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HANS G. FEICHTINGER

ABSTRACT. We present a functional analytic approach to harmonic analysis, avoiding
heavy measure theoretic tools. The results are non-trivial even for the real line R, but
are formulated for the d—dimensional Euclidean space R?, viewed as a prototype for a
locally compact Abelian group ¢ (with the usual addition of vectors and the topology
provided by the Euclidian metric). * We start with the description of Mj(G), the space
of bounded linear measures, as the dual space of Cpy, which is naturally endowed with a
convolution structure.

1. INTRODUCTION

We start with a few symbols. First note that we will permanently make use of the fact
that R? is a locally compact Abelian group with respect to addition (dilation will come
in only as a convenient but not crucial side aspect). Such Ré-specific parts are marked
by the symbol [Rd — specific!]!

First we define the most simple algebra (pointwise, later on with respect to convolution)
of continuous “test functions”. 1 Because of the local compactness of R? the following
space of continuous functions with compact support is a non-trivial (i.e. not just the zero-
space) linear space of complex-valued functions on ¢:

Definition 1.

C.(R%) := {f : R" — C, continuous and with compact support} 3.

Here we make use of the standard definition of the support of a function:
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1They can be defined on any topological group, and the space is interesting and non-trivial for any
locally compact group. So much of the material given below extends without difficulty to the setting
of locally compact, or at least locally compact Abelian group, except for the statements which involve
dilations

2Why one takes the closure in the above definition will become more clear later on, when the support
of a generalized function or distribution will be defined.

3The capital ”C” stands for continuous, and the subscript ”c¢”stands for compact support; Hans Reiter
uses the symbol (%) for the space C.(G).
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Definition 2. The support of a continuous (!) function is defined as the closure of the
set of “relevant points”: *

supp(f) == {z | f(z) # 0}~

Ccdef
Lemma 1. (Ez to Def. 7oA continuous, complez-valued function on R is in C.(R?) if
and only if there exists R = R(f) > 0 such that f(x) =0 for all x with |x| > R.

support from 201 to 400

! ! ! ! !
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locally supported smooth function

! ! ! !

A list of symbols: Operators, names of operators, and their definitions:

Definition 3 (Operators defined on functions). .

(1) translation T, : T, f(2) = [T.f](2) = f(z — x)

(the graph is preserved but moved by the vector x to another position);
(2) involution f — f with f(z) = f(—2);

We may switch to the notation v f(z) instead later on. r
(3) modulation M,: Multiplication with the character x — exp(2miwz), i.e.

) ML) = 7 1 (2)

(4) [Rd-specific!]dilation D, (value preserving) and St, (mass preserving); cf. below
(5) Fourier transform JF, F ', to be discussed only later: will be given for f € C.(R?)
by the integral (with the normalization 2 in the exponent!)

our-intdef] (2) F:fef: fls)= [ f)e?™'at

Definition 4 (Banach spaces of continuous functions on ¥).
C,(R%) := {f : R+ C, continuous and bounded with the norm ||f|lsc = sup,era|f(z)| }

4The superscript bar stands for “closure” of a set. Hence the supp(f) is by definition a closed set.
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The spaces Cyp(R?) and Cy(R?) are defined as the subspaces of Cy(R?) consisting of
functions which are uniformly continuous (and bounded) resp. decaying at infinity, i.e.,

f € Cy(RY) if and only if | l‘im |f(x)] =0.
T|—00

Lemma 2. Characterization of Cy,(RY) within Cy(R?) (or even L®(R?)).
(3) ||Txf - f”oo —0 ][07n z — 0.
if and only if f € Cyw(R?) (characterization within Cy(R?)).

. L. . Cu-charQ
Proof. The reformulation of the usual € — d-definition into the format of (}'3i is Teff to the
interested reader. U

We will use the symbol £(Cy(R?)) for the Banach space of all bounded and linear
operators on the Banach space Cy(R?), endowed with the operator norm

1T\l 2icomay) = ITloo = sUp|fl<ill T floo-

2. BANACH ALGEBRAS OF BOUNDED AND CONTINUOUS FUNCTIONS

Definition 5. [Banach algebra] A Banach space (A, ||-||a) is a Banach algebra if it
has a bilinear multiplication (a,b) — a e b (or simply a - b or just ab, this means that it is
also associative and distributive) with the extra property that for some constant C' > 0°

(4) laeblla < Cllal|allbt]a Va,be A

Theorem 1. (Banach algebras of continuous functions)

(1) (Co(R?), ||+ |lsc) is @ Banach algebra with respect to pointwise multiplication, even
a B*-algebra, with involution f — f (i.e., || flloc = |If]lcc and f = f).

(2) (C’ub(Rd), Il - ||Oo) s a closed subalgebra of (Cb(Rd), Il - ||OO)

(3) (Co(R?), || |l) is a closed ideal within (Cy(R?), | -|l)-

Proof. First we show that Cy,(R?) is a closed subspace of (Cy(R?), || ||c). In fact, let
(f») be a uniformly convergent sequence in C,;(R?), convergent to f € Cy(R?). Then for
given € > 0 there exists ng such that ||f — fu,llee < €/3. Since f,, € Cu(R?) we can find
d > 0 such that |7} fn, — fuolleo < €/3 for |z| < §. This implies of course for |z| < 0:

(5) “Tzf - f“oo < ||TZ<f - fno)”oo + HTzfno - fm)Hoo + ”f - fno”oo < 35/3 =&

We have to estimate ||T,.(gf) — gf||c, for |z| — 0. If we choose 6 > 0 such that both
N Tof — flloo <€ and ||Thg — gl|eo < € for |z| < 6 we have

ITe(g- f) =g fllo < 1Tog - (Tof = Pllse + [(Tog = 9) - flloo < 2011 flloc + [lgll0)e”-
0J

Lemma 3. Characterization of Co(R?) within Cy(RY): Cy(R?) coincides with the closure
of C.(R?) within (Cy(RY), || ||s)-

SWithout loss of generality one can assume C' = 1, because for the case that C' > 1 one moves on to

the equivalent norm ||al|’y := C - ||a]| a.
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Definition 6. A directed family (a net or sequence) (hq)acr in a Banach algebra (A, || -]|a)
is called a BAI (= bounded approximate identity or “approximate unit” for (A, ||-{/a))
if

lim||hy -h —hlla=0 Vhe A.

We need the following definition:

Definition 7. [Rd-specific!]|Definition of value preserving dilation operators:

(6) Dyf(z) = f(p-2), p>0,z€R
It is easy to verify that
(7) Do fllse = [l fllsc  and  Dy(f - g) = Dy(f) - Dy(9)

For later use let us mention that the dilation and translation operators satisfy the
following commutation relation [Rd-specific!]:

(8) D,oT, =T,,0D, x€Rp>0.
Proof. For any f € Cy(R?) one has, for any z € R%:

[Dp(Tef)1(2) = (Taf)(p2) = [(pz—2x) = f(p(z=2/p)) = (Dpf)(z=2/p) = [Te/p(Dpf))(2)-
0

Theorem 2. (Cy(RY), |- |l«) is a Banach algebra with bounded approzimate units. In
fact, any family of functions (ha)acr which is uniformly bounded, i.e. with

|ha(z)] < C <00 Vo€ R Vacl

and satisfies
limh,(z) =1 wuniformly over compact sets

constitutes a BAI (the converse is true as well). [Rd-specific!]In particular, one obtains
a BAI by stretching any function hy € Cy(R?) with ho(0) = 1, i.e. by considering the
family D,ho(g)(t) :== ho(p-t), for p— 0.

The following elementary lemma is quite standard and could in principle be left to
the reader. Probably it should be placed in the appendix. However, it is quite typical
for arguments to be used repeatedly throughout these notes and therefore we state it
explicitly.

Lemma 4. Assume that one has a bounded net (Ty)acr of operators from a Banach space
(B, ||-|M) to another normed space (B2, ||-||¥), such that T, — Ty strongly, i.e. for
any finite set F C BY and e > 0 there exists an index o such that for a = aq one has
|Tof — Ty f|| g2, then one has uniform convergence over compact subsets M C B'.

Proof. The argument is based on the usual compactness argument. Assuming that
H‘Tam < (] for all @ € I we can find some finite set fi,... fx € M such that balls
of radius § = ¢/(3C}) around these points cover M. According to the assumption (and
the general properties of nets) one finds o such that

HTchj — TofjHB(z) < 5/3, fOI‘j = 1,2, UK.
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Consequently on has for any f € M and suitable chosen index j (with || f — f;|| gy < 9):

) Taf = Tofllper < ITa(f = fillpe + 1Taf; — Tofill pe + 1 To(f; = fllpe-
Since the operator norm of 7j is also not larger than C; (! easy exercise) this implies
(10)  NTaf = Tofllpe < 2Cif = fillpo + 1Taf; = Tofillpe <2010 +¢/3 <e.

O

Remark 1. In fact, a similar argument can be used to verify that the w*-convergence of a
bounded net of operators by verifying the convergence only for f from a total subset within
its domain. In fact, using linearity implies that convergence is true for linear combinations
of the elements for such a set, and by going to a limit one obtains convergence for arbitrary
elements in BW.

Obviously the above argument applies to nets of bounded linear functionals as well
(choose B® = C).

Lemma 5. [Rd-specific!][Group of dilation operators | The family of operators (D,),=o
is a family of isometric isomorphisms on (Co(Rd), Il - Hoo) Moreover, the mapping p —
D,, Rt — L(Cy(RY)) is a group homomorphism from the multiplicative group of positive
reals into the isometric linear operators on (Co(R?), || ||). In particular on has

(11) ng o Dp1 = Dp1'P2 - DPl © DPz

Lemma 6. Let I be the family of all compact subsets of RY, and define K = K' if
K D K'. If we choose for every such K CC R% ® a plateau function px such that
0<p(x)<1onR?and px(z) =1 on K. Then (px)xer constitutes a BAI for Cy(R?).

Proof. First we have to show that the “direction” of I is reflexive ( K O K and transitive,
ie. K1 O Ky and Ky O K3 obviously implies K7 O Kj3. Finally the key property for the
index set of a net is easily verified: Given two “indices” K, K5 the set Ky := K; U Kj is
a element of I, i.e. a compact set, with Ky > K; for i = 1,2. Hence (px)xes is in fact a
net.

In order to verify the BAI property let f € Cy(R?) and € > 0 be given. Then - by
definition of Cp(R?) there exists some R > 0 such that |z| > R implies |f(z)| < e. Then
one has |f(z) - p(z) — f(2)| = [(1 — p(2))[|f(z)| < [f(z)] < € for [z] = R. On the other
hand |f(z) - p(x) — f(z)| = |f(z) - 1 — f(x)| = 0 for |z| < R, as long as p is a plateau
function equal to 1 on the compact set Ky = Br(0) 7, i.e. as long as p = px has an index
with K = Ky. Altogether ||f-p — fllo <€ O

The family of all %ﬁ‘gg@gp%}:%&lﬁn% BUPUs (defined below) will satisfy the conditions
described in Lemma 5.

Lemma 7. Another characterization of Co(R?) within Cy(R?):
h € Cy(R?) belongs to Co(R?) if and only if

(12) lim [[hq - — |l =0

for one (hence all) BAIs for Cy(R?) (as described above).

6We write K cC R? to indicate that K is a compact subset of R
7BR(O) denotes the ball of radius R around 0.
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Remark 2. 1t is a good exercise that such a BAI acts uniformly on compact subsets, i.e.

for any relatively compact set M in (Co(G), || - [l«) one finds: Given & > 0 one can find
some ag such that for a > ag implies
(13) |he -h—hllp <e VheM.

The following simple lemma will be useful later on (characterization of LTIS, i.e. linear
time-invariant systems, for d = 2 we can talk about linear space-invariant operators, as
they are used for image processing applications):

Lemma 8. A function f € Cy(R?) belongs to Cu,(R?) if and only if the (non-linear)
mapping z — T, f is continuous from R into (Cb(Rd), Il - ||OO) In fact, such a mapping
18 continuous at zero if and only if it is uniformly continuous.

Proof. 1t is clear that continuity is a necessary condition (and we have already seen that
it is equivalent to uniform continuity for f € Cy(R?)). Conversely assume continuity at
zero, i.e. || T.f — fllo < € for sufficiently small z (|z| < 0). Then one derives continuity
at = as follows:

[ Torzf — Taflloo = ITo(Tof — Plloo = T2 = fllo <€

implying uniform continuity of the discussed mapping. ® O

Remark 3. On can say, that the mapping x +— T}, from R? into £(Cy(R?)) is a represen-
tation of the Abelian group R? on the Banach space (Co(IR?), || - ||« ), which by definition
means that the mapping is a homomorphism between the additive group R? and the
group of invertible (even isometric) operators on (Cy(R?), || - ||s). The additional prop-
erty that z — T, f is continuous for f € Cy(R?) is referred to as the strong continuity
of this representation. The same mapping into the larger space £(Cy(R?)) would not be
strongly continuous, because for f € Cy(R?)\ C,;(R?) this mapping fails to be continuous
(cf. below)

Remark 4. One can derive from the above definition that the mapping (z, f) — T.f,
which maps R? x Cy(R?) into Cy(R?) is continuous with respect to the product topology
(Exercise).

Definition 8. We denote the dual space of (Cy(R?), || - ||s) with (M (R?), || - [|ar). Some-
times the symbol M,,(R?) is used in order to emphasize that one has “bounded” (regular
Borel) measures.

The Riesz Representation Theorem (see e.g. [2], p.112, as well as many other sources,
probably also [3], or [1]) provides the justification for this definition and establishes the

8The proof gives an argument, that a homomorphism from an Abelian topological group G (R? in
our case) into a group of operators on a Banach space (B, ||-|g) (here (Co(R?), ||-[lo)), is strongly
continuous, i.e. satisfies the discussed continuity property analogue to f — T, f, is continuous from G
into (B, |- ||B) if and only it is continuous at zero (the identity element of G).
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link to the concept explained in measure theory. In that case the action of u on the test
function is of course written in the form

(14) n(f)= [ FO)duta)

In the classical case of functionals on C(I), where I = [a,b] is some interval, on can
describe these integrals using Riemann-Stieltjes integrals. They make use of functions
F of bounded variation. The distribution function ? F' is connected with the measure u
(defined on the o-algebra of Borel sets in I via

15)  F@)= [ du) [ f@dule) = timsa 3 FEF () ~ Flai)

The original approach to (L'(R), |- [|1) was within this context: A closed subspace of
the linear space of all functions of bounded variation BV (R) is the space of absolutely
continuous functions (cf. historical notes, in particular see the article of 1929 by Plessner
[27], where he shows that these are exactly the elements within BV which have continuous
translation, hence are approximated using e.g. convolution by nice summability kernels.”

Remark 5. As a compromise between the simple Riemannian integral and the high-level
Lebesgue integral (which is complete with respect to the L'-norm!) people sometimes
restrict their attention to the closure of the step functions in the sup-norm (this is a
space containing both the step functions and the continuous functions), if we work over
an interval or bounded subset of R%. One could use the closure of the simple (i.e. defined
by indicator functions of d—dimensional boxes or cubes) in the sense of the Wiener norm
of W (L', £7)(R%).

EXAMPLES: point measures &y : f — f(0), 0, : f — f(x), or integrals over bounded
sets: [ +— f:f(x)dx, or more generally f — [p, f(x)k(z)dz, where integration is taken in
the sense of Riemannian (or Lebesgue) integrals, for k € C.(R?). For the setting of locally
compact groups ¢ one will use the Haar measure for the definition of such integrals.
Note: the norm of p € M(R?) is of course just the functional norm, i.e.

[eellar == sup |u(f)l = sup |u(f)]
| Fllo<1 I Flloo=1

EXERCISE: ||0;|ar = 1, and more generally:

Theorem 3. For any finite linear combinations of Dirac-measures, i.e. for jp =, iy,
(where F is some finite index set and we assume that one has the natural representation,

with ty # ty ) one has ||plag, = > pep |kl

9This use of the word distribution is quite different from the use of distributions in the sense of
generalized functions, as it is used in the rest of these notes.

107t is also interesting to see how most of the still relevant facts concerning Fourier series, Lebesgue
integral and so on appear already in a rather clear form in those early papers and books on the subject.
However, this was before the age of Banach space theory and in fact not at all referring to abstract Hilbert
space theory, as it is seen nowadays as a corner stone. For further comments see the [forthcoming] section
on historical notes.
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A simple lemma helps us to identify the closed linear subspace of (M (RY), |- |lar)
generated from the (linear) subspace of finite-discrete measures. We will call it the space
of discrete measures.

Lemma 9. Let V' be a linear subspace of a normed space (B, ||-||g). Then the closure
of V' coincides with the space obtained by taking the absolutely convergent sequences in
(B, || - ||B) with elements from V :

(16) Abs(B) = {z =Y vy, with Y _ |[oa]p < oo}

n
Proof. 1t is obvious that Abs(B) C V~, the closure of V in (B, ||-||g). Conversely, any
element = = limy_,,vx can also be written as a limit of a sequence with ||z — vl < 27"
and may therefore be rewritten as a telescope sum, with y; = vy, Ypi1 = Vpi1 — Un.
]

Remark 6. A simple but powerful variant of the above lemma is obtained if one allows
the elements v,, being only taken from a dense subset of V' (density of course in the sense
of the B—norm. Since such a set has the same closure this is an immediate corollary
from the above lemma.

As a consequence (of the last two results) one finds that the closed linear subspace
generated by the finite discrete measures coincides with absolutely convergent series of
Dirac measures:

Definition 9 (Bounded discrete measures).
M;RY) ={pec MRY) : = ch(Stk s.t. Z lcx] < oo}
k=1 k=1

The elements of My(R?) are called the discrete measures, and thus we claim that they
form a (proper) subspace of (M (R%), || - ||ar).

Definition 10. A sequence of measures (i, ),>1 i Bernoulli convergent to some py €
M (R?) according to Bochner ( [4], p.15), if it is bounded in (M (R?), || - ||ar) and if

pin(f) = po(f) forall  f e Gy(RY).

Lemma 10 (Bernoulli convergence for tight sequences). Assume that (1i,)n>1 s a bounded
and tight sequence in (M (R?), || - [|ar), such that pg = w* —limy,pi,,. Then p, is Bernoulli
convergent to L.

We claim, however, that the finite discrete measures form a w*-dense subspace of
M (R%). Before doing this we will define the adjoint of the pointwise multiplication within
Co(R?) on its dual space, i.e. how to define h - u (for h € Cy(R?) or even h € Cy(R?)).

Definition 11. h- pu(f) = p(h- f),h € Cy(RY), f € Co(RY).
Lemma 11. For h € Cy(RY) and u € M(R?) one has

(17) 1= pllne < [Alloc el e

In fact, the mapping from the pointwise algebra (Cy(R?), || - |l) into the algebra of point-
wise multiplication operators My : pn— h - is in fact an isometric embedding.



A FRESH APPROACH TO HARMONIC ANALYSIS: NUHAG: VERSION SUMMER 2010 9

Proof. The statements are more an exercise in terminology than a deep mathematical
statement and are therefore left to the interested reader. 0

For this reason we will introduce a simple tool, the so-called BUPUs, the “bounded
uniform partitions of unity”. For simplicity we only consider the regular case, i.e. BUPUs
which are obtained as translates of a single function:

Definition 12. A sequence ® = (Th¢)ren, Where @ is a compactly supported function
(ie. ¢ € C.(RY)), and A = A(Z?) a lattice in R? (for some non-singular d x d-matrix) is
called a regular BUPU if
Z plr—AN) =1
)

a semiregular BUPU obtained by division
1.2 T T T T T T T T T T

0.8

0.6

04

0.2 \
0]

_O 2 1 1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500

The regular BUPUs are sufficient for our purposes. They are a special case for a more
general concept of (unrestricted) BUPUs:

Definition 13. A BUPU, a so-called bounded uniform partition of unity in some Banach
algebra (A, ||-||a) of continuous functions on ¥ is a family W = (1););c; of non-negative
functions on ¢, if the following set of conditions is satisfied:

(1) There exists some neighborhood U of the identity element of the group ¢ that for
each i € I there exists x; € ¢ such that supp(¢;) C x; + U for all i € I;

(2) The family ¥ is bounded in (A, || - ||a), i.e. there exists C4 > 0 such that
||¢||A < (Cyforallie I;

(3) The family of supports (z; + U);e; is relatively separated, i.e. for each i € I the
number of intersecting neighbors is uniformly bounded in the following sense

#{j| (i +U)N(z; +U) # @} < Cy;
(4) Dier thilz) =1
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Occasionally we will refer to U as the size of the BUPU. The constant C'4 is the norm
of the family W in (A, ||-]|a), and Cy is a kind of overlapping constant of the family.
Let W = (1;);e; be a BUPU, i.e. a bounded uniform partition of unity.

Theorem 4. Let V = (v;)ier be a non-negative Then ||pllar = D) ll1tbillag, ice. pp =
>ies i is absolutely convergent for € M(R?).

Proof. The estimate ||p||ar < Y., |[144i]| ar is obvious, by the triangular inequality of the
norm and the completeness of (M (R?), || ||az). In order to prove the opposite inequality
(and in fact the finiteness of the series on the right hand side) we can argue as follows.
Given € > 0 we can choose a sequence ¢; > 0 such that Zie ;€ < €. By the definition of
l1atillr we can find f; € Co(R?) with |filloc, such that [ )] = l(tssf)l > llwéillng —
;. Without loss of generality (by changing the phase of f; if necessary) we can assume
that p(v;f;) is real-valued and in fact non-negative, i.e. absolute values can be omitted.

Putting together the function f := ., fity we have |f(t)| < > .o [ filloolti(t)] <
Y icr Yi(t) =1, and

wlf) = i)l = nwif) > D (el =€) =D luwdillm — e,
i€l i€l el i€l

thus completing our argument. 0

Corollary 1. FEvery measure p is a limit of its finite partial sums. Hence the compactly
supported measures are dense in (M(R?), |- ||az). In particular, (M(R?), |- ||az) is an
essential Banach module over (Co(R?), ||+ ||s) with respect to pointwise multiplications.
One possible approximate unit consists of the families U, where the index J is running
through the finite subsets of I and is given as Wy =Y. ;.

Definition 14. For any BUPU & the Spline-type Quasi-Interpolation operator Spe is
given by:

f e Spa(f) = F(Néx
AEA
PERHAPS BETTER/MORE CONSISTENT:
For any BUPU W the Spline-type Quasi-Interpolation operator Spy is given by:

f e Spg(f) =)z
iel
Its adjoint operator, which we will call discretization operator, which maps bounded
measures into discrete measures, denoted by Dy.

Lemma 12. The operators Spy, are uniformly bounded on (Co(R?), || - [|so) or (Co(R), || - [|s0)
respectively. Moreover || Spy(f) — flloo = 0 for |U| — 0.

The adjoint operator can be obtained from the following reasoning:
(18)  Spy((f) = n(Spa(f) = (D flaaun) = Y n(Wi) f(x:) = Y p(i)du, ().
i€l iel iel
hence we can make the following definition

Definition 15. Dy (p) (or) Dyp =Y .5 p(¥i)da,.
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It is a good exercise to verify the following statements:

Lemma 13. For f € Cy(RY) the sum defining Sps f is (unconditionally) norm conver-
gent in (Co(RY), ||+ [|sc) (even finite at each point), and ||Spe(f)|ls < || fllcc, i-c. Spe is
a linear and non-expansive mapping on (Co(Rd), I| - HOO) In particular, the family of op-
erators (Spe)s, where ® is running through the family of all (reqular) BUPUs of uniform
size (that means that the support size of ¢ with ||¢||« is limited) is uniformly bounded on
(Cg(Rd), |- Hoo) " Moreover, these spline-type quasi-interpolants are norm convergent
to f as |®| (the maximal diameter of members of ®) tends to zero. In other words, we
claim: For every € > 0 and any finite subset F C Cy(R?) there exists 6 > 0 such that
1Spef — flloo < & if only |P] < do.
12

For every BUPU & we denote the adjoint mapping to Sps by Deg: Discretization
operator to the partition of unity ®. It maps M (R?) into itself (in a linear way), and
since Spe is non-expansive the same is true for Dg

AGAIN: ONE MIGHT PREFER TO WRITE Dy !

a completely irregular BUPU

%
%
s
S

Definition 16. [Rd-specific!|Definition of dilation operators:
D,f(z)=f(p-2), p>0,z€R

We will allow to apply operators of this kind of operators also to families, i.e. we will
shortly write D,® for the family (D,(7\¢))aea. Since D, preserves values of functions (it

Hihese statements have to be simplified
1211 some cases it might be of interest to look at BUPUs which preserve uniform continuity, i.e. which
have the property that SpPsif € Cu(G) for any f € CbG. This is certainly the case if one has a

regular BUPU, i.e. a BUPU which is generated from translate of a single, or perhaps a finite collection
of “building blocks”.
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moves the values via stretching or compression to “other places”), hence D,1gs = 1ga'®.
Consequently @ is a (regular) BUPU if and only if D,® is a BUPU (for some, hence all)
p > 0.

In order to understand the engineering terminology of an “impulse response” uniquely
describing the bevaviour of a linear time-invariant system let us take a quick look at the
situation over the group G = Z,, the cyclic group (of complex unit roots of order n).
Obviously ¢o(Z,,) is just C", and the (group-) translation is just cyclic index shift (mod

Lemma 14. A matriz A represents a “translation-invariant” linear mapping on C" if
and only if it is circulant, i.e. if it is constant along side-diagonals (we will also call such
matrices “convolution matrices”);

Proof. We can start with the “first unit vector”, which is mapped onto some column
vector in C" by the linear mapping x — A % x. Since we can interpret all further vectors
as the image of the other unit vectors, but these are obtained from the first unit vector
by cyclic shift, we see immediately that the columns of the matrix are obtained by cyclic
shift of the first column, hence the matrix A has to be circulant (in the cyclic sense).

Usually engineers call the first column of this matrix, which is the output corresponding
to an “impulse like” input (the first unit vector) the impulse response of the translation
wmvariant linear system A.

Since the converse is easily verified we leave it to the interested reader. In fact, it may
be interesting to verify the translation invariance by deriving first for a general matrix
action A the action of T_; o Ao T} and to observe subsequently that this operation does
not change circulant matrices. 0

For the “continuous domain” (i.e., for linear systems over R resp. over R?) one has to
invoke functionals in order to be able to “represent” the translation invariant systems.

Theorem 5. A bounded and closed subset M C Cy(R?) is compact if and only if it is
uniformly tight and equicontinuous, i.e. if the following conditions are satisfied:

o fore > 0 there exists 6y such that |y| <0 = ||T,f — fll <e Vf e M;
o for e > 0 there exists some k € C.(RY) such that ||f — kf|le <&, Vfe€ M;

Proof. Tt is obvious that finite subsets M C Cy(R?) have these two properties, and it is
easy to derive them for compact sets by the usual approximation argument.

So we have to show the converse. We observe first that ||pf — fllc — 0, if p is a
sufficiently large plateau-function. The set {pf|f € M} is still equicontinuous (cf. the
proof, that C,(R?) is a Banach algebra with respect to pointwise multiplication). We
may assume that p has compact support. Then we apply a (sufficiently) fine BUPU to
ensure that ||[pf — Spy(pf)|ls < €. Since p has compact support only finitely many terms
make up Spy(pf), i.e. one can approximate by finite linear combinations of the elements
of ¥, and the proof is complete (?more details)? O

BWe use the symbol 1, to indicate the indicator function of a set, which equals 1 on M and zeros

elsewhere.
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Definition 17. The Banach space of all “translation invariant linear systems” on Cp(R?)
is given by

Ha(Co(RY)) = {T : CH(R?) — Cy(R?), bounded, linear : ToT, =T, o T,Vz € R%}

Remark 7. ' Tt is easy to show that Hg(Cy(RY)) is a closed subalgebra of the Ba-
nach algebra of £(Cy(R?)) (in fact it is even closed with respect to the strong operator
topology), hence it is a Banach algebra of its own right (with respect to composition as
multiplication). We will see later that it is in fact a commutative Banach algebra.

Definition 18. recall the notion of a FLIP operator: f(z) = f(—z)
Given pu € M(R?) we define the convolution operator C, by: C,.(f)(2) := p(T.f).
The reverse mapping R recovers a measure p = pp from a given translation invariant

system T via p(f) := T(f)(0).

Theorem 6. [Characterization of LTISs on Cy(R?)]
There is a natural isometric isomorphism between the Banach space Hg(Cy(R?)), endowed
with the operator norm, and (M (R?), || - ||am), the dual of (Co(RY), ||+ [|ec), by means of
the following pair of mappings:
(1) Given a bounded measure y € M (R?) we define the operator C, (to be called
convolution operator with convolution kernel p later on) via:

(19) Cuf() = (o f).
(2) Conversely we define T € Ha(Co(R?)) the linear functional p = ur by
(20) pr(f) = [T£1(0).

The claim is that both of these mappings: C : p — C, and the mapping T+ pr are
linear, non-expansive, and inverse to each other. Consequently they establish an isometric
1somorphism between the two Banach spaces with

(21) lurllae = 1T ccomay  and  |Cullicomay = il

Proof. The proof has a number of partial steps carried out in the course. Some of them
are quite elementary (e.g. that the resulting objects are really linear systems resp. linear
functionals, or that the mappings C' and its inverse are linear mappings) and are left to
the interested reader. We concentrate on the most interesting parts.

First of all it is easy to check that the definition of C), really defines an operator on
Co(R?), with the output being a bounded function.'® Since

(22) CulH@] < Nl sl T flloo = llpellaall Flloc
and hence the operator norm of C,'" satisfies ||Cl| z(cyray < |l ar(ray-

1 The letter H in the definition refers to homomorphism [between normed spaces], while the subscript
G in the symbol refers to “commuting with the action of the underlying group G = R? realized by the
so-called regular representation, i.e. via ordinary translations

15Sometimes we will write [T, 7.] = 0 in order to express the commutation formula using the commu-
tator symbol, and the “=”-symbol to express that this relation holds true Vz € R?.

6Engineers talk of BIBOS, i.e. Bounded Input [gives] Bounded Output Systems.

170f course we think of the “convolution by the measure yu, in conventional terms, and this is also the
reason for using the symbol C.



nv-commutl

conv-cont

compapprox
mpsuppconv

ysmeassysl

sysmeassys

easysmeasl

14 H. G. FEICHTINGER

Furthermore it commutes with translations, since D_1(T,f) =T_,D_1f =T_, f

(23) Cu(Tof) (@) = LT f) = p(To-o f) = Culf) (@ — 2) = T.CLf (x).

It is also easy to check - using this fact - that (uniform) continuity is preserved, since

(24) IT-(Cu(f)) = Cul oo = NCWTof = O < NpllaaT2f = flloe = 0 for [z = 0.

Finally we have to verify that the output of f — C,(f) is not just continuous but
also decaying at infinity. Due to the closedness of Co(R?) within (Cy(R?), |- [|s0) it is
sufﬁc'}ent to approximate Cu( f) for f € Cc%%‘;)salgg dgggpngactlymglalé)cg%ts%%p(continuous)
functions. This is achieved using Theorem 4 resp. Corollary 2. Given & > 0 one can

choose h € C.(R?) with || — hul|ar < &. Then the difference

(25) 1Chiuf = Crflloo < b+ 1= pillag|[ flls
can be made arbitrarily small, while on the other hand
(26) Cruf (@) = hpu(To f*) = p(h - Tof") = 0

if supp(h) N supp(T,f*) = supp(h) + (x — supp(f)) # 0, i.e. if x ¢ supp(h) + supp(f),
since we have assumed that f has compact support. Thus altogether we have found that
[ Cu(f) is in Ha(Co(R)), with a control of the operator norm on (Co(R?), || - [|) by
[ 42l[ a1

Let us verify next that the two mappings are inverse to each other. Let us verify first
that the system associated with pr is the original system, in other words we have to show
that C,,, = T for all T € Hq(Co(R?)). Using the relevant definitions this follows from
the following chain of equalities

(27) [Cour (](x) = pr(To f) = T(To ))(0) = T(T..£)(0)

Since T' commutes with all the translations we continue by

(28) [Cur (P)](@) = T(T_2f)(0) = T_,Tf(0) = Tf(0 — —x) = Tf(z).

Since this is valid for all z € R? and f € Cy(R?) one direction is shown. It also shows that
every TG € Ha(Cy(R?)) is a convolution operator by a uniquely determined measure
pr € My(R?), and that |urlar = [|T]|zcyrey. In fact, since we know already that
lurllar < 1T zicymayy we only have to verify that a strict inequality would imply a
contradiction. Thus using (28) we come to the following exact isometry:

||T||£(Co(Rd)) = ||CMT||£(CO(]Rd)) < ||MT|| < ||T||L(Co(Rd))-

Let us now look for the converse identity: the measure associated to the convolution
operator C), associated with some given y € M;(R?) is just the original measure, since

(29) pe, () = Cul())(0) == u(To(f)) = n(f)-

which in turn implies that the inverse mapping is surjective, i.e. that the (already known
to be isometric) bijection between bounded measures and systems is in fact surjective
onto the bounded measures. Thus our proof is complete. 0

Note also that there is a matter of consistency to be verified. For “ordinary functions”
g € C.(R?) (resp. g € L*(R%)) one can define a unique bounded measure
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Definition 19. py(f) = [oa f(z)g(x)dz,

Many ways to introduce convolutions!

The previous characterization allows to introduce in a natural way a Banach algebra
structure on M (R?). In fact, given y; and py the translation invariant system C),, o C,,
is represented by a bounded measure p. In other words, we can define a new (so-called)
convolution product p = py * pe of the two bounded measures such that the relation
(completely characterizing the measure i * pz)

(3()) CMl*MQ = Cm © Cuz

It is immediately clear from this definition that (M (R?), || - ||ar) is a Banach algebra
with respect to convolution. ! Associativity is given for free, but commutativity of
the new convolution is not so obvious (and will follow only later, clearly as a consequence
of the commutativity of the underlying group).

The translation operators themselves, i.e. T, are elements of Hq(Cy(R?)), which cor-
respond exactly to the Dirac measures 6., 2 € R?, due to the following simple considera-
tion'®,

(31) Co, [(2) = 0u(T.f) = [T f)(w) = f(z = 2) = f(z — x) = [T.f](2),

and thus Cs, = T, in particular Cs, = Ty = Id, resp.

(32) f=6xf and T.f=6,%f, [f€CyRY.

Remark 8. In the literature there another, quite non-obvious definition of the convolution
of two bounded measures is given. It makes a non-trivial proof of the associativity
necessary, which is not necessary in the case of our definition. So the classical way of

describing the convolution of two measures (for now the order matters) is as follows:
Given gy, p1s € M,(R?) the action of p; * g on f € Cy(RY) can be characterized by

(33) woiaf) = [ [ 1+ i)

Proof. First recall the definition, i.e. that p; * ps is the linear functional corresponding
to T :=C,, 0 C,, € Ha(Co(R?)) satisfies

p* p2(f) = T(F)(0) = [(Criy © Ca)(NN0) = [Crua (Cria (HIO) = pa(9)
with g(z) = [C), (f)](x) CM(]E)( x) = po(T, f). Putting everything into the standard
notation we have g(x) = [pa f(y + x)dpo(y) which implies the result stated above. O

Remark 9. The different realizations of convolution can be conveniently disguised by using
(mostly from now on throughout the rest of the manuscript) the symbol * for convolution, i.e.
we write p * f instead of C(f) from now one, or g * f for the convolution of LY(R%)-functions

BWe start writing p * f for C,(f), the convolution of p with f. This is justified by the fact that

in the case of double interpretation, e.g. for p = p, for some g € C.(R?) either as a pointwise defined
integral or the action of a measure on test functions one can easily check that there is consistency among
the different view-points. From now on we will not discuss this issue in all details and and leave the
verification of details to the reader.
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using the Lebesgue integral. We have discussed that the reinterpretation of those things in
varying contexts is - from a pedantical point of view - a delicate matter, but having discussed
this problem in detail for a few cases we leave the rest to the reader if there is interest in the
subject. We just want to convince all our readers that e.g. associativity or commutativity of
convolution is always well justified in the context that we are providing, and that in this sense
the user of the calculus does not have to worry about possible inconsistencies.

Although the above result, combined with Fubini’s theorem indicates that convolution
is commutative we do not make use of this fact, because we do not want to invoke results
from measures theory at this point. In fact, using an approximation argument (using
discrete measures) we can get the result. Looking back we can say however that this is
also more or less they way how we prove Fubini, using suitable resummation of suitable
Riemannian sums.

Remark 10. The fact that the Banach space on which the action of the (then) Banach
space (Co(R?), || -||o) on which the Banach convolution algebra (M;,(R?), || - ||az,) has the
extra relation the this Banach algebra by duality implies that the action of the algebra
on (Cy(R?), || [|s) has and adjoint action on the dual space. Since we would like to call
this action also “convolution” we have to check compatibility of the two operations. In
fact, what we observe, convolution within M,(R?) turns out to be the adjoint action to
convolution combined with inversion (note that this makes even in a non-commutative
setting the adjoint action covariant (same associativity rule) as in My(G)).

(34) (s f) = s f = (ux f)
NOTE: Probably we should use the checkmark symbol (cf. [36]: f¥.
In order to verify this other consistency we can argue as follows: By definition we have
Cm*uzh<z> = Cﬂl (th)(z)

for all h € Cy(R?) and z € R?, hence for z = 0, hence by our conventions

(b1 % p2)(B) = pur((p2 = h)) == pr(pa” * h)
or by writing f = h € Cy(R%):

(35) (1 * p2) (f) = pa(p2” * f).

This form of defining the convolution of to “abstract objects” is very much like the typi-
cal definition of the convolution of distributions. It makes sense as long as the convolution
of 1y with test functions makes sense!”

Since the algebra £(Cy(RRY)) is not commutative it is not at all clear from this definition
why (M (R?), || - ||az, *) should be a commutative Banach algebra, which is in fact true.

In order to prepare for this statement we have to provide a few more statements.

The compatibility of the (isometric) dilation operators D, with translations, i.e. the
rule [Rd-specific!]

(36) D,T.=T.,,D,

9Then the right hand side makes sense and can be used to give the expression [41 * {2 a meaning.

Note however that this is dangerous terrain, because it may happen that such an individually defined
convolution between distributions - similar to pointwise products - may turn out to be non-associative!
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makes it possible to define another norm preserving automorphism for the Banach algebra
(M(Rd)u ” ’ ||M7 *) 20,

Definition 20. The adjoint action of the group RT on M (R?) is defined as the family
of adjoint operators on M (R?) via:
(37) Stou(f) = u(D,f), Vf € Co(R?), p>0.
Check
Stop(f) = w(St,f) and  Dyu(f) = u(Sty(f))

Being defined as adjoint operators each of the operators St, is not only isometric on
M (R%), but also w*-w*—continuous on M (R?).

Definition 21. ALTERNATIVE DESCRIPTION (replaced later >> theorem): Given
p € M(R?) the uniquely determined measure corresponding to the operator D, oC,0D,
will be denoted by St,pu.

We collect the basic facts for this new mapping:

(38) Stopn * Sty = Sty(pu1 * pio)

Proof. To be provided later. It shows that the two alternative definitions above are indeed

equivalent!! O
We have [Rd-specific!]

(39) 1St sl ne = ||l s

While the (mass-preserving) operator St, is well compatible with convolution, the
(value-preserving) operators D, is ideally compatible with pointwise multiplications, since
obviously

(40) Dy(f-9)=D,f - Dpg.
If one used D, in connection with convolution one has to take into account the following
relation:

(41> Stp:u*Dl/pf = Dl/P(N*f)

Lemma 15. The mapping p — St, is continuous from R into L(M(R?)), endowed
with the strong operator topology. It is also true that the mapping (f,p) — Csi,u(f) is
continuous from Cy(R?) x RT into (Co(RY), || [|ec). Obuiously the operators (Strho) o
form a commutative group of isometric operators on M (R?) (but also - since they leave
L'(R?) invariant - on (L*(R?), || -]|1)).

(42) St,, 0 St,, = Stp,.p, = St,, 0St,,
Proof. Proof to be typed later on. OJ
(43) Stpéx = 5pxa

20We will see that these two operations on Co(R%) resp. M (R%) are adjoint to each other
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Remark 11. Due to the w*-density of finite discrete measures in M (R?) one can charac-
terize St, as the uniquely determined norm-to-norm continuous and wg, — w'scontinuous

. . L . . Strho-de
mapping which is isometric on (M (R?), || - ||ar) and satisfies formula (hﬂ

3. Basic FUNCTIONAL ANALYTIC CONSIDERATIONS
A series of lemmata (lemmas) making use of density.

Lemma 16. Assume a bounded linear mapping between two Banach spaces is given on a
dense subset only, then it can be extended in a unique way to a bounded linear operator
of equal norm on the full space.

Proof. 1t is enough to know a bounded, linear mapping 7" on a dense subset D of a normed
space, in order to observe that for any element v in the domain of 7" one has a convergent
sequence (dp)neny in D with limit . Hence (d,)nen is a Cauchy sequence, so that the
boundedness of T" implies that (7'd,),en is a again a Cauchy sequence in the range, hence
(by completeness) has a limit. The uniqueness of this extension and the fact that this
extension has the same norm, i.e. that

TN = T llop = supyay<i||Td]|
is also an immediate consequence. 0]

Lemma 17. Test of BAI on a dense subspace:
A bounded family (es)acr in a Banach algebra (A, ||-||a) is a BAI for A if (only) for
some total subset D C A one has:

lea-d—d||a — 0 VdeD.

Proof. 1t is easy to derive - using the properties of a net - that one has (uniform) conver-
gence for finite linear combinations of elements from D, and then by a density argument
one verifies convergence for all elements. 2! O

Lemma 18. A statement about iterated bounded, strongly convergent nets of operators.
Assume that two bounded nets of operators between normed spaces, (Ty)acr and (Ss)ses
are strongly convergent to some limit operators Ty and Sy respectively. Then the iterated
limit of any order exists and the two limits are equal.
In fact, the index set (o, B) € I x J with the natural order ** is turning (Sz o T,,) into
a strongly convergent net.

Proof. ... Without loss of generality we may assume Ty = 0 and Sy = 0 (otherwise treat

T, — Ty etc.). THE REST OF THE PROOF is LEFT TO THE READER. O
Lemma 19. One can choose the BAI elements from a dense SUBSPACE .
Let (A, ||-]|a) be a Banach algebra with a bounded approximate unit, and D some dense

subset of A. Then there exists also approzimate units (dy)acr in D (if D is a dense
subspace the new family (do)acr can even be chosen to be of equal norm).

210f course this is more or less a statement about strong operator convergence for a net of bounded

operators.
22explanatiom: the natural ordering is given by the fact that («, 8) *= (ap, Bo) if @ = ap and S = Sy.
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Proof. One just has to choose d, close enough to e,, especially for a large enough (to
be expressed properly). By the density of D one can do this. If D is a subspace (not
just a subset) one can renormalize the new elements so that they have the same norm in
(A, ||-]|a) as the original elements (e, )acs- O

Lemma 20. Uniform action of BAIs on compact subsets

By the definition a family (ey)acs acts pointwise like an identity in the limit case, for each
“point”. Howewver, the action is even uniformly over finite sets, and hence over compact
sets, by approximation (we shall use the acronym unifcomp-convergence for this situation
in the future).

Proof. That one has uniform convergence over finite subsets is easily verified, using the
property of a net. The inductive step is based on the following argument: Assume that
one has found «g such that

llea - ai —a;l| <e Va=ap 1 <i<m.

Since ||eq - @my1 — ame1|| < € for all o = «a; we just have to choose some index s with
ag > ag and ag = oy (which is possible due to the definition of directed sets). Obviously

lea - a;i —ail]] <e Varay 1 <i<m+1.

In order to come up with uniform convergence over compact sets, we use again a typical
approximation argument. Given any compact set M C Cp(R?) and € > 0 we have to find
some index a3 such that

lea -a—al|[<e Vae M.

Recalling that (e, )aecs is bounded, i.e. |le,|| < C for some C' > 1 for all & € I, we may
choose some finite subset I C M such that for any a € M there exists a; € F with
|la; — al|| < €/(3C") > 0 (which is just another positive constant, known once we know C
and ). Hence for any given a € M one can use one of such elements a; € F' in order to
argue that the triangular inequality implies (adding and subtracting the term e, - a;).

lea - a—all < lea - (@ — @)l + [lea - a; — ail| + [la; = a]|.

If we choose now ay such that ||e, - a; — a;| < /3 Va = as and a; € F we obtain
altogether (more details are left to the reader, ...),

lea -a—al <e

Lemma 21. The following properties are equivalent.

e there is a bounded approzimate identity in (A, || -||a);
o there exists C' > 0 such that for every finite subset F € A and e > 0 there exists
element h € A with ||h|| < C, such that

|h-a—a||<e VacF.

The argument to turn this family into a bounded net is the obvious one. One just has
to set a := (F,¢), and defining such a pair “stronger than another pair oy := (Fy,¢e;) if
F; D Fand g < e. It is easy to verify that this defines a directed set, and that the choice
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e = h (corresponding to the pair (K, ¢) as describe above) turn (e, )aes into a bounded
and convergent net, hence constitutes a BAI for (A, ||-||a).

Note: In words: The existence of a BAI is equivalent to the existence of a bounded
net in (A, ||-||a) such that the action of “pointwise multiplication” (each element e,
is identified with the left algebra multiplication operator a +— e, - a) is convergent to
the identity operator in the strong operator norm topology (which is just the pointwise
convergence of operators).

Note: Sometimes one observes that one has unbounded approximate identities, where
the “cost” (i.e. the norm of e, grows as the required quality of approximation, expressed
by the smallness of ¢), tends to the ideal limit zero. It makes sense to think of limited
costs (given by C' > 0) for arbitrary good quality of approximation which makes the BAI
so useful.

Theorem 7. (The Cohen-Hewitt factorization theorem, without proof, see [19])

Let (A, -, ||-||a) be a Banach algebra with some BAI, then the algebra factorizes, which
means that for every a € A there exists a pair a’,h' € A such that a = h' - d’, in short:
A=A-A. In fact, one can even choose |la —d'|| < e and ||W] < C.

There is a more general result, involving the terminology of Banach modules.

Definition 22. A Banach space (B, ||-||B) is a Banach module over a Banach algebra
(A, ||-||a) if one has a bilinear mapping (a,b) — a e b, from A x B into B with

|laebls < |la||allblle Va€ Abe B
which behaves like an ordinary multiplication, i.e. is associative, distributive, etc.:
a; e (ayeb) = (a;-az)eb Vaj,as € Ab € B.

BanMod
Lemma 22. (Ex. to Def. 22) A Banach space (B, || -||B) is an (abstract) Banach mod-
ule over a Banach algebra (A, ||-||a) * if and only if there is a non-expansive (hence
continuous) linear algebra homomorphism J from (A, ||-||a) into L(B).**

Proof. For a Banach module the mapping: a — J(a) : [b — aeb] defines a linear mapping
from A into L(B).

Conversely, one can define a A-Banach module structure on B by the definition: aeb :=
J(a)(b).

Without going into all necessary details let as recall that the associativity law
a; e (ayeb) = (a;-az)eb Vaj,as € Ab € B.

It is a consequence of the homomorphism property of J: The left hand side a;  (ay @ b)
translates into J(ay)[J(az)b], while the right hand side equals J(a; - as)(b). O

23 A may be commutative or non-commutative, with our without unit.

24T his viewpoint immediately suggests to discern between general embedding and those having special
properties, e.g. the case where J is an injective mapping, i.e. for every a € A there exists some b € B
such that a b £ 0. Such modules are called true!/? modules: in German: treue Moduln.
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Definition 23. A Banach module (B, | -||g) over some Banach algebra (A, ||-||a) is

called essential if it coincides with the closed linear span of Ae B = {aeb|a € A,b € B}.
For a general Banach module (B, || -||g) the closed linear span of A e B is denoted by

B, or B, (especially if there are different Banach algebras acting on the same space).

The notion of “essential Banach modules” is of course trivial in case the Banach algebra
A has a unit element which is mapped into the identity operator, i.e. if there exists u € A
such that u-a=aVa € A and also ueb =10, Vb € B.

Lemma 23. Let (A, ||-||la) be a Banach algebra with BAIs (e4)acr- Then a Banach
module (B, ||-||B) is essential if and only if

(44) leca®b—0bllp—0 Vbe B

d-BAI
In particular, relation (ZeSZS?mOHOZZiS true for one such BAI if and only if it is true for every
BAI in A.

Definition 24. For any Banach module (B, |- ||g) over the Banach algebra (A, ||-|/a)

the dual space(B', || - || g’) can be turned naturally into a A-Banach module via the action
(45) [aec](b) = o(a- b) Va€ A,be B,o € B

1-al
Lemma 24. (Ez. to Def. (2u25 ﬁ% 0z, t.e. multiplication of a Dirac measure is

realized as scalar multiplication of this Dzmc measure by the point value of the continuous
function h at that point.

For convenience we will write h - 1 instead of the abstract symbol e in order to indicate
pointwise multiplication between functionals p and functions h.

Theorem 8. The Banach space (M(R?),||-|lar) is an essential Banach module over
Co(RY) with respect to the natural (dual) action of pointwise multiplication.

Proof. In fact we will show much more: for any BUPU ® one has
p=y ¢
iel

as absolutely convergent sum in (M (R?), || - ||az), hence

=Y illar — 0 for  Ffinite, F' 1 1.

ieF
O

Definition 25. It will be convenient to use the symbol 1 for the function ), 4;. For
the choice F' = F (i) = {j|¢; - ¥; # 0} we write ¢} for ).

Then the above claim translates into || - ¥p — u||pr — 0. The convenient and very
useful relation

(46) Y- =1 forall i€l

More or less a reformulation

Lemma 25. Let i € M(R?Y) and € > 0 be given. Then there exists k € C.(R?) with
|klloo <1 such that u(k) > 0 and (k) = ||pllar(1 = €).
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Proof. Using the definition of the functional norm one only has to take into account phase
factors and multiply, if necessary, k by |u(k)|/u(k), which does not change ||k||?°. O

Corollary 2. Every p € M(R?) is the limit of “compactly supported” measures of the
form (Vg - @), where F is running through the finite subsets of I.

In the terminology of Banach modules we can restate the last corollary in the form:

Corollary 3. The dual space to (Co(R?Y), |- ||), i-e. (M(R?),|-|la), is an essential
Banach module over the Banach algebra (Co(Rd), [ - ||oo) with respect to the action of
pointwise multiplication.

We will derive therefrom that one can also “integrate” arbitrary elements h € C,(R?).

Lemma 26. Integration of bounded functions against bounded measures

For any h € Cy(RY) and pn € M(R?) the net pu(px - h) = px - u(h) is a Cauchy-net in C.
Therefore it makes sense to define p(h) = limg u(pg - h). It is clear that in this way p
extends in a unique way to a bounded linear functional on (Cy(R?), || ||), and that the
norm of this extension equals ||| nr-

Remark 12. If the net of bounded measures is (bounded and) tight, then it is an exercise
to show, that it is vaguely convergent ?® if and only if it is w*—convergent, resp. if and
only if yio(h) — po(h) Vh € Cy(R?). Tt is a bit more work (but still an exercise) to check
out that this “pointwise convergence” even takes place uniformly over compact subsets of
Cy(R%).

Remark 13. (MAYBE MISPLACED REMARK)
Recall that the “mass-preserving” stretching/compression operator St, can be extended

to My(R?) by the definition [Rd-specific!]

St u(f) == (D, f).
Check that one has St, 6, = 0,,, and that lim,oSt, 1 = 1(1)dy. In fact, for each f €
Cy(R?) one has: D, f is uniformly bounded with respect the sup-norm for p — 0 one has:
f(z) = f(0), uniformly over compact sets. Since we can approximate the measure p (by
localizing it) to a measure with compact support its action is defined on sufficiently large
compact sets, where D, f is like the constant function f(0) = do(f), while the action on
Const = 1 is denoted by p(1).

One can use this fact to find out that it is even possible to extend the convolution opera-
tors f +— C,,f to all of Cy(R?) (still with the equality of operator norm on (Cy(R?), || - ||)
with the functional norm of y), and with the property that the operators arising in such
a way commute with translations. However, by means of the Hahn-Banach theorem
one can construct translation invariant means on (Cy(R?), |- ||s) which in turn allow to
construct bounded linear operators on Cy(R%) which commute with all the translation
operators without being of the form of a convolution by some bounded measure. In fact,
those operators are non-zero operators on Cy(R?), but they map all of Cy(R?) onto the

253ee the embedding of (C.(R?), || - [|1) into M, given below for more details.
26This means that it is convergent in the o(M;(R%), C.(R%))-topology, resp. pa (k) — po(k) Vk €
C.(R%).
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zero function. It is also not much more than a simple exercise to find out (using the
characterization of Cy;(RY) within Cy,(R?) given early on) to check that any operator on
C,(R?) commuting with translations will map C,,(R?) into itself (in fact, this argument
was used at the beginning of the identification theorem.)

We are now in the position to define the Fourier transform of a bounded measure. In
the classical literature this is often referred to as the Fourier-Stieltjes transform of a mea-
sure, because it can be carried out technically over R using Riemann-Stieltjes integrals.
Such a R-St-integral is the difference of two R-St-integrals with respect to bounded, non-
decreasing “distribution” functions F. So in such a definition the ordinary Riemanian
sum is replaced by an sum of the same form, but instead of the “natural length” of the
interval [a, b], which is |b — al, one uses the length in the sense of F' which is F'(b) — F(a).

Definition 26. A character is a continuous function from a topological group into the
torus group T = {z € C||z| = 1}. In other words, x is a character if x(z+y) = x(x)-x(v)

for all z,y € G. Moreover, since |x(z)| = 1 one has x(x) = 1/x(z) for all x € G.

Definition 27. The set of all character is called the dual group, because those characters
form an Abelian group under pointwise multiplication (!Exercise!). We write G for the
dual group corresponding to G (the group law written as addition in this case).

Theorem 9. In the case of (R, +) the dual group consists of the characters x of the form
Xs 1 t = exp(2mis-t), with s € RY. Due to the exponential law the pointwise multiplication
of characters turns into addition of the parameters s (describing the “frequency content”

of Xs)-
Definition 28. The Fourier transform of u € M,(R?) is defined by

(47) fi(s) = px—s) = n(Xs)-
Note that xs € Cyp(R?) and that u € M,;(R?) can be applied according to 77

Proposition 1 (Riemann-Lebesgue Lemma). The Fourier transform is a linear and non-
expansive mapping from My(R?) into (Cyp(RY), | - [le) "

Proof. The uniform continuity results from the essential concentration of bounded mea-
sures over compact sets, the “usual rule” Ty Flu) = FMgu)., and the properties of
characters. )

In fact, given £ > 0 (alternative typing: ¢ > 0, and yo € G, we can find a compact
subset @ C G such that || — You|ar < /3. Hence there is a neighborhood W of the
identity in G such that for all y € yo+W one has |x(y)—xo(¥)| = |x(y)/chio—1| < /3 for
all y € @, by the definition of neighborhoods in G (compact open topology), and the fact
that the quotient x/xo belongs to W. Expressed differently we have ||1g(xo—X) |l < £/3.
Altogether we have

[1(x0) — 20| < [ A — mbg) (xo)| + | Fpbg) (xo — x)| + | Fluvg — 1) (X))

27In the same way as the Fourier transform from L'(R%) into Co(R%) is injective, but not surjective

we also have here (for “local reasons”) that the mapping is injective but not surjective.
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and consequently
[i(x0) — 00| < 2lp = wbollm +€/3 <e.
OJ

Although little can be said about the connection between w*-convergence (in M (R?))
and pointwise convergence “on the Fourier transform side” in general one has the following
useful fact:

Lemma 27. Let (1) be a w*-convergent and tight net in My(R?), with py = w*—lima .
Then we have [iy(s) = fio(s), uniformly over compact subsets of G.

Proof. Pointwise convergence of the Fourier transform is a consequence of the fact that
due to the tightness of the whole family the action can be reduced to the case of measures
with compact joint support. SHOULD BE MORE EXPLICIT!. 0

Corollary 4. Consider the family Dyu with |V| < 1. Then their Fourier (Stieltjes)
transforms is uniformly convergent over compact sets. They are uniformly bounded as
well as equi-continuous on R?.
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—imTy

The basic relation

deltFdelt]| (48) 8,(8,) = €72V = §,(5,).
deltFdelt . . .
For any fixed BUPU & and ¥ (hSi implies the following relation, observing that the

convergence of the possible infinite sequence of the resulting discrete measures is absolute
(hence in norm, in (My(R?), || - |laz,))-

measFmeas3| (49) Dq,,u(lip\y) = Dqﬂ/(ﬁ\p\u) for any pair p,v € My(R?Y).

. . . L X . convmeasfcts .
By linearity and then passing to the limit (using Proposition b below) we can derive
from the following important Fundamental Formula for the Fourier Stieltjes Transform:

(50) v(ji) = p(p) for any pair p,v € My(R).
For integrable functions this relation turns into what H. Reiter has called the Funda-
mental Relation of the Fourier Transform

(51) fO30dt = [ gf)z forall fige LR,
Rd R4

easFmeas
As an immediate consequence of identity (%O%Wmn derive the uniqueness theorem
for Fourier Stieltjes transforms. If fi is the zero-function, we can apply v = pug, for any
possible g € C.(R?) (or L'(R?)). Hence u(§) = 0 for every g € FL'(R?). Since FL'(R?)
is dense in C,(R?) with respect to the ||-||;-norm this implies that p is the zero functional.
Note that an easy why to show that FL'(R?) is dense in Cy(R?) is based on the
following sequence of observations:

(1) FL'(R) contains the triangular function A, which can be viewed as B-spline
of order 1 (piecewise linear function) and whose Fourier transform is the (non-
negative and even) function STNC?;

(2) the shifted triangular functions 7, A forms a BUPU (bounded in (FL'(R?), || - || z11).
since translation corresponds to modulation in (L'(R?), || - [l1) and is this isomet-
ric)

(3) for d > 1 one obtains BUPUs by looking at tensor products of 1D-A-functions.
Moreover one has || f ® g[l1 = || f[l1|lg]l, and

tensorFour| (52) F(feg)=F(f)@F(9),

based on the following convention (using the tensor product symbol):

tensordef0] (53) f@g(zy) = fx)-gly), =yeR’

(4) Since (L'(R?), |- ||1) is isometrically dilation invariant under St,,p > 0 we find
that FL'(R?) is isometrically dilation invariant under the family D,, p > 0, hence
one obtains arbitrary fine BUPUs of the form D,T,,A,n € Z% p > 0;

(5) for k € C.(R?) one has convergence of the corresponding spline-type approxima-
tions with respect to the || - [[oo-norm, i.e. ||[Spoak — kljoc — O.

The argument is based on the following general result:
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Proposition 2. Assume that a (bounded) and tight net (u,) is w*-convergent to py and
that (hg) is a bounded net in (Co(R?), || ||o) which is uniformly convergent to ho over
compact subsets. Then for every € > 0 there exist indices g and By such that for every
a> oy and B> By

(54) a(hs) — po(ho)| < e.

which is expressed equally by the formulation
lim f1(hg) = fto(ho)-

Proof. Given e > 0 we recall that ||hg||cc < Cpand ||pa||ar < Cy for all . By the tightness
of the net () we can find some plateau-like function p € C.(RY) with ||p||. < 1 such
that ||ite — - - ftallar < €Co~! for all a. Writing K := supp(p) we can find some index
Bo such that |hg(x) — ho(z)| < e/C) for all x € K and all § > ;. Altogether we then
have

|talhs) = po(ho)| <
|talhg) =P pa(hs) |+ 1ta(p- ) = Ha(p-T0) [+ |Ha (- Tho) = po(p- o) [+ [P+ p10(ho) — o (o) | <
[0 =P+ pra](ha)| + |ppa(p - (hg = ho))| + [[tte = 0] (p - ho)| + |l - 110 = 1] (ho)| <
1t = pallmllhglloo + el arllp- (Ps = ho)lloo + {110 = p10] (- o) [+ [P+ 1o — ol [ aa ] ol o0 <
e-Co+Cr-|p- (hg = ho)llse + [[1a = pol(p - ho)| +€Co < Cy - €.
for some constant Cy > 0, and for all a > «ag, 5 > fy. WELL: WE HAVE TO CHECK
THE DETAILS Note that the w*—convergence of the net (u,) implies that |uo|lar <
lim inf,, ||gta||ps- The first and last part is due to the tightness and boundedness, indepen-

dent from the , while the is due to uniform convergence of (hg) over K = supp(p) and
the third term is getting small due to the w*-convergence of u, to . 0

Corollary 5. Given u € My(R?). Then there exists § > 0 such that the family Dy is
equicontinuous and there exists oy such that

(55) |Dyji(s) — Dypu(s — h)| < e for all |h| <6, <1.

. . measFmeas [deltFdelt . .
Using the last lemma we can derive formula (50) from (A8) via the following relation:

We thus have the following Fundamental Relation for the Fourier-Stieltjes transform:
(56) w(o) = vii) for p,ve My(RY).

. . convmeasfcts [wsttoFOUR1
then follows using exactly Proposition 2 and Lemma 27.

Theorem 10. The FT on M,(R?) is injective, and turns convolution into pointwise
multiplication, i.e. in fact, it is a homomorphism of Banach algebras. This also implies
(once more) that convolution is commutative (because obviously pointwise multiplication
is a commutative operation).

The compatibility with convolution is an easy exercise for discrete measures, and can
be transferred to the general case using a weak-star argument. Recall again that w*-
convergence of bounded nets of measures implies pointwise convergence of their Fourier
transforms.
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There is an alternative way of proving commutativity of convolution. It is easy to see
that the convolution of (finite) discrete measures is commutative, and the general case
follows from this (by approximation in the strong operator topology).

Material on Banach Modules

The Banach module is called "true” if the mapping J described above is injective.

If one only has a continuous (but not necessarily non-expansive algebra homomorphism
J) one can replace the norm on A by another equivalent norm (just some constant
multiple of the original one) in order to ensure this (harmless) extra property.

Recall the notions of weak topology on any Banach space (such as (CO(Rd), |- ||oo), and
the w*-topology) on any dual space, such as (M (R?), || - ||ar)-

Theorem 11. A sequence (or indeed a bounded net) of functions in (Co(R?), |- |l«)
is weakly convergent if and only if it is pointwise convergent (while in contrast norm-
convergence means uniform convergence over R?).

Proof. Since the Dirac measures are specific linear functionals on (Co(R?), ||-||-) weak
convergence of a sequence (f,,) in Cy(R?) implies f,(x) = 6,(fn) — 6.(fo) = fo(x) for
any x € R?. Conversely, the possibility of approximating a general measure in a bounded
way by linear combinations of Dirac measures implies that pointwise convergence indeed
implies weak convergence. If one goes into the details of the proof the boundedness of
the set of approximating measures as well as the boundedness of the sequence (resp. a

net (fo)
U

Remark 14. For equicontinuous families one can show that weak (or pointwise) conver-
gence is equivalent to “uniform convergence over compact set”. A (?bounded) net (f,) is
weakly convergent if and only if it is UCOCS, etc. dots

Remark 15. How can we characterize w*-convergence in M (R%)? (for bounded sets): cf.
Bernoulli convergence, vague convergence ( = o(C,(G), R(G))) using standard topological
constructions in functional analysis), pointwise convergence of the STFT or of the Fourier
transform etc...

Alternative description of “multipliers” on Cy(R?) resp. translation invariant BIBOS
(bounded input bounded output systems, with the property of mapping Cy(R?) into
itself).

Theorem 12. Let H be any w*— total subset of M(R?), and assume that a bounded
linear operator T € L(Cy(RY)) commutes with the action of H, i.e., that the commutators
(Cy, T) =0 for allh € H. Then T € Hg(Co(R?)).

Note that in the original definition the set H was just the set of convolution operators
by Dirac measures 6,,z € R? (or at least from some dense subset).

UPCOMING MATERIAL:
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Embedding of test functions into M (R?) (over groups this requires the use of the
[invariant] Haar measure, which indeed is a linear functional on C,(G)). Compatibility
of operators which are now available on both the functions and the measures (resp.
functionals). E.g. we can now do an internal convolution of functions (viewed as bounded
measures) or an external action (one is acting as a bounded measure, the other is consider
as the Cy(R?) element on which the action takes place). Associativity of convolution in
the most general situation (also of course commutativity, etc.).

Further notes:

C.»(R%) is a (closed) subspace of the dual of L' (R?). Hence it carries a o(C,;(R?), L*(R%))
topology which can be shown to be equivalent (at least on bounded sets!?, or more) to
the uniform convergence over compact sets (7true).

STATEMENT: Every f € Cy(R?) is a limit (in the sense of uniform limit over compact
sets) of a bounded sequence of functions from Cy(R?) resp. even from C,(R?). In fact, on
can take the sequence p, - f, where (p,) is a BAI for Cy(R?) consisting of (increasing)
plateau functions).

EXTENSION PRINCIPLE. Let (p,) be as above, and f € Cy(RY) and u € M (R?) be
given. Then the sequence u(p, - f) is a Cauchy sequence, hence convergent in C. In fact,
the limit is the same for any other BAI in Cy(R?). Therefore it makes sense to define
1(f) = limn, o0 p(pnf)-

REMARK: this will be important to define the Fourier Stieltjes transforms for bounded
measures, i.e. for fi(s) = pu(x_s) later on!

Lemma 28. The convolution operators form a (commutative) Banach algebra of opera-
tors. It turns out that the characters can be identified with the joint eigenvectors for this
whole class of operators. Indeed, we have C,,(xs) = i(s)xs for any p € My(R?) and any
character x5 on RY.

Proof. The claim is valid for j = §,, for any # € R, and hence for finite linear combina-
tions of measures and also immediately for discrete measures (due to a simple approxima-
tion argument). However, it is enough to use the fact that one has Bernoulli convergence
of Dyp to p (i.e. w*-convergence by a tight net of discrete, bounded measures with limit
1)

Maybe even more convincing is the following observation. Due to the exponential law
one has ys(—z) = x_s(z) and T.(x_s) = x(2) - x(—s) and therefore

ourConvEig| (57) o xs(2)" = Culxa)(2) = ilT(x=s)) = plx=s) - Xs(2) = ful(s)xs(2),

ie. Culxs) = plx=s - Xs - Xs, 1€ O
IT SEEMS THAT WE HAVE TO SHOW UNIQUENESS OF THE FOURIER STIELTJES TRANS-
FORM!

Although the following result will be a consequence of basic facts about a more general
(distributional) Fourier transform let us claim (and verify) the injectivity of the Fourier
Stieltjes transform just defined:

Proposition 3 (Uniqueness of Fourier Stieltjes transform). Let u € M,(R?) be given,
and assume that fi(x) = 0. Then p = 0 in M,(RY). Consequently the bounded linear

mapping pt — fi from (My(R?), |- ||ag,) into (Cup(RY), |- ||e) is injective.
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Proof. We use the density of FL'(R?) in (Co(R?), ||+ [|s) first, which is a consequence
of the fact that FL'(R?) is a Banach algebra (due to the convolution theorem) which if
of course closed under conjugation (h = f .. ) and point separating, hence it is dense
as a consequence of the Stone-Weierstrass approximation theorem. Being a subspace
of M(R?) we also know that we can approximate any g € L'(R?) in the w*-sense by
discrete measures, in such a way that the corresponding Fourier Stieltjes transforms (they

are trigonometric polynomials) converge to g uniformly over compact sets. O

4. IDENTIFYING “ORDINARY FUNCTIONS WITH FUNCTIONALS”

There is a natural way to identify “ordinary functions” (say k € C.(R?Y)) with linear
functions p € M (R?), by the following trick: Given

(58) f=p, resp. u(f)= Rdf(x)/f(l’)daf

This is also possible over general locally compact Abelian groups, but requires the
existence of the Haar measure (we will not go into this direction, a good explanation is
given in Deitmar’s book [8]).

Lemma 29. The mapping k — py described above defines an isometric embedding from
(CRY), || -1l1) into (M(RY),||-|lar). Hence we may identify the closure of Mg, =
{up | k € C.(RY)} with the completion of the normed space (C.(R?), | -1).

Proposition 4 (Functions to Measures). There is a natural, isometric embedding of

(C.(G), ]| |l1) into My(G), given by
b l) = [ f@k)

Proof. Tt is obvious that each p, is in fact a bounded linear functional on Cy)(G) and that
the mapping k +— py is linear and nonexpansive, since evidently for each f € Cy(G),k €
C.(G) one has:

| (F)] = I/Gf(flf)/f(fv)dxl S/g!f(fﬂ)\lk(fv)ldwé f oo 1%[]1-

The converse is a bit more involved. In principle one would choose, for the case of a real-
valued function & a function f € Cy(G) which is a minimal (but continuous!) modification
of the signum function, which turns (when integrated against k) the negative parts into
positive parts, thus turning ux(f) in a good approximation of ||k||;.

To be more formal let us consider f € C.(G), let us consider for any n > 0 the
“essential” support K, := {z € G||k(z)| > n}. Then K, is a compact set and we can
find continuous function * h, with values in [0, 1] such that h,(2) = 1 on K,, and with
support of h, within (the interior) of K, . The function f,(x) := hy,(x)|k(x)|/k(z) is

28The integration is with respect to the Haar measure on the group G.

29The existence of h,, is guaranteed by Tietze’s theorem, on of the important theorems concerning
locally compact, hence completely regular topological spaces. It helps to avoid the potential problem of
a phase discontinuity, i.e. problems with the continuity of k(z)/|k(x)| near the zeros of k.
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then well defined (because k(x) # 0 for any point in the support of h,, and || f, || < 1).
We observe that

) = [ faka)ds = [ (k@b )iz

It remains to verify that this tends to ||k||; for n — 0.

the signal and a smoothed sign—function

TOANATR OTR
‘ | | ‘ | |

Writing K for supp(k) this is a direct consequence of the following estimate

wau—mwnsLMwwrwwmmsvmmwwmvwmu+o

Notation: M ., = continuout shift.
Definition 29. We define L'(R?) as the closure of M, within (M (R%), || - ||az).

Following the Riemann-Lebesgue Lemma we derive:

30V 0l(Ky) stands for the Haar measure of the set Ko, but the ||-||; of a plateau-function p(x) with p
with p(z) - k(z) = k(x) would do. In fact, the “measure of Ky, i.e. Vol(Ky) = pu(Kop) can be shown to be
equal to the infimum over all those || - ||;-norms.
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Theorem 13. Let f,g € L'(RY) be given. Then
d-Fourier0] (59) fHgdt = | f(x)g(z)d
R4 R4

Proof. The Fourier transforms f and ¢ gre bounded and continuous, hence both in-
tegrands are in L'(RY). The relation (%;; then tollows via Fubini’s theorem, since

i f(t)g(@) € L' (R¥):

(60)

/Rd f()g(t)dt = /Rd f(t) </Rd 6_2”mg(x)dx) = /Rdg(x) </Rd e—m“f(t)dt) do — 5 F(2)§(x)de.

O

Of course one has to justify this definition, by recalling that the usual definition of
L'(R?) based on Lebesgue’s integrability criterion provides us with a Banach space (of
equivalence classes of measurable functions, identifying two functions if they are equal
almost everywhere), which contains C.(RY) as a dense subspace (cf. more or less any
book on measure theory for details on this matter: in fact, it is sufficient to approximate
- in the L'-norm - indicator functions of parallel-epipeds by continuous functions with
compact support, i.e. something like a trapezoidal function sufficiently close to a “box-
car”-function in the 1-dimensional case).

It is also of interest to introduce the concept of a support to measures, in a way
which is compatible with the notion supp(k) for k& € C.(R?) given above:

as-support| Definition 30. A point z does not belongs to the support of a measure p € M (R?) if
there exists some k € C.(R?) with k(z) = 1, but nevertheless k - u # 0. The complement
of this set is denoted by supp(u).

Lemma 30. .

o supp(u) is a closed subset of RY,

e there is consistency with the concept already defined for k € C.(R?), in other
words: supp(k) (in the old sense) coincides with supp(uy), just defined.

e For a discrete measure the support is given by the closure of the union of all points
involved, i.e., for =372 cxdy, we have supp(u) = (U, tx)~

e The notion of support is compatible with pointwise products: i.e., for any h €
Cy(RY) on has supp(hjut) C supp(h) Nsupp(u) (as for functions).

o consequently every p € My(R?) can be approzimated by compactly supported mea-

sures of the form p -, with supp(p - p) C supp(u).

We have the following equivalent description of the supp(u) (which is actually the usual
definition):

as-charact| Lemma 31. The following properties are equivalent:

2 € supp(s);
e for any £ > 0 there exists some h € C.(R?) with supp(h) C Be(z) with u(h) # 0.

31 Assuming of course the canonical representation of i, with 5 # t;, for k # [ and ¢, # 0.
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e supp(u) coincides with the intersection of all supports of [plateau-[functions p such
that pp = L.

The following results indicates the w*—continuity of the concept of a support.

Lemma 32. Assume that j1g = w* — limgfi, then supp(po) C (), supp(ita)

The notion of support is also compatible with convolution: 32

Lemma 33. For i € My(R?) and f € Cy(R?) one has

(61) supp(p * f) C supp(p) + supp(f).

Lemma 34. Assume that jig = limy«pio. Then also for any BUPU WV the family Dgji, is
w*-convergent to Depg. Fven more, the family Dg i, is uniformly tight and w*-convergent
to 1o as |®| — 0.

Finally we claim that the family Dg(prita), where prx runs through the family of all
plateau functions (with K — RY), satisfies the same relation. Note that the resulting
measures are in fact FINITE discrete measures.>

It is an important and not completely trivial claim that a measure supported within
the zero-set of a continuous function the action is zero. More precisely:

Lemma 35. supp(u) C {z|h(x) = 0} implies p(h) = 0.

Proof. Tt is enough to verify that any function h € Cy(R?) can be approximated in the
sup-norm (not so in other norms, like the F Ll—norm!) by other functions which vanish
near the zero-set of h. This can be achieved by multiplying A with a plateau-type function
which vanishes on {z ||h(x)| < /3} and has a plateau on the set {z | |h(x)| > 2¢/3}. etc.

Alternatively, one my first show that it is no loss of generality to assume that h has
compact support and thus that h € C,(R?). In this case one can replace h by Spgh, for
sufficiently fine ®, and then discard all the elements of the form h(z;)¢; with |h(z;)| <
£/3. The effect is practically the same. ([l

32We probably still have to take care of the notion of support for the case that the measure does not
have compact support.

33 Alternatively one could use only finite subfamilies from the partition of unity, or put pj on the
outside, i.e. write px - Do to. The consequences remain the same for all of these variants!
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5. Basic PROPERTIES OF (L'(RY), ||-|1)

We have defined L'(R?) as the closure of C.(R?) (identified via k + s, with a subspace
of M(R?)) in (M(R?), |- ||ar). Since this is a Banach space, it is a Banach space itself,
and identical with the (abstract) completion of C.(R%) in M (R%).

The next theorem gives us some more information about the containment of L'(R?) in
M (R9):

Theorem 14. (Basic properties of L'(R?))

o (L'(RY), [|-|l) is a closed ideal within (M(R?),]-|/ar). It is a Banach algebra
with a BAI (so-called Dirac sequences).

o L'(RY) can be characterized as the closed subspace of with contmuous shift, i.e. a
bounded measure i is of the form p = p,, resp. p(f f]Rd x)dx if and only
if | Top — pllag — 0 for z — 0.

o L'(RY) is w*—dense in M(R?), in fact, for every u € M(R?) there ewists a
tight (hence bounded) sequence (fy) in L'(R?), with fy resp. uy, — p in the

—topology.

Proof. The main arguments are the identification of the “internal convolution” within
M (R?) with the usual convolution formula

(62) fxglx / flz— y)dy, for f,ge C.(RY).

but also the external action of M (Rd) on the homogeneous Banach space
M(R?), = {p||Tepr = ptllng — 0 for & — 0.}

The typical bounded approximate units are of the form (St,9),~0, for an arbitrary g €
L'(R?) with §(0) = [, g(t)dt = 1.

It is easy to verify that this net is tight and tends to dp in the w*—topology. In a
similar way one can approximate a finite and discrete measure by a linear combination
of such Dirac sequences. Since the Dirac measures form a total subset in M (R?) with
respect to the w*—topology the w*—density of L'(R?) in M (R?) is established. O

Lesson of May 29th: Bounded measures operate not only on Cy(R%) but also on any
homogeneous Banach space (B, ||| g). The proof of this fact is essentially based on
the idea that it is enough to establish this fact for bounded discrete measures (which is
easy) and then show that for any sequence of discretizations of a given measure (where
the diameter of the support of the corresponding BUPUs shrinks to zero) generates a
sequence 1 which is uniformly tight and bounded, but also produces a Cauchy sequence
in (B, ||-||B) of the form (uy * f), for any given f € B. Obviously it makes sense to
define the limit (which does not depend on the choice of discretizations via BUPUs) by
w* f (although it is formally a new operation, and the “star” just introduced should be

distinguished for a little while from the “known” star which denotes convolution within
M (RY)): p* f € B and NORMS

Lemma 36. A bounded net of functions (hy)aer is a BAI for (L'(R?), || -|l1) if the fol-
lowing property is satisfied: For every € > 0 there exists some oy such that for a >
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one has:

(63) ha(t)dt — 1] < ¢ and/ Iho(b)|dt < .

B:(0) |z|>e

Proof. Argument: Due to the density of C.(R%) in L'(R?) one can reduce the discussion
to functions k € C.(R?), i.e., it is enough to show that h, x k — k for any k € C.(R?).
The second condition allows to restrict the attention to a net with common compact
support K. Consequently one has h, * k(x) # 0 only for z € K + supp(k). Furthermore
we obtain hg * k(2) = [4 ha(y)k(z — y)dy — MORE TO BE DONE TOMORROW!! O

Remark 16. Of course one can also consider M (R?) as a Banach module over the Banach
algebra L'(R?) (with respect to convolution). Then the L'(R%)-essential part of M (R?)
is equal to L'(R?) itself.

On the other hand we can consider (Cp(R?), ||-||-) as a Banach module over L'(R?)
(again with respect to convolution), and then this is an essential Banach module.

6. TIGHT SUBSETS

A given f € Cy(RY) is of course “essentially concentrated” on a compact set (and
uniformly small outside a sufficiently large compact set, by definition). We also have
shown that a functional ¢ € M (R?) is having most of its “mass” sitting within a compact
set, while its action outside of this compact set is small. Indeed, since for any BUPU &
we have 1 =) .. - ¢u as absolutely convergent sum the tails 4 minus a large partial sum
is small in the M (R%)-sense.

Next we want to extend this “concentration over compact sets” concept to general
bounded subsets of M (R?) (and later other functional spaces):

Definition 31. A bounded subset H C M (R?) is called (uniformly) tight if for every
e > 0 there exists k € C.(RY) such that ||u — k- pu||pr< e for al u € H.

In a similar way we define tightness in Cp(R?):

Definition 32. A bounded subset H C Cy(R?) is called (uniformly) tight if for every
e > 0 there exists h € C.(R?) such that ||h — k- h|< e for al h € H.

Note: For a general Cy(R?) module (B, ||-||g) one can define tightness as follows:

Definition 33. A bounded subset H C (B, || - ||g) is called (uniformly) tight if for every
g > 0 there exists h € C.(R?) such that ||h — k- h|< e for al h € H.

The concept of tightness plays a big role in the characterization of relatively compact
subsets (hence compact operators)

Theorem 15. Assume that W is a tight set within M (RY) and that H is a tight subset
within Co(R?Y). Then W x H = {u*h|u € W,h € H} is a tight subset in Cy(R?).

cf. the “compactness paper” p.307 (bottom):
http://univie.ac.at/nuhag-php/bibtex/open_files/fe84 _compdist.pdf

Indeed, for any plateau-function 7 which satisfies 7(x) = 1 on supp(k!) + supp(k?),
hence the following estimate holds:
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L= T) (o f2) = (=) e 12 = P )

(L=7m)(u* f) =L =71)(* f—pk' = fk?)
Applying norms to both sides and using the triangle inequality we obtain the following
estimate in the sup-norm:

1L = 7)o ) = 1L = 7) (s f — pkt = fR7)]] <
<@ =) =B fll+ 16 e (1= B fI] <

<@ =)A= B pllacll A+ DB lla (= &) 11

7. THE FOURIER TRANSFORM FOR L'(R%)

The Fourier transform maps M (R?) into Cy,(R?). It will be seen as a non-expansive
Banach algebra homomorphism from the closed ideal L' (R?) into the closed ideal Cy(R?)
of C,,(R?) (this result is usually known as Riemann-Lebesgue Lemma).

The range of the Fourier transform is a dense subalgebra (closed under complex con-
jugation), due to the “locally compact version” of the Stone-Weierstrass theorem.

Recall the standard version of the Stone-Weierstrass theorem:

Theorem 16. Let (A, ||-||a) be a Banach algebra within C(X), where X is some com-
pact topological space. Then A 1is dense with respect to the uniform norm if A contains
the constant functions, is closed under conjugation, and separates points, i.e., , if for any
pair of points x1,x9 € X, with x1 # x5 there exists some f € A such that f(z1) # f(x9).

Since FL' does not have a unit (for pointwise multiplication), due to the fact that
L'(R?) does not contain a unit (the unit with respect to convolution is the Dirac measure
o, which do not cannot be approximated in (M (R?), || - ||as) from within C,(R%)), one
has to modify the above result to the locally compact case, by “adding” the constant
functions, and replacing R? by its Alexandroff (one-point) compactification X of R<.
Indeed, FL'(R?) can be identified with a closed subalgebra of all continuous functions
vanishing “at infinity”. In fact, if Co + h in C(X) is approximated by a sequence of the
form C, + f,, then |C, — Cy| — 0 for n — o0, s0 || fn, — h|le for n — oo (details left to
the reader).

Lemma 37. (FL'(RY), ||+ ||:) is a Banach algebra with respect to the standard norm

IfIl =LY == ||flly for f € L*RY), which is closed under translation, modulations and
dilations (in fact, with continuous dependence on the shift resp. dilation parameters). It
18 also closed under complex conjugation.
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Proof. All these properties follow from the algebraic properties of the Fourier transform
(intertwining of modulation and translation operators), and interwining of St, and D,
operators, as well as f — f* with f*(z) = conj(f(—=z)), which intertwines with ordinary
conjugation of f. [more concrete formulas?] O

For R? one can of course use alternative arguments, e.g. by observing that certain functions,
such as the Schwartz functions, belong to the Fourier algebra, so there is enough richness in the
function space FL'(R?) in order to show the density of FL'(R?) in (Cp(R?), | - [|s), but the
above argument applies the general LCA groups.

Lemma 38. For every k € C.(R) and ¥ the family of B-splines of any fized order s € N (hence
a BUPU of size s/2). Then for every § > 0 the spline-approximation Spsyk is a finite sum
of shifted B-spline functions, hence a function having (s — 1) continuous derivatives. Also for
s > 2 the B-splines are continuous and belong to FL'(R), because their Fourier transforms are
of the form SINC®. In particular, C™ as well as FL* are dense subspaces of L*(R) (and other
LP-spaces, for p < o0).

On of the central statements concerning the Fourier transform is Plancherel’s theorem,
stating that the Fourier transform can be considered as a unitary linear automorphism of
the Hilbert space L*(R?) onto itself. This is in complete analogy to the statement that
the for the case of C" the Discrete Fourier transform (often realized in the form of the
FFT) is a change of base from the orthonormal basis of unit vectors to the orthogonal
system of pure frequencies. Since the vectors representing the pure frequencies (which
are exactly the joint eigenvalues to all the translation operators) are of absolute value
one, they are all of norm /n the inverse FFT is essentially the conjugate (transpose) of
the Fourier matrix, with a compensating factor of the form 1/n. The advantage of our
normalization in the continuous case (with the factor 27 as part of the exponent) has the
advantage that the inverse Fourier transform will come in the form

(64) h(t) = 5 fs)e2mt=dt

Since the integral definition of the FT of its inverse do not apply to general functions
f € FL*, part of the discussion of the Fourier-Plancherel Theorem is concerned with
technical questions around problems of this kind (how to overcome lack of integrability,
e.g., by applying so-called summability methods, which are a generalization of the idea of
an infinite integral, taken as limit of finite integrals).

Lemma 39. It is enough to verify that for some dense subspace B of L*(RY) within
L'(RY) N FLY(RY) ¢ Cy(R?) one can find that the mapping f f is well defined and
isometric, and with dense range, in order to be able to extend the “classical” Fourier
transform and its inverse (given by the integral) to an isometry from L*(R?) onto itself.

Proof. Since we assume that B C L'(R?) N Cy(R?) N FL'(R?) one can claim that the
direct and the inverse Fourier transform given via (absolutely convergent) Riemannian
integrals is valid. For the rest one only has to show that for an arbitrary f € L*(R%)
and any sequence f,, with f, € B with ||f — f.|][2 = 0 for n — oo one finds that
1f = fallz = IIf = fall2 = 0, so by the completeness of L*(R?) the Cauchy sequence f,
must have a limit, which may be denoted (by a so-called abuse of language) as the Fourier
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transform f of f. The extended (still isometric) mapping has dense range according
to our assumptions, and therefore the same argument can be applied to the inverse
Fourier transform in order to realize that the extended mapping (often called the Fourier-
Plancherel or just Plancherel transform defines an isometric automorphism of L*(R%).
Due to the polarization identity

3
=Y I + il
k=0
such a mapping also preserves scalar products in general. 0

For the proof of Plancherel’s theorem one may use B = L*(R?) N Cy(R%) N FL'(R?) or
the linear span of all the time-frequency shifted and dilated version of a Gauss function
(we do not require any norm on B). Ideally one can or should use a space of functions
which is invariant under the Fourier transform. Details have been given in the FA (=
functional analysis) course WS0506 by HGFei.

Of course the extended Fourier transform is still compatible with convolution resp.
pointwise multiplication. In other words, convolution on one side of the F'T goes into
pointwise product on the other side (and vice versa). As a consequence one obtains a
characterization of FL'(RY): A function belongs to FL'(R?) if and only if it can be
written as a convolution product of two functions in L*(R%), i.e. h € FL'(RY) if and
only if there exist two functions f,g € L*(R?) such that h = f % g. The direct direction
(i.e. convolution products are in FL'(R?)) is easy, because their Fourier transforms give
a function which is a pointwise product of two L*-functions, and hence according to the
Cauchy-Schwartz inequality b = f - § € L? - L* C L*, or equivalently h € FL'(R%).

The easiest argument for the converse is again on the Fourier transform side. Write
h € LY(R%) as a pointwise product of two L*functions. If A was non-negative there is a

natural solution to this problem, just take \/ﬁ If his a complex-valued function, one can
apply this trick only to \fl|, and can assign the phase factor to one of the two non-negative
square roots (details are left to the reader).

Ma)g 2010: We are deriving (a weak form) of the Fourier inversion theorem from Propo-
sition

Theorem 17. Assume f € L'NCy(R?) with (the additional assumption that) f € L*(R?)
34 then for every t € RY one has:

1) = [ =(s)as

Proof. Recall that we have the consistency of the Fourier transform for L'(R?)-functions
f with the corresponding measure ji, since

fls) = [ repa

34Because ]-'Ll(]Rd) C Cy(R?) we could express this a bit more symmetric by assuming that f €

L'NFL'(R%): Note that this is a Fourier invariant Banach space, and even a Banach algebra, both with
respect to pointwise multiplication and convolution!
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easFmeas
In order to retrieve the inversion formula we just have to use (%Ui with the following
choices:
0

Lemma 40. i = 0 implies p = 0.

F
Proof. 1f ju = 0, we find from (%e()isfmﬁgafsu(ﬂ) = 0 for every u € M,(R?), in particular
u(f) =0 for all f € L'(R?). Since FL'(R?) is a dense subspace of (Cy(R?), || ||cc) this
implies that p = 0. U

Arguments why FL'(R?) is dense in (Co(R?), || - [|l«): either because of Stone-Weierstrass,
or because of the approximation of any k € C.(R?) by piecewise linear functions, and the
observation that these functions are sums of triangular functions, which in turn belong to
the Fourier algebra because they correspond to convolution squares of rectangular func-
tions and hence their Fourier transforms are (up to dilation) just squared SINC-functions,
i.e. of the form A(s) = [sin(ws)/(ws)]®. [Rd-specific!]

siINC2

n =2520; a=21; n/a=120

00000 —500 o 500 1000

8. WIENER'S ALGEBRA W (Cy, L')(R?)

Because it can be defined without the existence of a Haar measure the following space
plays an important role within Harmonic Analysis. We define W(G) as follows;
Then we define W (Cy, L')(R?) as follows:

WCdefphi| Definition 34. Let ¢ be any non-zero, non-negative function on R?.

(65) W(Co 1Y) = { f € Go(RY) | 3(crier € £ (adsercn B [(0)] < 3 cnple — )}

keN
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We define
1f | W (Co, L')(RY)|| := inf {[lc[lp = |ex| }
keN

Cdefphil
where the infimum is taken over all “admissible dominations” of f as in (%5%

It is obvious that W (Cp, L')(R?) is continuously embedded into (Co(R?), | -[le) *
since || flloe < (D gen lk])||#]loc- By a similar argument we have a continuous embedding
of (W(Cy, L") (R?), ||- |lw) into (L'(R?), ||-[l1) or in any other L-space.

A convenient characterization of Wiener’s algebra over R? can be given using (arbitrary,
non-negative, regular) BUPUs:

Lemma 41. Assume that V is a reqular BUPU. Then a continuous function belongs to
W (Cy, £")(R?) if and only if the decomposition f = >\, ¥x- f is absolutely convergent,

i.e. if and only if || fllw,w = D _yea [r - flloo < 00. Moreover, every such norm || f|lw w
is equivalent to the one given above (in the definition).

Similar statements can be made for other function spaces, in particular for the pointwise
algebra (A, | -[La) = (FL'®RD), |- ).

This is a special case of a Segal algebra (see next section).

For us the case (A, ||-[la) = (FL'(R), ||+ ||zz1) will be of upmost relevance. It is
called (Sy(R?), || - ||s,) (the zero in the subscript stands for the minimality of this space),
also known in the literature meanwhile ( [31]) as Feichtinger’s algebra, introduced around
1979 (see [11] for the official paper on the subject).

Within the family of Wiener amalgam spaces (defined via BUPUs) we can give the
following definition:

Definition 35.
Sy(R?Y) := W (FL*, £")(R?).

One of the first and most important properties is the invariance of the space under the
Fourier transform!

Theorem 18.
FISo(R)] = Sp(R7),

with equivalence of norms>C.

Moreover, both the time-shift operators and the modulation operators act uniformly
bounded on (So(R?), |- ||s,), and furthermore ||T,f — f|lsway — O for x — 0 as well as
M, f — fllsyra)y = 0 for s — 0, for each f € Sy(R).

As a consequence one has L'(RY) x Sy(RY) C Sy(R?) and FL'(R?) - S5(R?) C Sp(R?)

35hy the same argument W (Cy, L')(R?) is also contained in many other Banach spaces of functions

with the property that translations are isometric and that the space is solid.
36Later on we will see that with a specific norm one can make the Fourier transform an isometric
automorphism on (Sp(R%), |- |/s,)-
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Proof. The uniform boundedness of both time and frequency shift operators can be con-
sidered as an exercise. Since obviously the compactly supported (partial sums) elements
are dense in Sy(R?). But over compact sets the FL*(R?)-norm and the Sy(R?)-norms
are equivalent, and hence to continuous dependencies claimed above are valid.

As a further consequence by (vector-valued) integration we get M,(RY) x Sy(R?) C
So(R%), and hence in particular L'(R?) % So(R?), with [|g * f||g,&ae) < llgll1]lf]ls,, for all
ge L', fes,.

Since by the definition the decomposition f = > ., ¥x - f is an absolutely convergent
series in (FL'(R?), || - ||l zL1) it follows that f= Y ren w/,\\f is absolutely convergent in
(L*(R?), || |l1). But we want more. The series should also be convergent in the (much
smaller) Banach space W (FL', £')(R%). In order to do this we take any function in
Sy(R?) (e.g. SINC.?) such that § belongs to FL'(R?) and has compact support (e.g.
the Vallee DePoussin kernel), and such that ¢ - § = 1, hence

Ty(1 - §) = Totb - Tag = Toib - Myg

and consequently we can derive

[x - fllsomey = 112G ¥x - fllsymay < Mgl so@ayllon - fllpiwey = 19l so@alln - fllor -

and consequently

1l sy < Y 1o Fllsoee < lgllsszn D o Floize < lgllsime - 1Flls@e-
AEA AEA

9. THE SEGAL ALGEBRA Sy(R?) AND BANACH GELFAND TRIPLES

There are different ways of defining Sy(R%) = W (FL', £") should be renamed WFLili
instead of WF1ili.

We have now a Banach space (Sy(R?), ||-||s,) which is Fourier invariant, contained
(continuously embedded, and densely) in (L*(R?), ||-|2) ... Together with the dual

space (S¢(R?), || - ||sy) we will have a convenient setting for a theory of generalized Fourier
transforms.
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Material for course October 2006

Given a Banach module (B, ||| g) over a Banach algebra (A, ||-||a) with bounded
approximate units we define the essential part B4 and the relative completion of A,
which is given as H (A, B). Note that this is again in a natural way a Banach module
(with respect to the operator norm) over the original Banach algebra (A, ||-]|a), and
that (B, ||-||g) can be mapped into this Banach module in a natural way as a closed
subspace (at least of B = B4 and if (A, ||-||a) has bd. approx. units).

ARGUMENT: One has to identify each element b € B with the operator T, € Ha(B)
obtained by something like the “right regular representation”, i.e., the operator T}, : a
a eb. It is always true that ||T}||,, < ||b]|B, and by applying T} to the elements of some
bounded approximate unit in A one finds the converse estimate, i.e., (B, | -||g) can be
identified with a closed subspace of all bounded linear operators from A to B.

Note that one should not forget that one has to impose the “natural” A-module struc-
ture on H (B, Bs), before making the claim that the A-module B can be embedded
via an A-module homomorphism (embedding) into the larger A-module B4.

Exercise: For the case of the pointwise algebra (A, ||-[|a) = (Co(R?), ||-|) one
finds that Ha(A,A) = (C(R?), || |l«) in a “natural way. Note that the “identity
operator always belongs to Ha(A, A) (obviously it commutes with any other operator),
and therefore the “enlargement” from A to Ha(A) also implies the adjunction of a unit
element to the Banach algebra A, but typically much more than this. So in a way the
(in this case isometric) embedding of Cy(R?) into Cy(R?) (both with the sup-norm) can
be seen as an embedding of A = Cy(R?) into the maximal algebra “with the same norm”
(and a unit).

Plancherel’s theorem can be used (we skip those details) to identify H 1 (L* L?) (or
equivalently the set of all bounded linear operators from L*(R?) into L*(R?) which com-
mute with translation) with H4(L? L?) (for A = FL', i.e., the operators from L?*(R%)
into L?(R%) which commute with pointwise multiplications with elements from A = FL,
or equivalently, just with the multiplication with pure frequencies resp. characters on R,
which are the functions = — e*™**. These are again pointwise multiplication operators,
and it is not hard to find out that a pointwise multiplier h of L*(R?) is has to be a
measurable function which is essentially bounded, i.e., h € L>(R?).

Let us just sketch the basic idea behind this fact:

Lemma 42. Assume that B is a Banach module with respect to a pointwise Banach
algebra A (and assume that A.(R?) = C.(R?) N A is dense in A), and assume that
A N B contains arbitrary large plateau-functions, i.e., with the property, that for each
compact set K C RY there exists some ¢ € BN A such that ¢(x) = 1 on K. Then the
elements in Ha(B, B) are pointwise multipliers with suitable functions h which belong
locally to A.

Proof. TO BE GIVEN LATER oN! U
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Lemma 43. Assume that an operator S on some function space (B, ||-||B) satisfies the
property S(h - f) = h - S(f) for a sufficiently rich family of pointwise multipliers h on
(B, ||-|lB). Then S(f) = ho - f for some function hy.

Proof. Note that in the case 4 = Zy the claim is simply: Assume a linear mapping from
C¥ into itself, represented by a matrix, commutes with pointwise multiplication with unit
vectors then it must be a diagonal matrix. In fact, such linear mappings do not increase
the support of a function. In fact, assume that some coordinates of f are zero, then f
does not change of it is multiplied with the sequence h taking the value one on those
specific coordinates. On the other hand after pulling out of the argument one finds that
also h-S(f) = S(hf) = S(f) must be zero at the same coordinated, which easily implies
that NV x N matrix representing the linear mapping f +— S(f) must be a diagonal matrix,
resp. S must be a multiplication operator (with hy = diag(.S)).

Let us now do the continuous version of the argument. For simplicity we assume that
(B, || - ||B) allows pointwise multiplications by the elements of some nice, regular Banach
algebra (such as (FL'(R?), ||-|l711)), and that we can make use of BUPUs, i.e. we
have a bounded family (of pointwise multipliers on (B, || -||g)) such that 1 =", _, 9.
Using (as usual now) we have ) = 1) -1)*, hence also f = Y, ., ¥x -9} f, hence (assuming
now that the series is norm convergent in L* or (L'(R?), || - [1)), for example, and setting
ho := > ea S(¥2). Note that the sequence is pointwise well convergent, since ¥ -1y = 1,
implies the supp(S¥y) C supp(¢)}), but only finitely many of them overlap! On the other
hand one has

(66) Sf:S<Zl/u~f>:ZS(f-%):f-ZS(w)-

AEA AEA AEA
O

For us an important Banach algebra is (L'(R?), |- 1), endowed with convolution as
multiplication (which is commutative, due to the commutativity of addition in R?). It
does not have any units, but we have shown earlier (?) that (L'(R?), |- ||;) has bounded
approximate units. Typically such a family is obtained by taking any sequence f, (or
net) of functions, e.g. in C.(R?), with [,, f.(z)dz = 1 and “shrinking support”. This can
be obtained by choosing the shape of of f,, arbitrarily, but assuming that f,(z) = 0 for
|z| > 6, for some null-sequence ¢,, — 0 for n — oco. Alternatively one compresses a given
function f € C.(R?) or even in L'(R?) with [y, f,(z)dz = 1, and chooses f, = St,, f, for
some sequence p, — 0 for n — co. The choice f(z) = e ™ is a popular choice (which
also shows that it is not important for f to be compactly supported).

We will see shortly that Hyi (L") = Hpi(L', L") can be identified with the space
(My(R?), || -|lag,) of all bounded measures (resp. with (Cy'(R?), ||-|[ar)). This result
is called “Wendel’s theorem” ( [24,38]). It has of course two parts: First of all one
has to show that convolution operators induced by elements from M;(R?) leave the
closed subspace L'(R?) invariant. In the second part one has to verify that any abstract
(bounded and linear) operator on (L'(R?), ||-[|;) commuting with all the translation
must be such a convolution operator.
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Theorem 19. The space of Hyi(L', L) all bounded linear operators on L*(G) which
commute with translations (or equivalently: with convolutions) is naturally and isometri-
cally identified with (My(G), || - || ag, )-

Proof. For the first part we have to verify that L'(R?) is a closed ideal of M,(R?), i.e.,
that M,(R?) « L'(R?) C L'(R?). One way to do that is to check that (L'(R?), ||-||1) is
a homogeneous Banach space, i.e., to show that the group R? acts in a continuous and

isometric way on L'(R?). This means that we have to verify the following conditions:
|Tefll = || f|l1 for all 2 € R? and all f € C.(RY) (hence all f € L'(R%)) and also

(67) limgsol|Tof — flli=0 for x—0,
for any f € C.(R?), hence (by approximation for any f € L'(R%)).
That (My(R?), |- |lag,) (viewed as a Banach algebra with respect to convolution) is

acting boundedly on any homogeneous Banach space will be discussed separately.

Alternatively one can even describe L'(R?) as the subset of all bounded measures
which have continuous translation, in other words, one can show (see a classical paper
by Plessner, 1929) that ||T,p — u||pg, — 0 for z — 0 implies that p is an “absolutely
continuous” measure, i.e., belongs to L'(R?).

The argument for this result typically relies on a compactness argument (w*— compact-
ness of the unit ball in the dual Banach space M,(R?) = (Cy'(R?), || - |lar)). One applies
the given operator T € H 1 (L") to any Dirac- sequence f, which forms a bounded approx-
imate unit in L'(R?). By the boundedness of (f,) and the operator T the image sequence
T(f,) is also bounded in L'(R?), hence in the larger (dual) space (M,(R?), || - ||az,))- By
the w*-compactness of bounded balls in this space we obtain a w*-convergent subnet,
with some limit u € My(R?). It remains to show that this limit is inducing the operator,
i.e., one has to verify that T = C,,. U

Corollary 6. In the situation described in Wendel’s theorem we have: Every multiplier
of (LY(G), ||+ |l) has the property that the restriction to L' N Cy(G) (endowed with the
natural norm || f|ls := || flli + | fll) s also a multiplier on that space, which in turn is
dense both (L*(G), || -|l1) as well as (Co(G), || |lsc). The same is true for multipliers on

(Co(G), | “1ls)-

Also the converse is true, at least for G = R? every multiplier on the Segal algebra
L' N Cy(G). A proof should be found in Larsen’s book [24], Corollary 3.5.2.

Material of Nov. 9-th (! given below) is partially covered by the paper “Banach spaces
of distributions having two module structures J. Funct. Anal. (1983)” ( [5]). The main
result of this paper is a “chemical diagram” that can be attached to each of the spaces
in >>> standard situation: X

Another Segal algebra is L' N FL'(RY) with the natural norm || f||s := || f|l1 + || f]l1-
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Some comments on the classical Riemann-Stieltjes integral (in German)

http://de.wikipedia.org/wiki/Stieltjes-Integral
http://de.wikipedia.org/wiki/Beschr’,C3,A4nkte_Variation
http://de.wikipedia.org/wiki/Absolut_stetig
http://de.wikipedia.org/wiki/Satz_von_Radon-Nikodym
http://de.wikipedia.org/wiki/Lebesgue-Integral

Some of the material in this course has been already given in courses in Heidelberg
(1980), Maryland (1989/90) or at the university of Vienna in the last 20 years.

The material concerning the Segal algebra Sy(G) is going back to various original
publications by the author, see for example [11], where this particular Segal algebra has
been introduced and where it is shown that it is the minimal TF-isometric homogeneous
Banach space (and many other properties). The role of the dual space has been described
already in [10] (both papers downloadable from the NuHAG site). The double module
view-point is described in much detail in [5] (Banach spaces of distributions having two
module structures, J. Funct. Anal.). A detailed account of notions of compactness (and
also a clean description of tightness, etc.) is given in [12]. The first atomic characterization
of modulation spaces (Sp(R?) is among them) has been given at a conference in Edmonton
in 1986 (published then in [13]).

There are many places where especially the role of the Segal algebra Sy(G) for the dis-
cussion of basic questions in Gabor Analysis has been described. The very first systematic
discussion as been probably given in the Chapter by Feichtinger and Zimmermann in the
first Gabor book of 1998 ( [16]). Another relevant paper is the one by Feichtinger and
Kaiblinger ( [14]) where it is shown, that (in the Sy(RY) context) the dual window is
depending continuously on the lattice constants in the case of Gabor frames resp. Gabor
Riesz bases.

Preview: In order read about Gabor multipliers the best source is probably the survey
article in the second (blue) Gabor book, “Advances in Gabor Analysis”, by Feichtinger
and Nowak ( [15]).

General references are: Hans Reiter’s book on Harmonic Analysis (including a very
fine and compact introduction to Integration Theory over Locally Compact Groups, but
without the proof of the existence of the Haar measure) [28]. An updated version (edited
by his former PhD student Ian Stegeman is [31]). The book describes (see also [29]) the
concepts of Segal algebras (such as Sy(G)), and Beurling algebras L' (G) (with respect
to multiplicative weights). Both books are available in the NuHAG library.

A nice introduction into ”abstract harmonic analysis” is that of Deitmar ( [8]), and of
course always Katznelson (starting with classical Fourier series, but also talking about
the Gelfand theory for commutative C*-algebras) is [23]. It also contains the first “prop-
agation” of the concept of homogeneous Banach spaces. A similar unifying viewpoint
is taken in the book of Butzer and Nessel ( [7]) and of course several of the books of
Hans Triebel (see BIBTEX collection and book-list). These two mathematicians can also
be seen as pioneers of interpolation theory and the so-called theory of function spaces.
(Abstract) Homogeneous Banach spaces are also treated in the Lecture Notes by H. S.
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Shapiro ( [33]), having approximation theoretic questions in mind (he makes the associa-
tivity of the action of bounded measures an axiom, obviously because he could proof it
only in concrete cases).

Solid Banach spaces of function (under the name of Banach function spaces) appear in
the work of Zaanen: [39] (or [40]), both books should be available in the NuHAG library
(Alserbachstrasse 23, Room 8)

A very good source to learn about Besov spaces is Jaak Peetre’s book entitled “New
Thoughts on Besov Spaces” ( [26]).

Banach modules: Rieffel’s work [32] [some tex-nical problem with BIBTEX]

Generally interesting references about ”"mathematics and signal processing”: Richard
Holmes: [21]

Protocol for the course: Nov 9th, 2006 HGFei
TOPIC: Standard Spaces
What are standard spaces?? Banach spaces of functions or distributions which allow
sufficiently many regularization operators, e.g. localization (by pointwise multiplication)
and regularization (by convolution).

Definition 36. A Banach space (B, |- ||g) is called a (restricted) standard space if
(1) (So(RY), [+ llsy) = (B, || -llB) = (S§(R?), ]| ||sy) (continuous embeddings);
(2) ]:llll(Rd) B C B, with [|h- fllg < [|hllzplflls ;-

(3) L'(RY) « B € B with |lg = f|5 < llgll 1| fll:forg € L'(RY), f € B ;

It is clear that almost all the spaces used “normally” in Fourier analysis are such
“standard spaces”. It is sufficient that a space (of locally integrable functions or Radon
measures) is isometrically invariant under the time-frequency shifts ©(\) = M,T; for
A= (t,w) € R x R? and that e.g. the Schwartz space S(R?) is contained in B as a dense
subspace, to ensure that the above conditions are satisfied. Let us formulate this claim
as a lemma:

Lemma 44. ? DUPLICATE!? Assume that (B, ||-||B) is a Banach space of locally
integrable functions on R? such that S(RY) is contained in B as a dense subspace and

that | MJT,f||g = ||f]|5 for all A = (t,w) € R x R%. Then it is a standard space.

Which kind of objects do we want: Banach spaces of continuous functions? Banach
spaces of locally (Lebesgue-) integrable functions? Banach spaces of Radon measures, or
(tempered?) distributions? Should we allow even ultra-distributions? Wishes: We would
like to be able to do functional analysis, so with each spaces we would like to have the dual
space in the same family (as long as it can be viewed as a Banach space of distributions,
hence only if it can be completely characterized by the sum of the local actions).

With each space the Fourier transform of the space should be in the same family, etc.
etc.

Formal suggestion in this direction is given by the following definition, which describes
at “reasonable” generality a family of Banach spaces which is not restricted to Banach
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spaces of functions, because such a family will typically not be closed under duality
(an exception is the family of LP-classes, but already the dual space of Cy(R?) contains
discrete measures which are not represented by (integrals against measurable) functions.

Definition 37. A Banach space (B, ||-||g) is called a (restricted) standard space if
(1) (SoR), [[+llsy) = (B, || -llz) = (S§(R?), ]| ||sy) (continuous embeddings);
(2) ]’ILI(Rd) B € B, with [|h- flls < [|hllzelflls:

(3) L'(RY) « B € B with |lg = f|5 < llgll 1| fllp:forg € L'(RY), f € B ;

Remark 17. The main idea behind this specific definition (also the reason why it is called
for a while the “restricted standard situation” is the fact that the fact that Sy(R?) and
its dual SJ(R?), or that the whole Banach algebra L'(R9) is acting on (B, ||-||5) via
convolution, can be seen as a matter of convenience. In this way we avoid a number of
technical conditions involving weights and still have a fairly large collection of examples
available. We will be able to demonstrate the roles of pointwise multiplication and con-
volutive action in the present context, and it will be easy for the reader to generalize the
observations to more general situations.

A typical alternative view in the context of G = R? is the following setting:

Definition 38 (convenient description). .

A Banach space (B, || -||g) is called a tempered standard space on RY if
(1) S(RY) — (B, || ||B) = S'(R?) (continuous embeddings);
(2) S(RY)-BC B
(3) SR «BC B

Aside from the fact that one needs some functional analytic argument in order to es-
tablish the equivalence between this “convenient” and another more technical one (which
is however what one needs in order to make those concepts useful). It will be conve-
nient for this purpose to make use of polynomial (submultiplicative) weights wy, given by
w, sz (14 [2]2)%%

Definition 39 (technical definition). A Banach space (B, ||-||g) is called a tempered
standard space on R? if
(1) S(RY) — (B, || ||B) = S'(R?) (continuous embeddings);
(2) There s > 0 such that L;, (R?) acts on (B, ||-||g) by convolution and
lg* fllB < Csllglliwll fllB: forg € L}Us,f € B, for some C, > 0;
(3) S(R?) - B C B and there exists some constant ||k - f||p < Hﬁ||1wr||f||3 ;

Remark 18. The typical examples of reduced standard spaces arise from Banach spaces of
say tempered distributions which are isometrically invariant under TF-shifts, i.e., which
satisfy

l7(t, W) flls = flls VfeB.

and which contain S(R?) or Sy(R?) as a dense subspace. In fact, in such a case on can
argue that the isometric invariance of the space implies that the continuity of the mapping
(t,w) into S(RY) resp. Sp(R?) implies that one can extend the strong continuity to all of
(B, || - ||B), in other words, one obtains a so-called time-frequency homogeneous Banach
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space (B, || - ||g) in this case, and the mapping (¢, w) to m(¢,w)(f) is continuous for every
f e B.

One can also discuss from a technical side the need of assuming that the embedding
from S(R?) into (B, ||-|g) should be a continuous one with respect to the occurring
natural topologies. In fact, it should be enough, for example, to verify that (B, |- ||B)
itself is continuously embedded into the space of all locally integrable functions and that
for each norm convergent sequence (f,,) in (B, |- | g) there exists a subsequence (f,,)
which is pointwise convergent almost everywhere. etc. ...

Standard spaces are also described within the TEXBLOCK system (part of the NuHAG
DB system):
http://www.univie.ac.at/nuhag-php/tex-blocks/search.php?id=19

Starting from the observation that for any of the module actions, arising from the
pointwise algebra A = FL' and the convolutional Banach module structure over L'
one can build two types of completions and also two typos of “essential parts”. We will
write B4 for the A—completion of B, and B 4 for the essential part with respect to the
pointwise module action. It is easy to verify that an element is in B4 if and only if it
can be approximated by elements with compact support, or if and only if any bounded
sequence of plateau-like functions (forming a bounded approximate unit in F. Ll) acts as
approximation to the identity operator on the given element.

Analogously we define the completion and the essential part with respect to the Banach
algebra L'. Since the action of this algebra usually comes from the group action (by
translation), we will use the symbols BY and Byg.

Combining those four operations in a serial way we can come up with a large number
of new spaces, derived from any of those spaces. Since the operations of completion and
essential part with respect to the same algebra action are canceling each other (similar
to the operation of taking a closure resp. the interior of a “nice set”) we can concentrate
in our discussion on “mixed series”, such as: BgAg, or even longer chains of operations
of a similar kind.

The result that has been derived in [5] can be summarized in the following way: JUST
the LAST OCCURRENCE of each algebra operation counts, i.e., the last occurrence of
the symbol G and the last occurrence if A. So we have BgAg = B4 or BgAgA = Bg,.

The most important spaces in this family are the minimal space, which turns out to
be the “double essential part”, where the order of algebra operations does not play a role
anymore. It coincides with the closure of the test functions in the standard spaces. So
we have

—B
(68) Ba;=S, =Bga

On the other hand here is a (single) double completion, which coincides with the w*-
relative completion of B within Sy (details to be presented at another time).

(69) BA9 = B = B94
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where we define the vague or w*-relative completion of (B, || -|/g) in Sy as follows:

(70) B =

{0’ € S(), | oc=w"— limafaasup ||fa||B < OO}

The infimum over all the bounds sup, ||f.||z makes B into a standard space, which
contains (B, || - ||B) as a closed subspace.

Example:

Starting from Co(R?) one can find that is relative completion is just (L>(R?), || - ||c)-

A WIKIPEDIA contribution:

http://en.wikipedia.
http://en.wikipedia.
http://en.wikipedia.
http://en.wikipedia.
http://en.wikipedia.

org/wiki/Harmonic_analysis
org/wiki/Tempered_distribution
org/wiki/Fourier_analysis
org/wiki/Discrete-time_Fourier_transform
org/wiki/Colombeau_algebra
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Next we will show that the convolution action of bounded discrete measures on a
homogenous Banach space can be extended to all of the measures in order to generate an
action of (My(G), || - ||ag,) on such a Banach space (B, || -/ B)-

Theorem 20 (Bounded Measures act on Homogeneous Banach Spaces). .

Assume that (B, || - ||B) is a homogeneous Banach-space with respect to some “abstract”
group action p, i.e. we assume that © — p(x)f is continuous from & into (B, ||-|B),
isometric in the sense that ||p(z)fllB = ||fllB for all x € 4 and f € B, and that
p(z122) = p(z1)p(x2). Of course we can define pe,f for any discrete measure, hence for
the family Dy as the (unique) limit of this Cauchy net in (B, ||-||g). Then one has

(71) oo flls < lullaell i, foral f € B.
In fact, (B, ||-||B) becomes a Banach module over (M, (G), || - ||ag,) in this way.

Proof. We are going first to define the action of 1 € M,(G) on an individual element
f € B, by verifying that the net

Dy(p)eof = p(wi)pla:) f
iel
is convergent, as |¥| — 0.

The idea is to consider the action of Dyp on f as Riemann-type sums for the integral
J, p(x) fdu(z). Therefore it is natural to check that the action of bounded discrete
measures is OK (this is an easy consequence of the assumptions) and then to compare two
such expressions, namely Dy (jt)e,f and Dg(s1)e,f by making use of their joint refinement,
constituted by the (double indexed family) (¢;¢;).

Let us first estimate the norm of Dg(p)e,f. Using the isometry of the action of p on
(B, || -||B) one has, independently from W:

(72)  Da(w)epflls <D lu@illlp@@) flls < 118 Y ln@)] < lullallflls:
iel icl
Assume next that there are two families ¥ = (¢;);e; and ® = (¢;);ec; are given, with
central points (z;);er and (y;)je. Then we can define the joint refinement ¥ — & as the
family (1i9;) (i )cros, Where we can agree to call 1 o J the family of all index pairs such
that ¢; - ¢; # 0 (because all the other products are trivial and should be neglected). In
fact, if both ¥ and @ are sufficiently “fine” BUPUs one has: 3"

(73) IDype,f — Da(w)epfls = > o) f = p(y;) flslu(wio;)] <
(3,5)€lo]
swp (@) = ply; — 2 flls Y 1@igi)ullm < ellpllar,
(3,9)elod (ij)elo]

if only W resp. ® are fine enough. Due to the completeness of (B, || -|/g) one finds that
there is a uniquely determined limit, which we will call pie,f. It is then obvious that

(74) lepfllB = |}fi\rfo Dy pe,fllp < limsup | Dypl|ml fllB = lullnml fl -

*TUsing that o; = Y3;c;vid;, hence Yo jyeroy iy =1 and 3o, jyepos |@idiullne = llullar-
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Of course it remains to show that the so defined action is associative, i.e. that

(75> (M * ,u2).pf = (Ml)’p(/@’pf)a M1, p2 € Mb(G)7 / € B,

but his is clear because the associativity is valid for the discrete measures Dy and Dg(f).
38 O
Remark 19. In the derivation above we have used the isometric property and the fact
that p(z122) = p(x1) o p(x2). It would have been no problem if this identity was only true
“up to some constant of absolute value one”, i.e. if one has a projective representation of
¢ only, such as the mapping \ = (t,w) — 7(\) = M,T; from R? x R? into the unitary
operators on the Hilbert space (L2(]Rd), |- ||2), which is one of the key players in time-
frequency analysis.

For the next step we need a simple observation from abstract Hilbert space theory.

Lemma 45. Assume that a (complez) linear mapping between two Hilbert space over the
complex numbers, F4 — 5 is isometric, i.e. satisfies

som-embed1 | (76) T(h)|lse = ||h]|ls YRy € 54.
Then the adjoint mapping T' : 5 — 4 is the inverse on the range, i.e. one has
T(Tf)=f Vh € 4.

Proof. The claim follows from the fact that an isometric embedding also preserves scalar
products, as a consequence of the polarization identity
3 3

arization | (T7) (FLo) = 3 iU+ b, fita) = 3 DI+ it
k=0 k=0
Hence
som-adjinv| (78) (T'(Tf),9) =(Tf,Tg)=(f.g9) Vf g€ A

Since this is true for every g € 7 the required claim is valid. Usually one says that
T’(hs) is defined in the weak sense for hy € 74, through the identity

weak-Tadj (79) <T/h2, h1>,;ﬁ = <h2, T(hl»yé, hl c %7 h2 < %

bl

O

Application: (Sp(R?), | -||s) is defined via its STFT: f € L*(R?) belongs to So(R?)
if and only if V,,f € L'(R*), where g, is the Gauss-function (or any other nonzero

Schwartz-function). Since f +— V,f is isometric (assuming that ||goll2 = 1) we have
according to the above lemma the (weak) reconstruction formula
f - ~ V;;of(A)W(/\)QO d)‘7
R xR4

38Note that H.S.Shapiro (cf. [33]) is making this associativity an extra axiom, apparently because he
could not proof it directly for technical reasons, because he defines the action of the bounded measures
on an “abstract homogeneous Banach space”. H.C. Wang exhibits in [37] an example of what he calls
a semi-homogeneous Banach space (without strong continuity of the action of ¢4 on (B, ||-||B), which
does not allow the extension to all of the bounded measures. Indeed, it is a Banach space of measurable
and bounded functions on R which is non-trivial, but which does not contain any non-zero continuous
function!
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but if V,, f € L'(R*) ¢ M (R??) then we have

f = V;Jof ®r 9o
in the spirit of the above abstract statement (for p = 7). It follows that one has for every
TF-homogeneous Banach space (B, ||-||g), i.e. for every Banach space (B, ||-||g) such
that ||7(A) flls = || flls and ||7(\)f — fllg — 0 for A — 0:
(80) 118 = [[Vao S ox g0llB < Voo fll 2 g2y 90l 8 = 1|.f |55 ]] 90| -

Proof. The proof relies on the fact that for any net of convergent nets ¥z (all sufficiently
“fine”) the overall family (Dy,pq is still bounded and uniformly tight! 39 Moreover it is
clear that for each fixed 3 the net Dy, i, is w*-convergent to Dy puo. Given the tightness

of the family only a finite number of indices of the family (wzﬁ )ier is relevant for the
convergence, hence jio () — po(1)?) implies that
D‘I//a:ua.[)f — D‘I’/s:uo.pf'
FURTHER DETAILS HAVE TO BE CHECKED IN A CLEAN FORM LATER ON!
Requiring the argument that one has for any u € M, (G):
lepf — Dupeyflls < ellpllag

depending only on the element f € B and the level of “refinement” of ¥ but NOT on
the individual choice of p. O

Next we want to show that there is an important form of continuity from in this action
from M (%) x B — B, with respect to the w*-topology on M,(G).

Theorem 21. Assume that (ia)acr 1S a bounded and tight net of bounded measures,
which is w*-convergent to some limit measure g € M(R®). Then for every f € B:

(81) 120, f — 0@, flls — 0 for o — .

Proof. One can verify this relation by observing that the family Dy, running through
any net of BUPUs with |¥| < 1 and o € I is a tight family, hence up to some £ > 0
one can replace the given net (u,) by a family of measures with joint compact support.
Hence all the BUPUs will consist of finitely many discrete measures, and in particular
| Dy iae,f — Dypige, f||B — 0 for any f € B, for fixed V. O

3Nt is a good exercise to check the technical details yourself!
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Some pointwise estimates

Pointwise estimates: Convolution preserves monotonicity We have to define |u| for a
given measure, and have to show that || |u|||ar = ||it||ar for each u € My(R?).

point-conv| (82) [ f < |l * | f]

point-con]
oint-convi| (83) L1 < gl = |ul*[f] < |ul*]g]
ost-estinl |

ost-estiml| (84) [(Dyf — f) * g](x) < [|f] *oscs(g9)](x), Vo € RY
or in short, a pointwise estimate of the form
st-estimlb| (85) [(Daf — f)*g] < [|f]*oscs(g)].

MAIN ESTIMATE

in-estimil| (86) [Dypus f—px fl < |pl*[Spy f— f| < [u|*oscs f
if diam (1)) < 6.
It relies on a couple of “simple” estimates, such as

oscs f = (oscs f)
and
oscs(Tf) = Ty(oscs f)
Obviously
[Spy f(z) = f(2)] < oscs f(x), Vo € R™.
Moreover the fact that the discretization operator Dy : My(R?) — M,(R?) is the adjoint
of the spline operator Spy, : Cy(R?) — Cy(R?), implies also that we have:

(87) Dyp = f = p*Spy f

Lemma 46. If f € W(C, ") then also oscs f € W (Cy, £7).

Lemma 47. A function f € Cy(R?) belongs to W (Cy, £°) if and only if f € L*(RY) and
oscs f € LP(RY).
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10. DISCRETIZATION AND THE FOURIER TRANSFORM

TEST: We shall define here LLI, := )", 0, and LLI® = %Zn oz. Then FLLJ, = LL"
In fact, one has for a = 1 according to Poisson’s formula FLLI; = LLI!, and the general
formula follows from this by a standard dilation argument: Mass preserving compression
St, is converted into “value-preserving” dilation D, on the Fourier transform side, and
D, Lt = te.

Let us put a few observations of importance at the beginning of this section:
e The periodic and discrete (unbounded) measures are exactly those which arise as
periodic repetitions of a fixed finite sequence of the form ij:_ol Q0.
e The Fourier transform of such a sequence can be calculated directly using the
FFT
e for any (sufficiently nice) function f (e.g. f € W (Cp, L")(R?)) one has for b = 1/a:
(88) Fllan * (- H] =™ (L * f) = Ly« (LN f)
repper
The last step in the proof of formula %8‘1%’@11}7 verified directly: sampling and periodiza-
tion commute if (and only if) the periodization constant (bN in our case) is a multiple of
the sampling period (in our case b).
The question of approximately obtaining the continuous Fourier transform f of a “nice
function” f from the FFT of it’s sampled version can be derived from this fact.
16:0.0:0.0.0.0.0:0.0.0.0.0.0.0.0:0.0.6.0.0.0.0.0.0.0.0.0.0.0. 0.
Given h > 0 and some prescribed function ¢» on R¢, such as a cubic B-spline, the
quasi-interpolation Q f = Q;f f of a continuous function f on R? is defined by

(89) Quf(x) =) f(hk)p(x/h— k),  z€R™L
keZ
For suitable 1, this formula describes an approximation to f from its samples on the fine
grid hZ4 c R%.
Theorem 22. Assume that ¢ € Sy(R?) satisfies Yy pa W(x—k) =1, i.e., that the family

(Tyt))peza forms a partition of unity. Then for all f € So(RY) we have ||Qnf — flls, — 0
as h — 0.

Note, that under the same restrictions on ¢ one also has convergence of the quasi-
interpolation scheme in the Fourier algebra FL' for all f € FL'(R?).

Consequently one has Q}o — o in the weak*-sense for each o € SJ(R?). But Qjo =
>4 0 (¥)0nk. Hence the discrete measures are w*—dense in Sy (R?).
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Comment on the consistency of distributional Fourier transform with the classical one
(defined on L'(R?), using the Lebesgue integration formula).

For any Fourier invariant space of test functions (such as (So(R?), || - ||s,) or the Schwartz
space of rapidly decreasing functions S(R?)) one defines a generalized Fourier transform
by the formula

Definition 40.
(90) Fo=5:(0)(f)=0o(/)
The above formula can then be interpreted as a consistency relation. Write o, and o,

for the distributions generated. by the functions g € L'(R?) and § € Cy(R?) respectively
0 then the formula (EQ; tell us that

0'9 = O'§.

see e.g. [17], Lesson 17, page 156.

4056 the space of test functions must be contained in L'(R%) to ensure that Cy(R?)-functions define

continuous linear functionals.
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11. QUASI-INTERPOLATION

The piecewise linear interpolation operator for data available on the lattice of integers Z,
say (ck)rez, can be described as a sum of shifted triangular functions A(0) = 1, A(k) =0
for k ¢ 7. Hence it can be written as a convolution product of the form

(Z ckék) * A,

keZ
It is easy to show that the resulting sum (the interpolant) belongs to LP(R) if the sequence
c is from £P(Z). But this is true for much more general functions than then triangular
function. It suffices to have p € W (Cy, £")(R) in order to find out that Y, _, Ti belongs
to W(Cy, €)(R) for ¢ € €°(Z). In fact, this assumption implies ), cx0,, € W (M, £F)
and hence the convolution relations for Wiener amalgam spaces imply:

=Y Tie= () cdr) x o € W(Co, £)(R).
keZ keZ
As a consequence f is a continuous function and can be sampled, e.g., over the integers,
but in most cases f(k) will be perhaps close to, but different from the original sequence
(cx)rez, hence the name quasi-interpolation. **
The so-called quasi-interpolation operators make sense for functions from W (Cp, €°)(R%),
to choose the appropriate generality from now on. For those functions one can guarantee
that for some C' > 0 and all p € [1, o0] one has:

1(f(F))kezally < CILFIW(Co, €)YV f € W(Cy, £7)(RY).
The same is true for any other lattice A < RY, with
ICFN))really < Callf [W(Co, 7)1 Vf € W(Co, £7)(R).

Hence the operator
Fe ) )T
AeA

is a well defined operator on W (Cp, £)(R?) (even uniformly bounded with respect to
the range p € [1, 00]. We will call such an operator the quasi-interpolation operator with
respect to the pair (A, ¢).

Among the quasi-interpolation operators those which arise from BUPUs, i.e., from
functions ¢ € W (Cy, £')(R?) satisfying

Z Tho(z) =1
AEA
are the most important ones. We are going to show that quasi-interpolation operators
with respect to “fine lattices” A are good approximation operators.
The interesting phenomenon is the behaviour of piecewise linear interpolation over
lattices of the form aZ?, for av — 0.

4INote that SINC is not covered by this example, although for p € (1,00) it shares more or less all
the properties described above.
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Let us recall that (Typ)res is a BUPU for some ¢ € W(Cl, £')(R?) if and only if ¢
is a Lagrange interpolator over the orthogonal lattice A+ = {x | (x,\) =1 VAeA}, i.e.,
that

(91) PN) =don VN €A
Proof. We can reinterpret the BUPU condition as LLI 5 * ¢ = 1, which turns into

FHllg) - ¢ =F1) = do.
Since F(LU ) = CylLLl 1 this condition reduces to (using f -6, = f(x)d,):

Cpllpg. - ¢ = Z @(h")op = do,
heHt
which in turn is true if and only if $(h') = 0 for b’ # 0 for all b’ € H*.
U

Remark 20. The condition described above is ipyariant with respect to p01ntw1se powers
on the Fourier transform side, i.e., ¢ satisfies (bl ; then the same is true for $? = @ * @.

The quasi-interpolation operator ()4, can thus be described as the mapping

(92) [ (Wa-f)xop)
Note that this operators is bounded on W (Cy, £7)(R?) because LL ;- f € W (M, £°)(R%)-
W (Cy, £/)(RY) C W (M, £7)(R?), hence
(f - Wpg)*p C W (M, )« W(Cy,£') C W(Cy, £7)(R?).
It is of interest to check the behaviour of quasi-interpolation for the lattices hZ?, with
h — 0:

Given h > 0 and some prescribed function 1 on R?, such as a B-spline, the quasi-
interpolation Qpf = Ql,f f of a continuous function f on R? is defined by

(93) Qnf(x) =Y f(hk)p(z/h—k), xeR"

kEZ
For suitable 1, this formula describes an approximation to f from its samples on the fine
grid hZ¢ c R%.

Theorem 23. Assume that ¢ € Sy(R?) satisfies Yy pa W(x—k) =1, i.e., that the family
(Ty))peza forms a partition of unity. Then for all f € So(RY) we have ||Qnf — flls, — 0
as h — 0.

Note, that under the same restrictions on ¢ one also has convergence of the quasi-
interpolation scheme in the Fourier algebra FL' for all f € FL*(R?).

12. PSEUDO-MEASURES AND OTHER AUXILIARY TERMS

Definition 41. The space F L™ is defined as the (inverse) image under the (generalized)
Fourier transform of L*(R?) = [(L'(R?), || - |l1)]"
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An alternative definition of pseudo-measures (used e.g. in the work of G. Gaudry or
R. Larsen) is based on the following characterization:

Lemma 48. There is a natural identification of FL™(R?) with the [(FL'(RY), || - || z£1)]
via a(h) = 04,(5) = [ra G(s)h(s)ds.

Even in the context of non-Abelian Groups ¢ this makes sense, if one uses Eymard’s
Fourier algebra A(¥) ( [9]).

13. ADVANTAGES OF A DISTRIBUTIONAL FOURIER TRANSFORM

Whereas most books in the field of Fourier analysis describe the Fourier transform
at various levels, typically starting from the classical case of the Fourier transform for
periodic functions [8,22]. Sometimes the need of a generalized Fourier transform is moti-
vated by the fact, that certain objects (like the “pure frequencies”) do not have a Fourier
transform in the usual sense, because first of all the classical Fourier transform is bound
to diverge, while on the other hand the Fourier transform (which is in the generalized
calculus a Dirac measure) is not an ordinary function, but has to be a kind of generalized
function (in fact a bounded measure in that case), cf. [2].

In this section we want to emphasize (by demonstrating the situation, valid even for
locally compact groups in full generality, through the example G = R9).

Not only does the distributional Fourier transform (and it suffices to know the Sy-
theory for this purpose) allow to define the Fourier transform for decaying objects (like
functions in any of the LP-spaces), but also for periodic objects (such as periodic functions
belonging locally to L?), even with different periods (which brings us already close to the
discussion of almost periodic functions).

As a central topic let us therefore discuss the Fourier transform of periodic functions
(or measures, or distributions) as the “infinite limit” of it’s periodic repetitions. First of
let us recall that it is easy to find for each lattice A = A xZ¢, for some non-singular d x d-
matrix A a fundamental domain (equal to @ = A * [0,1)?) and also bounded partitions
of unity of the form (py)aea = (Thp)aea, with ¢ € C.(R?) or even in S(R?). For the next
lemma we need ¢ € Sp(R?), or even better, in S(R?).

Lemma 49. A function f (or distribution in Sg(R?) ) *? is periodic with respect to A <t R?
if and only if it is of the form

(94) = Z I\ /3,

AEA

for some compactly supported pseudo-measure f° € FL®(R?).

427 distribution from S(RY) which is A—periodic for any co-compact lattice A in R? does in fact
belong automatically to Sy (R?)!



A FRESH APPROACH TO HARMONIC ANALYSIS: NUHAG: VERSION SUMMER 2010 59

Proof. It f is A-periodic, i.e., if T\f = f for all A€A, then we can choose f° = f, for a
function ¢ with compact support, generating a A-BUPU as described above, because

F=Y TNTA(fen) =) Df* =D Taf°.
AEA AEA AEA
because fA =T A\(f-pr) = T-af - T_xpr = f - =: f° by the periodicity of f.
Conversely, let f° a compactly supported pseudo-measure or even in W (FL™,£").
Since W (M, £°) x W (FL>®,£') ¢ W(FL',£*°) = 8/ the partial sums of the peri-

odization are both uniformly in Sy as well as w*-convergent, as can been seen from the

interpretation
}}LI}XZTAJC = lim ((Z5A) * f ) :
AEF AEF
In fact, one can reduce the general case of w*-convergence to the case where (first of
all) f° as compact support, but in testing that the action on arbitrary test functions
h € Sy(R?) those in (Sp). = A.(R?) are sufficient.
PROBABLY SOME MORE DETAILS TO BE GIVEN O

We remark that a compactly supported pseudo-measure has the property that its Fourier
transform is indeed a bounded and continuous function. Indeed, we can find some ¢ €
So(R?) such that f° - o, hence Ff°-p) = foxpe L®x8, C Cy(R%). One can also
show that the Fourier coefficients of the periodic version are just the values fAO over the
orthogonal lattice A*+. Let us describe this in detail:

Using now the fact that the distributional FT of LLI, coincides with a multiple of
Litps, ie., FLLiy = Cplll o in the Sy-sense, we find that for any periodic function or
distribution f we have

(95) Ff=F(L* fo) = F(LLy) - fo=Callips - f°.

Consequently we have supp( f ) C supp(Lll 1) = A+, In fact, we can give a more explicit

~

description of f: by carrying out the pointwise multiplication LLI . - f° we find that
f= FFOa
Altent
But for f°© € W(FL™, £") (by the Hausdorff-Young principle for generalized amalgams)
we know that f° € W (FL', £*) c W(Cy, £>°) C Cy(R?). Hence we can even claim that
f is a sum of Dirac measures located at the points of A+, with a bounded sequence of
coefficients in £°(A).

In fact (this has to be shown separately), one can be shown that this is a complete
characterization all the tempered distributions o € Sj(R?) with supp(c) C A+.

Lemma 50. (Characterization of distributions supported on discrete subgroups)
A distribution o € S§(RY) satisfies supp(c) C A if and only if it is of the form

g = ZC)\(S)\

AEA
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for some sequence ¢ = (cx)aen € £7°(A).

Summarizing we have a mapping from the periodic elements (in S§(R?)) into £>°(A),
of the form f — (f°(A))aea (which is of course independent of the choice of f°). Assume
we have a regular distribution, “coming from” some f € L'(T). Let us discuss (for
simplicity) the situation for d = 1 and A = Z. Then we have @ = [0,1) and we can
choose f° = f-1g € L'(R). Since Z* = Z the Fourier transform of a periodic (local)
L'-function are a sequence on Z again: f°(n) = fol f(t)e ?™dt which coincides with
the usual (“classical”) definition of Fourier coefficients for locally integrable, Z-periodic
functions.

Note that in our context local square (or generally p-) integrability corresponds to
additional properties on f° which in such a case will belong locally to L*(R) (resp. L?(R)),
resp. to L*(T) or LP(T). In our terminology f° € W (L?, £")(R) resp. W(L",¢*)(R), and
again by the Hausdorfl-Young principle we obtain that f° € W(FL', £°)(R), or the
Fourier coefficients of f resp. the values of (f°(n))nez belong to €8 (Z).

A topic of interest in connection with standard spaces is the following one, which is
based on the fact that for any (restricted) standard space (B, || - || g) we have the following
chain of continuous inclusion:

WB-inc10] (96) W(B,¢") — (B, |- ||g) — W (B, £~)
and the fact that we have
WB-incl2| (97) W (B, ") — W(B,£") if p<q.
w-uppindex| Definition 42. Given a (restricted) standard space (B, || -|g) we define the lower resp.
upper index as follows:
- (98) lowind(B) := sup{p| W (B, ¢’) — B}
and
- (99) uppind(B) := inf{ ¢ | B — W (B, £)}

In most cases the supremum resp. infimum will not be attained. However, we will have
in any case

lowlequpp| (100) lowindg < uppindg

The following condition is in general slightly stronger than the case of equality of indices:
Definition 43. A Banach space is called to be of global type p if one has

deftypep| (101) B =W (B, ).

= =
el o
el =
- [
B B
Q o
[0] [0]
" "

Aside from the trivial facts that L?(IR?) is of course of type p for any p, one can check
that My(R?) is of type 1, while the usual L*-Sobolev spaces are of type 2. They have
therefore been called £°-puzzles by P. Tchamitchian in [34,35] (?)

One of the interesting and non-trivial facts (no proof is given here) is that one has (the
most interesting perhaps being the case p = 1), see [18]:



A FRESH APPROACH TO HARMONIC ANALYSIS: NUHAG: VERSION SUMMER 2010 61

Lemma 51. For 1 < p < 2 lowind(FLP) = p = lowind(FL"") while uppind(FL") =
/

p’ = uppind(FL"). Hence, except for the case p = 2 the space FLP is never of a
particular type.

Another interesting family of spaces is the set of all “multipliers” on L?, for say 1 < p <
00, which we denote by Hy1(LP, L?), which is indeed another (restricted) standard space.
It is well known that it coincides (by duality) with Hyi (LP', LP'), that # 1 (L') = M,(R%)
and Hy1(L?, L*) = FL*(R?). Hence one may conjecture that lowind and uppind of these
spaces equals p and p’, but to my knowledge nothing is known about it for 1 < p < 2.

Another interesting question could be the upper and lower index for modulation spaces
(which can be shown to be of local type FL?). Since the space MP(R?) = M (R?) for
p = q are Fourier invariant an coincide with W (FL? £P) they are clearly of type p.
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14. IpeAs oN BUPUS, WIENER AMALGAM AND SPLINE-TYPE SPACES

BUPUs are a universal tool for many questions in the theory of function spaces, they
are quite useful in order to develop concepts for (conceptual) harmonic analysis, and they
are crucial for the definition of Wiener amalgam spaces.

Here is a short list of properties of these families that make them so important:

e They can be defined over arbitrary locally compact groups ¢. In fact, there use is
implicit in the construction of the Haar measure following Cartan resp. A. Weil;

e By means of BUPUs it is easy to show that the discrete measures are w*-dense in
the space of bounded measures (My(G), || - ||a,)-

e Obviously they are extremely useful in defining Wiener amalgam spaces (the dis-
crete description is much more general, at least in order to introduce the spaces,
than the “continuous” description);

e Spline-Type are quite important as well; they are obtained as “closed linear span”
of a set of function and their translates, within some larger function space, say
(LP(RY), ||+ ||,). If we find a Riesz projection basis for such a space than typically
the discrete £”-norm on the coefficients, and the L?(R?) or also the W (Cp, £7)(R%)-
norm are equivalent on the corresponding spline-type space.

For most purposes any result that is valid for regular BUPUs on RY can be easily
transferred to general statements about arbitrary BUPUs over locally compact, or at
least locally compact Abelian groups.

15. RIESZ BASES AND BANACH FRAMES

In the terminology introduced in XX this means that R is injective, but not surjective,
and C is a left inverse of R. Thus we have the following commutative diagram.

X
P C
XO% Y

16. HisTORICAL NOTES

This is of course a very subjective area. From the point of view taken in these notes
functional analysis can be used (practically speaking: jus the theory of Banach and
Hilbert spaces is used, together with the main principles of the theory of Banach spaces,
operators, completions and the like, such as the wst-compactness of the closed unit ball
in a dual Banach space (B', |- ||g’))-

17. OPEN QUESTIONS, THINGS TO DO
TEST: B*, (B", || -||p-)
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Show that Cy(G)) can be characterized as the subset of (L®(R?), |- [») with con-
tinuous shift, i.e. ¢ € L) belongs to Cy;(R?) if and only if

(102) o — Tyollp, — 0 for |z[ =0,

viewing L™ as a definition as the dual space of (L', |- [|1).

The argument is essentially of the following nature. First we verify that M x L' (RY) C
L'(R?) (either because L'(R?) is the set of bounded measures with continuous shifts,
which is preserved under convolution given as the dual action from the action on Cy(R?),
lifted to the measures, or just by using the fact that L'(R?) is a homogeneous Banach
space, hence M (R?) ¢ L'(R?%) c L'(R?), where the abstract action is just convolution.
This action is again by a second adjointness relation lifted to (L', ||-|1) (which is just
the natural continuation of the convoluti ubglfl jardipary functions to the dual space of
(L'(R?), || -1l1)). The elements satisfying i;FZ can be approximated in the norm by ele-
ments of the form g x h € L'(RY) x+ L™(RY) C C,;(R?). Since this is a closed subspace
of L*(RY) (cf. lemma below) the limit, i.e. h must belong (more precisely: must be
represented) by a function in C,,(R?).

We need the following basic observation:

Lemma 52. The embedding h — oy, : given by

(103 olf) = [ Fhi)da
R
from (Cy(RY), ||+ ||) into L' (with its natural norm) is isometric, i.e.,
(104) lhlloo = sup | | g@)h(z)dz.
lglli<t JRE

Definition 44 (absolutely continuous, [20], 18.10). Let f be a complex-valued function
defined on a subinterval J of R. Suppose that for every e > 0, there is a § > 0 such that

(4) Z |f(d) — fler)| <€

for every finite, pairwise disjoint, family {]cx, di[}7_; of open subintervals of J for which

n

(i) > (di — c) < 0.

k=1
Then f is said to be absolutely continuous on J.

Theorem 24 ( [20], 18.12). Any complez-valued absolutely continuous function f defined
on [a,b] has finite variation on |a, b

Theorem 25 ( [20], 18.14). If f is a real-valued, nondecreasing function on [a,b], then
f' is Lebesgue measurable and

/f@ﬂxﬁﬂ@—f@)

If g is a complez-valued function of finite variation on [a,b], then ¢ € L'([a,b]).
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derivative| Theorem 26 ( [20], 18.15). Let f be an absolutely continous complez-valued function on
la,b] and suppose that f'(x) =0 almost everywhere in |a,b[. Then f is a constant.

1_calculus| Theorem 27 (Fundamental theorem of the integral calculus for Lebesgue integrals, [20], 18.16). Let
f be a complez-valued, absolutely continous function on [a,b]. Then f' € L*(|a,b]) and

al_theorem| (105) f(z) = f(a) —l—/f'(t)dt

for every x € |a,b).

f_integral| Theorem 28 ( [20], 18.17). A function f on |a,b] has the form

for some ¢ € L'([a,b]) if and only if f is absolutely continous on [a,b]. In this case we
have o(x) = f'(x) almost everywhere on |a, b|.

comments on absolutely continuous functions, classically

ntegral_vi| Theorem 29 ( [20], 18.18). A function f on R has the form

T

f) = [ et

—00

for some p € L'(R) if and only if f is absolutely continous on [—A, A] for all A > 0,
Ve f is finite, and lim f(z) = 0.
T——00

m_part_int| Theorem 30 ( [20], 18.19). Let f, g be functions in L'([a,b]), let
F(x) = a+/f(t)dt,

and let

xT

G(z)=p+ /g(t)dt.

Then
b

/ G ()t + / GO F(b)dt = FB)G) — F(a)Gla).

a a

r_part_int| Corollary 7 ( [20], 18.20). Let f and g be absolutely continuous functions on |a,b]. Then

/f(t)g’(t)dH/ f'(t)g(t)dt = f(b)g(b) — f(a)g(a)

a
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splin-abst| (106) | 1Spe ()] = If11(z) < [(Spy(f) = f)(@)| =0 for [¥]—0.

antorovich

It is of course easy to find some function h € C.(R?) such that |||l = 1 and h(z;) =
|k(x;)|/k(x;) at all the points where (x;) is the family of centers of the BUPU & (and
the condition is of course only applied when k(z;) # 0. Then Spy(|k|) = Spy(hk).
Alternative: LOOK at the function (to be embedded into Cy(R?)) by considering the set
where it is strictly positive and strictly negative, with some margin.

ANOTHER strategy (comparable with this one) is to show that |k| can be norm-
approximated (uniformly, with fixed compact support) by functions of the form h - k,

where h is a continuous version of the sign(k(z))-function. (can we do it using find
BUPUS?, or does one need Tietze-Urysohn?).

LEFT OVER MATERIAL

Theorem 31. [Kantorowich Lemma] Let T, be a strongly convergent and bounded se-
quence of invertible operators between Banach spaces, with limait Ty, which is assumed to
be invertible itself. Then the inverse operators are strongly convergent as well if the in-
verse operators are uniformly bounded. If we consider only sequences this is a criterion,
because then the strong convergence of T (y) — Ty (y) for every y implies uniform
boundedness of the sequence T, .

QUESTION: For tight nets of bounded measures w*—convergence implies pointwise
and uniform over compact convergence of their FTs. But also the converse is true!!!!
(Exercise). [for non-tight families this is not true, just think of the case d,,,n — oo!

An elementary proof showing that the Gauss function go(t) = eIt

by the Fourier transform has been given by Georg Zimmermann, see
http://www.univie.ac.at/NuHAG/FEICOURS/ws0607/efoft.pdf

is mapped itself
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APPENDIX

Definition 45. A net {f,}aca in a Banach space 2" is said to be a Cauchy net if for
every € > 0, there is a ap in A such that aq, as > «ag implies || fo, — fau]| < €.

Proposition 5. In a Banach space each Cauchy net is convergent.

Proof. Let {fo}aca be a Cauchy net in the Banach space 2°. Choose oy such that
a > a; implies ||fo — fa, || < 1. Having chosen {ay}}_; in A, choose a;,+1 > a, such that

o > Q11 implies
1

a— Ja < — .
o= Fassll < =5

The sequence { f,, }22, is clearly Cauchy and, since . is complete, there exists f in
such that lim, o fo, = f-

It remains to prove that limyca fo = f . Given € > 0, choose n such that % < 5 and
| fa, = fll < §. Then for o > a, we have

1 €
Hfoz_fHSl‘fa_fan”+"fan_f|‘<ﬁ+§<6.

O

Definition 46. Let {f,}aca be a set of vectors in the Banach space 2. Let % = {F C
A : F finite}. If we define F; < F, for F} C Fy, then # is a directed set. For each F' in

F,let gp = > fo. If the net {gr}res converges to some g in JZ, then the sum > f,
acF acA

is said to converge and we write g = > f,.
acA

Proposition 6. If {f,}aca is a set of vectors in the Banach space 2~ such that . || fall
acA

converges in the real line R, then > f, converges in 2.
acA

Proof. 1t suffices to show, in the notation of Definition 46, That the net {gr } ez is Cauchy.
Since ) ||fa|| converges, for € > 0, there exists Fy in .% such that F' > I, implies
acA

S lfall = Y Mfall <

acl acly

Thus for Fy, Fy > Fy we have

HgFl_ngH = Zfa_Zfoz
acl acFy
= | 2 fam X Mo
a€F\Fp €\ Fy
< Dl DD il
aEFl\FQ O{GFQ\Fl

< Z ||faH_Z||faH<€'

acF U, acFy
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Therefore, {gr}res is Cauchy and > f, converges by definition. O
acA

Corollary 8. A normed linear space Z 23 a Banach space if and only if for every sequence

{fn}oe, of vectors in 2 the condition E || full < 0o implies the convergence of Z I

n= n=1

Proof. If 2 is a Banach space then the conclusion follows from the preceding proposition.
Therefore, assume that {g, }°° , is a Cauhcy sequence in a normed linear space 2" in which
the series hypothesis is vahd. Then we may choose a subsequence {g,, }7>, such that
o0

> 9nei1s — 9ni || < 00 as follows: Choose ny such that for 7, j > n; we have ||g; — g;|| < 1;
k=1

having chosen {ny}4_; choose ny;1 > ny such that 4,7 > ny.; implies ||g; — g;|| < 27V,

If we set fx = Gn, — gn,_, for k > 1 and fi = g,,, then > ||fx|| < oo, and the hypothesis
k=1

implies that the series > fi converges. It follows from the definition of convergence
k=1

that the sequence {g,, }72, converges in 2" and hence so also does {g,}52,. Thus 2" is

complete and hence a Banach space. 0
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18. FOURIER ANALYSIS OVER FINITE GROUPS APPROXIMATING LCA GROUPS

On the on hand there is the following structure theorem for LCA (locally compact
Abelian) groups ¢. Probably details can be found in Hewitt-Ross ( [19])

Theorem 32. Every LCA group can be approximated by elementary LCA groups, which
are of the form Z* x R? x ---. More precisely

For every LCA group 9 there exist arbitrary small compact subgroups K <19 and open
subgroups H <19 such that H/ K is an elementary group.

This can be used to define the Schwartz-Bruhat space (the natural generalization of
S(R%) to LCA groups, see [6]), a much more convenient characterization is given by
M.S. Osborne in [25].

It is heavily used in [30]. D. Poguntke has shown that S(¥¢) C Sy(¥) for general LCA
groups.

19. WIENER’S ALGEBRA W (¥) OVER LC GROUPS

Already the construction of the Haar measure (cf. Cartier’s proof the existence of an
invariant Haar measure, cf. [36], or [8]? uses this space implicitly).
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