,
(5.27)

where x = (21, Z2,..., %), X0 = (To1, To2,-..,%o,) and 1 = (1,1,...,1). Observe
that (5.27) also makes sense for a measure u, one simply has to replace f(y)dy
by du(y). In particular, u(xg) = v distributionally at every density point of p,
namely, at points where we merely assume that

m (1) — ~
v—o0 vol(I,) ’

(5.28)

for every sequence of hyperrectangles {,}°° such that xq € I, for all v € N and
I, — xq regularly. In the latter case, the distributional point value of p will not
be, in general, of order 0 but of order < n and (5.23) holds with 5 = (2,2,...,2).
Notice that (5.28) for balls instead of hyperrectangles does not guarantee the
existence of the distributional point value at x¢; in one variable, an simple example
is provided by the absolutely continuous measure with density du(z) = sgn xdx at
the point o = 0. Naturally, the distributional point value of y exists under much
weaker assumptions than having a density point in the sense explained here, but if
the measure p is positive, then the notion of distributional point values coincides
with that of density points, as shown by Lojasiewicz in [49, Sect. 4.6].

Example 5.3.3. Let a € C and b > 0. One can show that the function |x|*sin(1/]x|)
has a regularization f,, € &' (R") that satisfies f,(x) = |x|*sin(1/]x|?) for x # 0
and f,(0) = 0 distributionally [50]. Observe that if Re a < 0 the function
x|*sin(1/]x|?) is unbounded and if Re a < —n it is not even Lebesgue integ-
rable near x = 0. If Re a < —n is fixed and b > 0 is small, the order of the point
value of f,; at x = 0 can be very large.

Example 5.3.4. In one variable, it is possible to characterize the distributional
point values of a periodic distribution in terms of a certain summability of its
Fourier series [16]. Indeed, let f(z) = > 07 _ c,e”* € S'(R); then f(z9) = v
distributionally, if and only if there exists x > 0 such that

: WwTo __
xlgr;() Z e =~ (C,k), foreacha>0,

—z<v<ax

where (C, k) stands for Cesaro summability. Remarkably, an analog result is true
for Fourier transforms in one variable [104, 109], but no such characterizations are
known in the multidimensional case.
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The result of Walter on pointwise convergence of multiresolution expansions
was generalized by Sohn and Pahk [97] to distributions of superexponential growth,
that is, elements of K,(R). The important case M(x) = |x|P, p > 1, of K,;(R")
was introduced by Sznajder and Zielezny in connection with solvability questions
for convolution equations [99].

Our goal here is to extend the results from [114, 97] to the multidimensional
case. In particular, we shall show the following result. Given an MRA {V}},cz of
L*(R™), we denote by ¢; the orthogonal projection onto V. If the MRA admits a
scaling function from S(R™), then ¢; f makes sense for f € S’'(R").

Theorem 5.3.1. Let f € S'(R™). Suppose that the MRA {V;};ez admits a scaling
function in S(R™), then

lim (g;f)(%0) = f(xo)
J—00
at every point Xo where the distributional point value of f exists.

Our approach differs from that of Walter and Sohn and Pahk. The distri-
butional point values are defined by distributional limits, involving certain local
averages with respect to test functions from the Schwartz class of compactly sup-
ported smooth functions. We will show a general result that allows us to employ
test functions in wider classes for such averages (Theorem 5.3.3). This will lead
to quick proofs of various pointwise convergence results for multiresolution expan-
sions of distributions. Actually, our results improve those from [114, 97|, even in
the one-dimensional case, because our hypotheses on the order of distributional
point values are much weaker. For instance, the next theorem on convergence of
multiresolution expansions to Lebesgue density points of measures appears to be
new and is not covered by the results from [39, 114].

Theorem 5.3.2. Suppose that the MRA {V;};ez has a continuous scaling function
¢ such that limjx o [X|'¢(x) = 0, VI € N. Let p be a tempered Radon measure on

R™, that 1s, one that satisfies
d|p|(x)
——— Y < X0 5.29
Lt 529

for some k > 0. Then
lim (g300)(%0) = 50 (5.30)

J—00
at every Lebesgue density point Xo of p, i.e., at every point where (5.24) holds for
every B, — xqo regularly. In particular, the limit (5.30) exists and vx, = f(xo)
almost everywhere (with respect to the Lebesque measure), where dy = fdm + dps
is the Lebesgue decomposition of p.

It is worth comparing Theorem 5.3.1 with Theorem 5.3.2. On the one hand
Theorem 5.3.1 requires more regularity from the MRA, but on the other hand,
when applied to a tempered measure, it gives in turn a bigger set for the pointwise
convergence (5.30) of the multiresolution expansion of p, because the set where
1 possesses distributional point values is larger than that of its Lebesgue density
points.
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In order to study pointwise convergence of multiresolution expansions, we will
first establish two results about distributional point values of tempered distribu-
tions and distributions of M-exponential growth. A priori, f(xg) =  distribution-
ally gives us only the right to consider test functions from D(R™) in (5.20); however,
it has been shown in [108] that if f € S'(R") then the limit (5.19) holds in the
space S’'(R™), namely, (5.20) remains valid for ¢ € S(R™) (see also [71, 106, 119]).
Theorem 5.3.3 below goes in this direction, it gives conditions under which the
functions ¢ in (5.20) can be taken from larger spaces than D(R™). The next useful
proposition treats the case of distributions that vanish in a neighborhood of the
point.

Proposition 5.3.1. Let f € K}, (R") (resp. f € S/(R")) be such that xo ¢
supp f and let B be a bounded subset of Ky, (R™) (resp. S.(R™)). Then, for any
k € N, there is Cy, > 0 such that

|(f(x0 4+ €x), p(z))| < Cre®, Ve € (0,1], Vo € B. (5.31)
Proof. There are A,C > 0 and [ € N such that

() <C  sup  MEI|p(x) (5.32)

loo| <7, [x—%0|>A

|a|<r, |[x—%x0|>A

(resp. (f,0) <O sup (HIXI)’W”(X)!)’

for all ¢ € KCp(R™) (resp. ¢ € S.(R™)). Let us consider first the case of
f € Ky,.(R™). Substituting ¢ (y) = e "@(e(x — x¢)) in (5.32), we get

o) (Y
()
9

M (2ly)—M((21+1)y)

[(f (%0 + £x),9(2))| < CeM@xn=r gqp ML)
la|<r, [y[>A

SCVT’21+1(¢)6M(2ZXO)5_”_T sup e

ly|>A/e

—n—re—M(A/e)’

)GM(2ZXO)€

< CVpos1(p
which yields (5.31). The tempered case is similar. In this case (5.32) gives the
estimate

[(f(x0+ex), p(x))| < C(1+[xo)'e™ " sup  (1+]y])" [ (y)]
lal<r, ly|>A/e

< Cp?“,n+r+k+l(§0)(1 + |X0|)ZA_n_r_kgk'
O

Theorem 5.3.3. Let f € Ky, .(R”) (resp. f € S/ (R")). If f(xo) = v distribution-
ally of order < r, then (5.19) holds strongly in KCy; .(R™) (resp. f in S/ (R™)), that
is, the limit (5.20) holds uniformly for ¢ in bounded subsets of Kyr,.(R™) (resp.
S, (R™)).
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Proof. We can decompose f as f = fi +'YXB(mo,1)+Z\a|gr u&a), where x¢ ¢ supp f1,
XB(xo,1) 18 the characteristic function of the ball B(xo, 1), and each p, is a Radon
measure with support in the ball B(xo, 1) and satisfies (5.22). Proposition 5.3.1
applies to fi, we may therefore assume that

J = 7XB(xo1) + Z H&a)-

laf<r

Let B be a bounded set in Ky, (R™) (resp. ST(R”)). Note that (5.22) implies that

Cdpa|(x)
> / . xO|”+\al = (' < 0. (5.33)

|| <r
We have,
imsup sup |{(xo + £x), o)) — 7 [ plox)ix
e—0t ¢eB n

: —n—|af (a) (X~ %0

< lim sup sup lp(x)]dx + Z € @ d|ral(x)
o0t e \ Jixi>1/e al<r " c
. o X — X

= lim sup sup e " |a/ (@) ( )’d Mo
maupsup : = )| el

laf<r

The boundedness of B implies that there is a positive and continuous function G
n [0,00) such that t"*"G(t) is decreasing on (1,00), lim; . t"7"G(t) = 0, and
|0 (x)] < G(]x|) for all x € R", |a| < 7, and » € B. Fix A > 1. By (5.22),
(5.33), and the previous inequalities,

imsup sup |{£(xo + £x), o)) ~ 7 [l
e—0t @eB n
< i —n—|al ’X_XO‘
< lim |Z< - / (— o] ()
A _
< lim 3 G 1l njjgf D | i 6‘”“”/ G<M> dlptal (%)
e—0t lol<r e—0 ol=r eA<|x—xo| 3

< CA™"G(A).

Since the above estimate is valid for all A > 1 and A"""G(A) — 0 as A — oo, we
obtain

lim sup =0,

e=0" LB

(f (%0 + £x), 9(x)) — 7 / o (x)dx

n

as claimed. O
We obtain the ensuing corollary.

Corollary 5.3.1. Let f € K;(R") (resp. f € S'(R") ). If f(x0) = 7 distribu-
tionally, then the limit (5.19) holds in the space K (R™) (resp. S'(R™)).
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Proof. In fact, there is 7 such that f € K, (R") (resp. f € S/(R")) and f(xo) = v
distributionally of order < r. O

We end this section with the announced result on pointwise convergence of
multiresolution expansions for distributional point values. We give a quick proof
based on Theorem 5.3.3.

Theorem 5.3.4. Let f € K), (R") (resp. f € S/(R")). If {qrf}aer is the
(generalized) multiresolution expansion of f in an (M,r)-reqular (resp. r-regular)

MRA, then
lim (g f)(x0) = £(0) (5.34

A—00

at every point Xg where the distributional point value of f exists and is of order
<r.

Proof. Assume that f(xg) = = distributionally of order r. Note first that

(o f) (x0) = (f(¥), r(%0,¥)) = <f(X0 + Q_AY)v §0>\<Y)> ) (5.35)

where 5 (y) = go(2*%0, 2*x9+y). The relation (5.9) implies that [, ¢a(y)dy = 1.
Using the estimates (5.8), one concludes that {y, : A > 0} is a bounded subset
of Kprr(R™) (resp. S,(R™)). Finally, invoking Theorem 5.3.3, we get at once

Jim (grf) (x0) =7 + lim ((f(xO +27%). oaly)) — 7/ w(y)dY) = 1.

n

]

Note that Theorems 5.3.1 and 5.3.2 are immediate consequences of Theorem
5.3.4. Moreover, we obtain the following corollary:

Corollary 5.3.2. Suppose that the MRA {V;},ecz has a continuous scaling func-
tion ¢ such that limy| e eM®¢(x) = 0, VI € N. Let i be a measure on R" such
that

/ e~ M%) 1) (x) < o0, (5.36)
for some k > 0. Then
Jim (gap) (x0) = 7 (5.37)

at every Lebesque density point xo of p, i.e., at every point where (5.24) holds
whenever I, — xq reqularly. In particular, the limit (5.36) exists and vx, = f(Xo)
almost everywhere (with respect to the Lebesque measure), where dy = fdm + djs
is the Lebesgue decomposition of p.

Let us also remark that if the MRA in Corollary 5.3.2 (resp. in Theorem 5.3.2)
is (M, n)-regular (resp. n-regular), then (5.37) holds at every density point of
(in the sense explained in Example 5.3.2).



5.4. Quasiasymptotic Behavior via multiresolution expansions 103

5.4 Quasiasymptotic Behavior via multiresolu-
tion expansions

In this last Section we will study the quasiasymptotic behavior of a distribution
at a point through multiresolution expansions. The quasiasymptotic behavior is
a natural extension of Lojasiewicz’ notion of distributional point values. It was
introduced by Zav’yalov in connection with various problems from quantum field
theory [113] and basically measures the pointwise scaling asymptotic properties
of a distribution via comparison with Karamata regularly varying functions. We
remark that the quasiasymptotic behavior is closely related to Meyer’s pointwise
weak scaling exponents [55]. For studies about wavelet analysis and quasiasymp-
totics, we refer to [70, 72, 86, 87, 95, 110].

In [70], Pilipovi¢, Takaci, and Teofanov studied the quasiasymptotic properties
of a tempered distribution f in terms of its multiresolution expansion {g;f} with
respect to an r-regular MRA. A similar study was carried out by Sohn [95] for
distributions of exponential type. There, it was wrongly stated in [70, Thrm. 3]
that if a tempered distribution f € S/ (R") has quasiasymptotic behavior at the
origin, then each of its projections g, f, with respect to an r-regular MRA, has
the same quasiasymptotic behavior as f. An analog result was claimed to hold
in [95, Thrm. 3.2] for distributions of exponential type (i.e., elements of K, (R)
with M (z) = |z|). Unfortunately, such results turn out to be false (see Example
(5.4.1)). We will provide an appropriate characterization of the quasiasymptotic
behavior in terms of multiresolution expansions. As an application, we give an
MRA criterion for the determination of (symmetric) a-density points of measures.

Throughout the rest of this section, L always stands for an slowly varying
function at the origin and « stands for a real number. Recall Definitions 2.7 and
2.9 for quasiasymptotic behavior (quasiasymptotic) of distributions.

Example 5.4.1. Consider f = 9§, the Dirac delta. Since  is a homogeneous
distribution of degree —n, the relation (2.9) trivially holds with xo = 0, ¢ = 6,
a = —n, and L identically equal to 1. On the other hand,

g f(x) =2" )" ¢(m)p(2'x + m).

mezZmn

So, ¢;f(0) = 2" Zmezn@* g)(Qﬂm), as follows from the Poisson summation

formula. If we assume that ¢ is positive and symmetric with respect to the origin,
we get that ¢; f(0) > 27(|4||3 > 0. So

(q:/)(ex) = (¢;/)(0) + o(1) as &—0" in D'(R").

In particular, ¢; f cannot have the same quasiasymptotic behavior e "0 (x)+o(e™")
as f, contrary to what was claimed in [70, 95].

The fact that each ¢, f is a continuous function prevents it to have quasiasymp-
totics of arbitrary degree. For instance, as the previous example, if (g;f)(0) # 0,
the only quasiasymptotics at 0 that g; f could have is a distributional point value.
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Moreover, if the MRA admits a scaling function from S(R") and f € §'(R™), then
each ¢;f € C*°(R"); consequently, the only quasiasymptotics that ¢;f can have is
of order a = k € N with respect to the constant slowly varying function L = 1,
and the ¢ in this case must be a homogeneous polynomial of degree k. Neverthe-
less, as shown below, the quasiasymptotics of distributions can still be studied via
multiresolution expansions if one takes a different approach from that followed in
[70, 95]. The next theorem is a version of Theorem 5.3.3 for quasiasymptotics.

Theorem 5.4.1. Let f € K}, (R™) (resp. f € S'(R™)). If f has the quasiasymp-
totic behavior (2.9), then there isr € N such that f € Ky .(R") (resp. f € S/(R"))

and

lim —f(Xo +ex)

e—0t+ 60‘[/(5) B g(x) Strongly n ICM,T(R ) (T@Sp. 87'<R )) (538)

In particular, the limit (2.7) is also valid for all ¢ € Ky (R"™) (resp. ¢ € S(R™)).

Proof. We actually show first the last assertion, i.e., that (??) is valid for all test
functions from Cp/(R™) (resp. € S(R™)). So, let ¢ € Ky (R™) (resp. ¢ € S(R™)).
Decompose f = f1 + fo where xq ¢ supp f1 and f, has compact support. Clearly,
f2 has the same quasisymptotics at x¢ as f. Furthermore, a theorem of Zav’yalov
[119] (see also [71, Thrm. Cor. 7.3]) (fa(xo + %), ¢(x)) ~ “L(e){g(x), p(x)) as
e — 07. By the well-known properties of slowly varying functions [93], we have
that e = o(L(¢)) as ¢ — 07 (indeed, €7 = o(L(¢)), for all ¢ > 0 citeSeneta). Take
a positive integer k > a+1, then ¥ = 0(¢*L(¢)) as ¢ — 0. Applying Proposition
5.3.1,

(f(x0 +ex),p(x)) = e*L(e){9(x), p(x)) + 0(e*L(e)) + (f1(x0 + ), p(x))
= (x)) 4 0(e“L(e)) + O(<")
=e"L(e)(g9(x), p(x)) + 0(e“L(g)) ase— 0%,

|
™
®
b{
o
S
»
S

as asserted. Because of the Montel property of K/ (R™) (resp. S(R™)),

lim f(x0 + ex)

Ty = g(x) strongly in K};(R™) (resp. S'(R")). (5.39)

The existence of r fulfilling (5.38) is a consequence of (5.39) and the representation
(1.13) (resp. (1.14)) of K}, (R™) (resp. S'(R™)) as a regular inductive limit. [
We also have a version of Theorem 5.3.4 for quasiasymptotics.

Theorem 5.4.2. Let f € K}, (R”) (resp. f € S|(R")) satisfy (5.38). If {qrf}rer
is the multiresolution expansion of f in an (M,r)-reqular (resp. r-reqular) MRA,
then {(grf)(xo0)}» has asymptotic behavior

(gnf)(x0) = L(Q_A)(quXO)(XO) +0(27AL(27Y)  as A — oo, (5.40)

where gx,(y) = g(y — Xo).
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Proof. The proof is similar to that of Theorem 5.3.4. By (5.35), (5.38), the ho-
mogeneity of g, and the fact that the net {¢)}er is bounded, we get

(ax])(%0)(f(x0 +27%y), A (y))
=2 L(27)(g, ) + 0(27*L(27Y))
= L(27)(qrgx) (X0) +0(27**L(27%)) as A — oo.

]

Corollary 5.4.1. Let f € S'(R™). Suppose that the MRA admits a scaling func-
tion ¢ € S(R™). Then (5.40) holds at every point where (2.9) is satisfied.

Note that if « = k € N, k < r, and ¢ = P is a homogeneous polynomial of
degree k, then (5.40) becomes (g f)(xo) ~ 27**L(27*)P(0) as A — oo, as follows
from (5.9); so that one recovers Theorem 5.3.4 if £ = 0. On the other hand, if
k > 0, we only get in this case the growth order relation (gy f)(xo) = 0(27*L(27))
as A — 0o.

It was claimed in [95] and [70] that the quasiasymptotic properties of f at
xo = 0 can be obtained from those of {¢;f}jez. The theorems [?, Thrm. 4] and
(95, Thrm. 3.2] also turn out to be false. The next theorem provides a character-
ization of quasiasymptotics in terms of slightly different asymptotic conditions on
{qrf }rer, which amend those from [70, Thrm. 4].

Theorem 5.4.3. Suppose that the MRA is (M, r)-regular (resp. r-reqular). Then,
a distribution f € KCy, . (R™) (resp. f € S/(R")) satisfies

. f(XO + €X) . * / n / n
615& ol 9(x)  weakly* in Ky, (R") (resp. S.(R")). (5.41)
of and only iof

(@) +ex)
S0 eoL(e)

=g(x) weakly* in Ky, (R") (resp. S.(R")) (5.42)

and
f(x0+ex) =0(e"L(e)) ase— 0" in K, (R") (resp. S/(R")),  (5.43)

in the sense that (f(xo + €x),0(x)) = O(e*L(e)) for all ¢ € Ky, (R™) (resp.
v e S.(R)).

Remark 5.4.1. The relation (5.41) holds strongly in K, ., ;(R") (resp. S/, (R")).

Proof. Observe that (5.41) trivially implies (5.43). Our problem is then to show
the equivalence between (5.41) and (5.42) under the assumption (5.43). Define
the kernel

Jo(X,¥) = Qr/ec01/ex, (¥, X) = 6”2”/€q0(521/€y+21/€x0, 621/€X—|—21/EX0), x,y € R",
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and the operator

(el = [ Lxy)e)dy, ¢ € Kara(RY) (resp. o € S,(R).

Theorem 5.2.2 implies that J. is an approximation of the identity in these spaces,
i.e., for every test function lim. o+ J.p = ¢ in Ky, (R") (resp. in S,(R™)). The
Banach-Steinhaus theorem implies that

is an equicontinuous family of linear functionals, hence

i (L2229, (1)) - o)) =0

e—0t

for each test function ¢. Notice that

((qr7ef) (%0 + %), 0(x)) = ((f(¥), q1/e (X0 + £X,¥)), p(x))

(f(xo+ey), (Jep)(¥)),

and so,
(q1/ef) (%0 +£x) f(xo0 + €y)
< e*L(e) e(x) s L(e) co(y) ) +o(l) ase—0T,
which yields the desired equivalence. u

We illustrate Theorem 5.4.3 with a application to the determination of (sym-
metric) a-dimensional densities of measures. Let @ > 0 and let pu be a Radon
measure. Following [11, Def. 2.14], we say that x¢ is an a-density point of p if

the limit B
Xq, €
0%(u,%p) := lim B xo.€))
e—0t WaEY

exists (and is finite), where the normalizing constant is w, = 7°/2I'(av+ 1/2). The
number 6%(u, Xo) is called the (symmetric) a-density of u at xo. The ensuing pro-
position tells us that if a positive measure has a certain quasiasymptotic behavior
at X, then 6%(u,xq) exists.

Proposition 5.4.1. Let p be a positive Radon measure and let o > 0. If u has
the quasiasymptotic behavior

p(xo +ex) =e* "L(e)v(x) + 0(e* "L(g)) ase— 0", inD'(R"), (5.44)
then

lim p(xo +eB)

By =v(B), for every bounded open set B. (5.45)

In particular, if L is identically 1 and dv(x) = {|x|*"dx, then xq is an a-density
point of p and in fact
wpl

0% (11, %0) = (5.46)

(e}
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Proof. By translating, we may assume that xy = 0. The quasiasymptotic behavior
(5.45) then means that

/n @ <§> du(x) ~ e*L(e) /n o(x)dv(x) ase— 0%, (5.47)

for each ¢ € D(R™). Let o > 0 be arbitrary. Find open sets ©; and €2, such that
Q, C BC BCQand v\ Q) <o. We now select suitable test functions in
(5.47). Find @1, p2 € D(R™) such that 0 < p; <1, j =1,2, po(x) =1 for z € B,
supp w2 C Qy, @1(x) =1 for x € 4, and supp 1 C B. Then,

B
lim sup (=B)

o) = 1 [ e (2) 0 = [ ot < v
<v(B) +o.

Likewise, using ¢; in (5.47), one concludes that

lian_lﬂi)rff SG(E(B;)) > /n e1(x)dv(x) > v(B) — 0.

Since o was arbitrary, we obtain (5.45). The last assertion follows by taking

B = B(0,1) and noticing that in this case v(B(0,1)) = ¢ [, [x|*"dx = lw, /a,

which yields (5.46). O
We end with an MRA criterion for a-density points of positive measures.

Corollary 5.4.2. Suppose that the MRA is (M,r)-reqular (resp. r-regular) and
let 1 be a positive Radon measure that satisfies (5.36) (resp. (5.29)). If

w(B(xg,€)) = O(e*) ase— 07, (5.48)

and
(q10)(x0 + €x)

80&—7’1,

lim
e—0t

= (x|*™"  weakly® in Ky, (R™) (resp. S.(R")),  (5.49)

then p possesses an a-density at xo, given by (5.46).

Proof. Let us show that (5.48) leads to (5.43) with f = u and « replaced by o —n.
Indeed, write u = py + pa, where p1 (V) := pu(V N B(xo, 1)) for every Borel set V.
Let ¢ € Kp (R") (resp. ¢ € S, (R™)). Set C' = sup,epn |2|%|¢(x)| < 0o . The
condition (5.48) implies that [, [x — x| *du(x) < oo. Using Proposition 5.3.1
and (5.48),

uta+ =) 00 <7 [ o (220 a0+ 0)

e e = \ dpn(x) + O(e2")

<oz [ L o — o).

Theorem 5.4.3 implies that p has the quasiasymptotic behavior
p(xo +ex) = lex|* " +0(e*™) ase— 0", in D'(R"),

and the conclusion then follows from Proposition 5.4.1. ]
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Basxkna mamomena:

BH

N3Bom: Y 0BOj MOKTOPCKOj AuCepTanuju Pa3dMOTPEHU Cy HEKOJIUKO WH-
terpanie tpanchopmamnuje. Ilpsa je short time Fourier transform (STFT).
Iare cy u mokaszame Tteopeme o HenpekummHoctu STFT u mena cuaTe3a Ha
npocropy tect dyusmuje Ki(R™) u ma mpocropy Ki(R")QU(C") roe U(C")
je mpoctop ox nmenux 6p30 omanajyde (QyHKIUje Y NIPOU3BOJLHU XOPU30HT-
amuu orncer Ha C". Onma, oBe pesyarare HEIPEKUIHOCTU Cy UCKOPUCTEHU 34
paBujame Teopuje STFT ma npocropy K} (R™). Jenso mornasje je mocseueno
rkapakrepusanuje Kj(R") ca cpomuux momymnanuckux npocropa. Jlokaszanu
cy u paszauuutux TaybepoBu pesynarara 3a STFT.

Ileo Te3e je mocBeuen Ha ridglet u Pamon Tpanchopmanuje. Ridgelet Tpanc-
dopmamumja je mepurucana Ha (JIuzopkun) mucTpubynuuje u HOKa3aHo je na
ridgelet TpaHchopManuja 1 HEH OmepaTop CUHTE3e MOTY Oa Ce IMPOIIUpPe
KaKO HEMPEKUIHA IpecimkaBamba Ry : SH(R") — S'(Y') u Ry - S/(Y'H) —
SH(R™). Ridgelet Tparchopmanuja na S)(R") je mara mpeko myasiHOT mpuc-
tyna. Hame TeopeMe HEIpeKUIHOCTY PUATeeT TPpaHCHOoPMAaNUje Cy TPUMEHeHN
y OOKa3mBamwy HemnpekmaHocTu PanoHoBe Tpanchopmamnuje Ha JIn3oprux
TECT MPOCTOpPUMAa ¥ HBUXOBUM ayaiauma. Ha kpajy, majemo AOGenoBux u
TaybepoBux Teopema Kou najy Besze maMmehy KBa3MACUMIOTOTUKE ITUCTPUOY-
nuja u kBazuacuMmnrorure rigdelet m Panonosor Tpanchomamujy.

3amme Ioryiasje je IoOCBeUeHy MyJITUPE30JIYINjCKOr aHaan3y M - ekcroHeH-
nujagHux auctpyoyimuje. [IpoyyaBamMo KOHBEPreHNIN]y MYJITUPE30TYIINjKOT
pPa3Bojy y Pa3MUUTUX TPOCTOPU TECT QYHKIMje U AUCTPUOYIUje U PA3MO-
TpeHa je TOUKacTa KOHBePTeHIUja MYJITUPE30JIYIUJKOI Pa3BOjy y TAUKy Yy
muctpubyTuBHOT cMucay. O6e3bebhena je m kapaxkTepusanuja KBa3MaCUMII-
TOTUKE Yy MOTJIeN MYJITUPE30JYIHjCKOT Pa3BOjy W HajeMO MOBOJLHU YCJIIOB
3a MOCTOjEH€e (v -TayKa I'yCTUHE 3a MO3UTUBHE Mepe.
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