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Abstract. In this note we present a review, some considerations and new
results about maps with values in a distribution space and domain in a
o-finite measure space X. Namely, this is a survey about Bessel maps,
frames and bases (in particular Riesz and Gel'fand bases) in a distri-
bution space. In this setting, the Riesz-Fischer maps and semi-frames
are defined and new results about them are obtained. Some examples
in tempered distributions space are examined.
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1. Introduction

Given a Hilbert space H with inner product (:|-) and norm || - ||, a frame is a
sequence of vectors {f,} in H if there exist A, B > 0 such that:

(oo}
AlFIP <D KEIP < BIFIP, VfeH.

k=1
As known, this notion generalizes orthonormal bases, and has reached an
increasing level of popularity in many fields of interests, such as signal theory,
image processing, etc., but it is also an important tool in pure mathematics:
in fact it plays key roles in wavelet theory, time-frequency analysis, the theory
of shift-invariant spaces, sampling theory and many other areas (see [10, 11,
18, 20, 24]).

A generalization of frame, the continuous frame, was proposed by Kaiser

[24] and by Ali, Antoine, Gazeau [1, 2]: if (X, u) is a measure space with p
as o-finite positive measure, a function F': x € X — F, € H is a continuous
frame with respect to (X, u) if:

i) F is weakly measurable, i.e. the map z € X — (f|F;) € C is p-
measurable for all f € H;
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ii) there exist A, B > 0 such that, for all f € H:

A2 < /X (FIEs) [2dp < BIfIP. Vi € H.

Today, the notion of continuous frames in Hilbert spaces and their link with
the theory of coherent states is well-known in the literature.

With the collaboration of C. Trapani and T. Triolo [29], the author
introduced bases and frames in distributional spaces. To illustrate the moti-
vations for this study, we have to consider the rigged Hilbert space (or Gel’fand
triple) [16, 17]: that is, if H is a Hilbert space, the triple:

D[] © H c D*[t7],

where D[t] is a dense subspace of H endowed with a locally convex topology
t stronger than the Hilbert norm and D*[t*] is the conjugate dual space of
D endowed with the strong dual topology t*. If D is reflexive, the inclusions
are dense and continuous.

In this setting, let us consider the generalized eigenvectors of an oper-
ator, i.e. eigenvectors that do not belong to H. More precisely: if A is an
essentially self-adjoint operator in D which maps D[t into D[t] continuously,
then A has a continuous extension A given by its adjoint, (i.e. A= A1) from
D> into itself. A generalized eigenvector of A, with eigenvalue A € C, is an
eigenvector of A:; that is, a conjugate linear functional wy € D* such that:

(Aflwa) = A(flwr), VfeD.

The above equality can be read as Aw,\ = Afwy = \w,.

A simple and explicative example is given by the derivative operator:
A = i% : S(R) — S(R) where S(R) is the Schwartz space (i.e. infinitely
differentiable rapidly decreasing functions). The rigged Hilbert space is:

S(R) c L*(R) c S*(R), (1.1)

where the set S*(R) is known as space of tempered distributions. Then
wi(z) = \/%e*”‘z -that does not belong to L?(R)- is a generalized eigen-
vector of A with A as eigenvalue.

Each function wy can be viewed as a regular distribution of S*(R)
through the following integral representation:

(Plwx) = /qu(x)r(a:)dx = \/% /Rq’)(m)ei’\xda: = p(N)

and the linear functional ¢ — ¢()\) defined on S (R) is continuous. Further-
more by the Fourier-Plancherel theorem, one has: [|¢|3 = [; | (¢|lwx) [*dz =
613

With a limiting procedure, the Fourier transform can be extended to
L3(R). Since a function f € L?*(R) defines a regular tempered distribution,
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we have, for all ¢ € S(R):

(Bl f) - /f /(&/f(k)e”“d))gb(x)dm—
/ F)BN)A = / FO)(glon) dr

Fo /Rf()\)wkd)\. (1.2)

That is:

in weak sense. The family {wy; A € R} of the previous example can be con-
sidered as the range of a weakly measurable function w : R — §*(R) which
allows a representation as in (1.2) of any f € L?(R) in terms of generalized
eigenvectors of A. This is an example of a distribution basis. More precisely,
since the Fourier-Plancherel theorem corresponds to the Parseval identity,
this is an example of Gel’fand distribution basis [29, Subsec. 3.4], that plays,
in §*(R), the role of an orthonormal basis in a Hilbert space.

The example above is a particular case of the Gel’fand-Maurin theorem
(see [17, 19] for details), which states that, if D is a domain in a Hilbert
space H which is a nuclear space under a certain topology 7, and A is an
essentially self-adjoint operator on D which maps D[t] into D[t] continuously,
then A admits a complete set of generalized eigenvectors.

If o(A) is the spectrum of the closure of the operator A, the completeness
of the set {wx; A € o(A)} is understood in the sense that the Parseval identity
holds, that is:

1/2
|f||=</(A)|<f|wA>|2dA> . VfeD. (1.3)

To each A there corresponds the subspace Dy C D* of all generalized eigen-
vectors whose eigenvalue is A. For all f € D it is possible to define a linear
functional fy on DS by Fawy) == (walf) for all wy € Dy . Following [16, 17],
the correspondence D — D™ defined by f — f}\ is called the spectral de-
composition of the element f corresponding to A. If fA = 0 implies f =0
(i.e. the map f +— fA is injective) then A is said to have a complete system
of generalized eigenvectors.

The completeness and condition (1.3) may be interpreted as a kind of
orthonormality of the wy’s: the family {wx},c, ) in [29] is called a Gel’fand
basis.

Another meaningful situation comes from quantum mechanics. Let us
consider the rigged Hilbert space (1.1) corresponding to the one-dimensional
case. The Hamiltonian operator H is an essentially self-adjoint operator on
S(R), with self-adjoint extension H on the domain D(H), dense in L*(R).
According to the spectral expansion theorem in the case of non-degenerate
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spectrum, for all f € L?(R), the following decomposition holds:

f= Z Cnln, —|—/ c(@)uadu(a).

neJ Oc

The set {up }nes, J C N, is an orthonormal system of eigenvectors of H; the
measure p is a continuous measure on . C R and {u }aeco, are generalized
eigenvectors of H in §*(R). This decomposition is unique. Furthermore:

918 = S leal + [ lete)Pduta)

neJ

The subset o., corresponding to the continuous spectrum, is a union of in-
tervals of R, i.e. the index « is continuous. The generalized eigenvectors u,,
are distributions: they do not belong to L?(R), therefore the “orthonormal-
ity” between generalized eigenvectors is not defined. Nevertheless, it is often
denoted by the physicists with the Dirac delta: “ (uq|ta )’ =00—a/-

Frames, semi-frames, Riesz bases, etc. are families of sequences that
generalize orthonormal bases in Hilbert space maintaining the possibility to
reconstruct vectors of the space as superposition of more ’elementary’ vec-
tors renouncing often to the uniqueness of the representation, but gaining in
versatility.

In this sense, they have been considered in literature in various spaces
of functions and distributions: see for example the following (not exhaustive)
list: [5, 8, 12, 14, 15, 25, 26].

It is remarkable that in a separable Hilbert space, orthonormal bases
and Riesz bases are countable and notions corresponding to Riesz basis have
been formulated in the continuous setting, but it is known that they exist
only if the space given by the index set is discrete [7, 22, 23]. On the other
hand, in the distributions and rigged Hilbert space setting the corresponding
objects can be continuous.

Revisiting some results of [29] about Bessel maps, frames and (Gel’fand
and Riesz) bases in distribution set-up, in this paper the notions of Riesz-
Fischer map and of semi-frames in a space of distributions are proposed.

After some preliminaries and notations (Section 2), in Section 3 distribu-
tion Bessel maps are considered and the notion of distribution Riesz-Fischer
maps is proposed, showing some new results about them (such as bounds
and duality properties). Since distribution Bessel maps are not, in general,
bounded by a Hilbert norm, we consider appropriate to define in Section 4
the distribution semi-frames, notion already introduced in a Hilbert space
by J.-P. Antoine and P. Balasz [4]. Finally, distribution frames, distribution
bases, Gel'fand and Riesz bases, considered in [29], are revisited in Section 5
with some additional examples.
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2. Preliminary definitions and facts

2.1. Rigged Hilbert space

Let D be a dense subspace of a Hilbert space H endowed with a locally convex
topology t finer than the topology induced by a Hilbert norm. Denote as D>
the vector space of all continuous conjugate linear functionals on D[t], i.e., the
conjugate dual of D[t], endowed with the strong dual topology t* = (D>, D),
which can be defined by the seminorms:

am(F) = sup | (Flg)|, F €D*, (2.1)
geEM

where M is a bounded subset of D[t]. In this way, a rigged Hilbert space is
defined in a standard fashion:

D[t] = H — D*[t*], (2.2)

where — denotes a continuous injection. Since the Hilbert space H can be
identified with a subspace of D*[t*], we will systematically read (2.2) as
a chain of topological inclusions: D[t] C H C D*[t*]. These identifications
imply that the sesquilinear form B(:, ) which puts D and D* in duality is an
extension of the inner product of #; i.e. B(§,n) = (£|n), for every &, € D (to
simplify notations we adopt the symbol (-|-) for both of them) and also the
embedding map Ip px : D — D* can be taken to act on D as Ip px f = f
for every f € D. For more insights, besides to [16, 17], see also [21]. In this
paper, if is not otherwise specified, we will work with a rigged Hilbert space
D[t] — H < D*[t*] with D[t] reflexive, in this way the embedding < is
continuous and dense.

2.2. The space L(D,D*)
If Dit] € H C D*[t*] is a rigged Hilbert space, let us denote by L£(D,D*)
the vector space of all continuous linear maps from DI[t] into D*[¢*]. If D¢]

is barreled (e.g., reflexive), an involution X +— XT can be introduced in
L(D,D*) by the identity:

(XTnl¢) = (X¢€|n), VEneD.

Hence, in this case, £(D,D*) is a f-invariant vector space. We also denote by
L(D) the algebra of all continuous linear operators Y : D[t] — DJt] and by
L(D*) the algebra of all continuous linear operators Z : D*[t*] — D*[t*].
If D[t] is reflexive, for every Y € L(D) there exists a unique operator Y* €
L(D*), the adjoint of Y, such that

(@Yg) =(Y*®|g), V®eD* geD.

In similar way an operator Z € £(D*) has an adjoint Z* € £(D) such that
(Z*)* = Z. In the monograph [3] the topic is treated more deeply.
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2.3. Weakly measurable maps

In this paper a weakly measurable map is considered as a subset of D*: if
(X, p) is a measure space with p a o-finite positive measure, w : x € X —
w, € D* is a weakly measurable map if, for every f € D, the complex valued
function x — (f|w,) is u-measurable. Since the form which puts D and D* in
conjugate duality is an extension of the inner product of H, we write {f|w,)

for {wz|f), f € D. If not otherwise specified, throughout the paper we will
work with a measure space (X, u) above described.

Definition 2.1. Let DJ[t] be a locally convex space, D* its conjugate dual and
w:x € X — w,; € D* a weakly measurable map, then:
i) wis total if, f € D and (f|w,) =0 p-a.e. z € X implies f = 0;
i) w is p-independent if the unique measurable function £ on (X, p) such
that, if [y &(x) (glwe) dp = 0 for every g € D, then £(x) = 0 p-a.e.

3. Bessel and Riesz-Fischer distribution maps

3.1. Bessel distribution maps

Definition 3.1. Let D[t] be a locally convex space. A weakly measurable map
w is a Bessel distribution map (briefly: Bessel map) if for every f € D,

fx | <f|wx> |2d,u < Q.

The following Proposition is the analogue of Proposition 2 and Theorem
3 in [30, Section 2, Chapter 4].

Proposition 3.2 ([29, Proposition 3.1]). If D[t] a Fréchet space, and w : x €
X — w, € D* a weakly measurable map. The following statements are equiv-
alent:

(i) w is a Bessel map;
(i) there exists a continuous seminorm p on D[t] such that:

1/2
([10lenban) <o, viep, (3.)
(iii) for every bounded subset M of D there exists Cnq > 0 such that:
sup | [ (@) (ul)du| < Cualeles V€ LX) (32)
fem'Jx

We have also the following:

Lemma 3.3 ([29, Lemma 3.4]). If D is a Fréchet space and w a Bessel distri-
bution map, then:

[ (o) at

converges for every f € D to an element of D*. Moreover, the map D > f +—
Jx (flwe) wadp € D> is continuous.
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Let w be a Bessel map: the previous lemma allows to define on D x D
the sesquilinear form :

f,g) = /X (Flee) (walg) dp (3.3)

By Proposition 3.2, one has:

2/, g)IZ‘/X(flwﬁ (glws) du’ <II (flwa) [l2 [[{glwa)ll2 < p(f)p(9), Vf, g9 €D.

This means that Q is jointly continuous on D[t]. Hence there exists an op-
erator S, € L(D,D*), with S, = SI, S, > 0, such that:

(f,g) = (Suflg) = /X (Flos) (wolg) di, VFgeD  (34)
that is,
Suf = / (flws) wodps, Vf €D.
X

Since w is a Bessel distribution map and ¢ € L?(X, i), we put for all g € D:
K@) = [ € (orla) an (35)

Then A§ is a continuous conjugate linear functional on D, i.e. AS € D*. We
write:

AL = /Xé(w)wmdu

in weak sense. Therefore we can define a linear map T, : L?(X, u) — D> [t*],
which will be called the synthesis operator, by:

T, : € AS,.
By (3.2), it follows that T, is continuous from L?(X, ), endowed with its
natural norm, into D*[t*]. Hence, it possesses a continuous adjoint T.* :
D[t] — L?(X, i), which is called the analysis operator, acting as follows:
T . f€D[t]w & € L*(X, ), where £¢(x) = (f|w,), = € X.

One has that S, =T, T.

3.2. Riesz-Fischer distribution map

Definition 3.4. Let D[t] be a locally convex space. A weakly measurable map
w:xz € X — w, € D* is called a Riesz-Fischer distribution map (briefly:
Riesz-Fischer map) if, for every h € L?(X, u), there exists f € D such that:

(flwz) = h(z) p-ae. (3.6)
In this case, we say that f is a solution of equation (f|w,) = h(x).
Clearly, if f; and f, are solutions of (3.6), then f; — fo € wt = {g €

D:{(glwz) =0, p—a.e}. If wis total, the solution is unique. We prove the
following:
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Lemma 3.5. Let D be a reflexive locally convex space, h(x) be a measurable
function and x € X — w, € D*[t*] a weakly measurable map. Then the
equation:

(flwz) = h(x) (3.7)
admits a solution f € D if, and only if, there exists a bounded subset M of
D such that |h(z)| < sup e pg | (flws) | p-a-e.

Proof. Necessity is obvious. Conversely, let * € X be a point such that
(flwzy = h(z) # 0. Let us consider the subspace V, of D* given by V, :=
{aw; }aec, and let us define the functional 4 on V,, by: p(aw,) := ah(x). We
have that [u(aw,)| = [ah(@)| < alsupser| (flua) | = supjens | (flows)
in other words: [uu(F;)| < suppen | (f|F:)| for all F, € V... By the Hahn-
Banach theorem, there exists an extension fi to D* such that |a(F)| <
supreaq | (f|F) |, for every F' € D*. Since D is reflexive, there exists feD
such that g(F) = <f|F> The statement follows from the fact that p(w,)
h(z).

ol

If M is a subspace of D and the topology of D is generated by the
family of seminorms {p, }acr, then the topology on the quotient space D/M
is defined, as usual, by the seminorms {p, }aecr, where ﬁa(f) = inf{pa(9) :
g € f 4+ M}. The following proposition can be compared to the case of Riesz-

Fischer sequences: see [30, Chapter 4, Section 2, Proposition 2].

Proposition 3.6. Assume that D[t] is a Fréchet space. If the map w : x €
X — w; € D* is a Riesz-Fischer map, then for every continuous seminorm
p on D, there exists a constant C > 0 such that, for every solution f of (3.6),

A(f) = inf{p(9) : g € f +w'} < Cl| (flws) [l2-

Proof. Since w' is closed, it follows that the quotient D/w’ := D, . is a
Fréchet space. If f € D, we put f := f+wb . Let h € L?(X, ) and f
a solution of (3.6) corresponding to h; then, we can define an operator S :
L*(X,p) = D, by h+— f. Let us consider a sequence h,, € L?(X,u) such
that h, — 0 and, for each n € N, let f,, be a corresponding solution of (3.6).
One has that [ [hy(2)[*du — 0, ie. [y | (falws) [*di — 0. This implies that
(fn|wz) — 0 in measure, so there exists a subsequence such that (f,, |w;) — 0
a.e. (see [13]). On the other hand, if Sh,, = f, is a sequence convergent to f
in D1 w.r. to the quotient topology defined by the seminorms p(-), it follows
that the sequence is convergent in the weak topology of D1, i.e.:

(FlEY = (7IF) vF ey,

Let us consider the canonical surjection p: D — Dy, p: f+— f = f 4+ wt.
Its transpose map (adjoint) p! : DjL — D* is injective (see [21], p. 263) and
p'[DX.] = wtt. Then p' : DX, — w' is invertible. Hence,

(FalF) = (oUn)l(6) L F)) = (falo (0D HFD) = (ful ), VF € ™,
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Thus, if f, — f in the topology of D, ., then (f,|F) — (f|F), for all F €
wtt, and, in particular, since w C w*t, one has (f,|w,) — (f|w,). Since
{fn|wz) has a subsequence convergent to 0, one has f € w’. From the closed
graph theorem, it follows that the map S is continuous, i.e. for all continuous
seminorms p on D, there exists C' > 0 such that: p(Sh) < C||h| 2, for
all h € L?(X, u). The statement follows from the definition of Riesz-Fischer
map. (I

Corollary 3.7. Assume that D[t] is a Fréchet space. If the map w: 2z € X —
w, € D* is a total Riesz-Fischer map, then for every continuous seminorm
p on D, there exists a constant C > 0 such that, for the solution [ of (3.6),

p(f) < Cl[{flwe) l2-

Remark 3.8. For an arbitrary weakly measurable map w, we define the subset
of D[t]: D(V,,) :== {f € D : (f|w.) € L*(X, n)} and the analysis operator V,, :
f € D(V,) = (flws) € L3(X, ). Clearly, w is a Riesz-Fischer map if and only
if V, : D(V,,) — L%(X, p) is surjective. If w is total, it is injective too, so V,,
is invertible. A consequence of Corollary 3.7 is that V1 : L?(X, u) — D(V,,)
is continuous.

3.3. Duality

Definition 3.9. Let D — H — D* be a rigged Hilbert space and w a weakly
measurable map. We call dual map of w, if it exists, a weakly measurable
map 6 such that for all f,g € D:

] [ 1) el ] < o

and

(flg) = /X (f102) {wslg) dps. Vf.g € D.

Proposition 3.10. Suppose that w is a Riesz-Fischer map. Then the map 0 is
a Bessel map.

Proof. For all h € L?(X,p) there exists f € D such that (flw,) = h(z)
p-a.e. Since 6 is a dual map, one has that: | [, h(x) (0;|g) du| < oo for all
h € L*(X, ). It follows that (0.|g) € L?(X, ) (see [28, Chapter 6, Exercise
4)). O

Proposition 3.11. Let D be reflexive and let w be a p-independent Bessel map.

Furthermore, suppose that for all h € L*(X, i) there exists a bounded subset
M C D such that:

[ 16@) rladd| < sup 115191, v € .
X fem

then the dual map 0 is a Riesz-Fischer map.
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Proof Since h € L*(X, i), and since w is a Bessel map, one has:

| [ h(x) (welg) dp| < oo. Let us consider g = [ (glws) Ozdp as element of
D*. We define the following functional on D (as subspace of D*): u(g) :=
Jx h X ) {wz|g) du. By hypothesis, one has:

l1(g)| < sup [ (flg) |-
feM

By the Hahn-Banach theorem, there exists an extension fi to D* such that:

[A(G)| < sup [(f|G)], VG eD*.
fem

Since D is reflexive, there exists f € D** = D such that i(G) = <f|G>

In particular <f|g> Jx h(z) (we|g) dp. Since 6 is dual of w, we have too:
<f|g> = Jy <f\9x> (we|g) dp. But w is p-independent, then it follows that
h(z) = < f|9x> ji-a.e. 0

4. Semi-frames and frames

4.1. Distribution semi-frames

Definition 4.1. Given a rigged Hilbert space D < H < D>, a Bessel map w
is a distribution upper semi-frame if it is complete (total) and if there exists
B> 0:

0</X|<f|wx> 2dp < B|IfIP. Vf €D, f #0. (4.1)

Since the injection D — H is continuous, it follows that there exists
a continuous seminorm p on D such that ||f]] < p(f) for all f € D. If £ €
L?(X, ), then the continuous conjugate functional A$ on D defined in (3.5)
is bounded in DI - ||]; it follows that it has a bounded extension A to H,
defined, as usual, by a limiting procedure. Therefore, there exists a unique
vector he € H such that:

AS(g9) = (helg), VYgeH.

This implies that the synthesis operator T, takes values in H, it is bounded
and || T,,|| < B'/?; its hilbertian adjoint C., := T* extends the analysis oper-
ator TS.

The action of C,, can be easily described: if ¢ € H and {g,} is a se-
quence of elements of D, norm converging to g, then the sequence {7, }, where
N (2) = (gn|ws), is convergent in L?(X, ). Put n = lim, s 7,. Then,

(Tutlo) = Jim [ €)ooy au= [ s@n@idn. (42

Hence 159 = 1.
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The function n € L?(X, u) depends linearly on g, for each z € X. Thus
we can define a linear functional @, by

(gloe) = lm (gnlws), g€ H;gn = g. (4.3)

Of course, for each z € X, w, extends w,; however w, need not be continuous,
as a functional on H. We conclude that:

T g — (glwa) € L2 (X, p).

Moreover, in this case, the sesquilinear form 2 in (3.4), which is well

defined on D x D, is bounded with respect to || - || and possesses a bounded
extension ) to H. Hence there exists a bounded operator S,, in H, such that:
O(f.9) = <Swf|g> , Vfgen. (4.4)
Since
(8ufl9) = [ (flos) Galg)du. ¥Fg €D, (45)
X
S:L nds the frame operator S, and S, : D — H. It is easily seen that
S, = and S, =T, Tr. By definition, we have:

Then S,, is bounded, self-adjoint and injective too. This means that Ran S,
is dense in H, and S ! is densely defined. If w is not a frame, S;! is an
unbounded, self-adjoint operator (see [4]).

Remark 4.2. If {w, }rex is an upper semi-frame, then there exists a continu-
ous seminorm p on D such that || (f|w,) |2 < p(f) for all f € D. In fact, the
injection D < H is continuous, i.e. || f|| < p(f) for all f € D. The converse is
not true: let us consider the rigged Hilbert space S(R) < L*(R) < S*(R);
the system of derivative of Dirac’s deltas {4, }.cr is total. Since S(R) is
a Fréchet space, (i7) of Proposition 3.2 it holds. However {6, },cr is not a
distribution upper semi-frame; in fact:

/R (9I0L) 2z = |3 Vo € S(R),

but the derivative operator £ : S(R) — L*(R) is unbounded (clearly with
respect to the topology of the Hilbert norm).

Remark 4.3. In [29] it is defined the notion of bounded Bessel map, that is a
Bessel map in rigged Hilbert space such that: [ | (f|lwe) [*du < B||f||?, Vf €
D. It is a more general notion than upper bounded semi-frame. In fact, we
can consider, as example, the distribution w, := g (x)d, where nx(x) is a
C*°-function with compact support K and M := max,cx [0k (z)|:

/| olew) \dw—/\ (Ol ()82) Pl =

/ @)z < M? / 6(x) 2z < M2 2.
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Therefore w is a bounded Bessel map, but it is not total, then it is not an
upper semi-frame.

Definition 4.4. Given a rigged Hilbert space D — H — D*, a Bessel map w
is a distribution lower semi-frame if there exists A > 0 such that:

A2 < /X | (Flwa) Pdu, Vf €. (4.6)

By definition, it follows that w is total. If D is a Fréchet space, by
Proposition 3.2 one has S, € L£(D,D*) and, if w is not a frame, S, is
unbounded. Furthermore, S, is injective, and S ! is bounded.

Ezample. Let us consider the space Oy, known (see [27]) as the set of in-
finitely differentiable functions on R that are polynomially bounded together
with their derivatives. Let us consider g(z) € Oy such that 0 < m < |g(z)].
If we define w, := g(x)d,, then {w,}.cr is a distribution lower semi-frame
with A = m?2.

The proof of the following lemma is analogous to that of Lemma 2.5 in
[4]:

Lemma 4.5. Let w be an upper semi-frame with upper frame bound M and
0 a total family dual to w. Then 0 is a lower semi-frame, with lower frame
bound M.

4.2. Distribution Frames
This section is devoted to distribution frames, with main results already

shown in [29].

Definition 4.6 ([29, Definition 3.6]). Let D[t] C H C D*[t*] be a rigged
Hilbert space, with DJt] a reflexive space and w a Bessel map. We say that w
is a distribution frame if there exist A, B > 0 such that:

A2 < /X |(flws) P < B |2, ¥f € D. (4.7)

A distribution frame w is clearly, in particular, an upper bounded semi-
frame. Thus, we can consider the operator S, defined in (4.4). It is easily
seen that, in this case,

Alf < I8.fI < BlIf|l, VfeH.

This inequality, together with the fact that S, is symmetric, implies that S
has a bounded inverse S ! everywhere defined in H.

Remark 4.7. Tt is worth noticing that the fact that w and S, extend to H
does not mean that w a frame in the Hilbert space H, because we do not
know if the extension of S,, has the form of (3.4) with f,g € H.

To conclude this section, we recall a list of properties of frames proved
in [29].
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Lemma 4.8 ([29, Lemma 3.8]). Let w be a distribution frame. Then, there
exists Ry, € L(D) such that S,R,f = RS Swf = f, for every f € D.

As a consequence, the reconstruction formulas for distribution frames
hold for all f € D:

f:RiJ(Swf:/X<f|wt> R:jwacdﬂ;

f=8SuR.f= / (R flwz) weds.
X
These representations have to be interpreted in the weak sense.

Remark 4.9. The operator R, acts as an inverse of S,,. On the other hand the
operator S, has a bounded inverse S everywhere defined in H. It results
that [29, Remark 3.7): $5'D ¢ D and R,, = S;! |p.

There exists the dual frame:

Proposition 4.10 ([29, Lemma 3.10]). Let w be a distribution frame. Then
there exists a weakly measurable function 6 such that:

(flg) = /X (105} (walg) di, Vf.g € D.

Where 0, := R} w,. The frame operator Sy for 6 is well defined and we
have: Sy = Ip px R.,.

The distribution function 0, constructed in Proposition 4.10, is also a
distribution frame, called the canonical dual frame of w. Indeed, it results
that [29]:

BYFI? < (SofIf) < AV fI2, VfeD.
4.3. Parseval distribution frames

Definition 4.11. If w is a distribution frame, then we say that:

a) w is a tight distribution frame if we can choose A = B as frame bounds.
In this case, we usually refer to A as a frame bound for w;
b) w is a Parseval distribution frame if A = B =1 are frame bounds.

More explicitly a weakly measurable distribution function w is called a
Parseval distribution frame if [29, Definition 3.13]:

[ e Pau= 1112, €.
X

It is clear that a Parseval distribution frame is a frame in the sense of De-
finition 4.6 with S, = Ip, the identity operator of D.

Lemma 4.12 ([29, Lemma 3.14]). Let D C H C D* be a rigged Hilbert space
and w : x € X — w, € D* a weakly measurable map. The following state-
ments are equivalent.

(i) w is a Parseval distribution frame;
f|g fx |Wz Wz|g> du, Vf,g€D;
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(iii) f = fX (f|wz) wedp, the integral on the r.h.s. is understood as a conti-
nuous conjugate linear functional on D, that is an element of D*.

The representation in (iii) of Lemma 4.12 is not necessarily unique.

5. Distribution basis

Definition 5.1 ([29, Definition 2.3]). Let D[t] be a locally convex space, D*
its conjugate dual and w : © € X — w, € D* a weakly measurable map.
Then w is a distribution basis for D if, for every f € D, there exists a unique
measurable function £ such that:

(7lo) = [ &(@) wilg)du, VhgeD
and, for every x € X, the linear functional f € D — &;(x) € C is continuous
in DIt].

The above formula can be represented by:

f=A&@%@

in weak sense.

Remark 5.2. Clearly, if w is a distribution basis, then it is p-independent.
Furthermore, since f € D — &f(x) € C continuously, there exists a unique
weakly p-measurable map 6 : X — D* such that: £7(x) = (f|6,) for every
f € D. We call § dual map of w. If 8 is u-independent, then it is a distribution
basis too.

5.1. Gel’fand distribution basis

The Gel’fand distribution basis, introduced in [29], is a good substitute for the
notion of an orthonormal basis which is meaningless in the present framework.

Definition 5.3. A weakly measurable map ¢ is Gel’fand distribution basis if
it is a pu-independent Parseval distribution frame.

By definition and Lemma 4.12, this means that, for every f € D there
exists a unique function &; € L?(X, u) such that:

fzfgwmw (5.1)

with £¢(x) = (f|¢z) pa.e. Furthermore || f||* = [y | (f|¢2) [Pdp and  is total
too.

For every x € X, the map f € H — {;(z) € C defines as in (4.3) a
linear functional {, on H, then for all f € H:

We have the following characterization result [29]:
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Proposition 5.4 ([29, Proposition 3.15]). Let D C H C D* be a rigged Hilbert
space and let ( : x € X — (, € D™ be a Bessel distribution map. Then the
following statements are equivalent.

(a) ¢ is a Gel’fand distribution basis.

(b) The synthesis operator T¢ is an isometry of L*(X, u) onto H.

Ezample ([29, Example 3.17]). Given the rigged Hilbert space:
S(R) — L*(R) — S*(R),
for x € R the function (,(y) = \/%e*”’y, defines a (regular) tempered

distribution: in fact, denoting as usual by §, ¢, respectively, the Fourier
transform and the inverse Fourier transform of g € L?(R), one has that

SR) 2 ¢ = (9lG) = 7= fpSly)e™™Vdy = ¢(x) € C. For all z € R the
set of functions ¢ := {(;(y) }zer is a Gel’fand distribution basis, because the
synthesis operator T : LQ(R) — L*(R) defined by:

7'Lzy o T 2
(Tee)(@) = = / E(y)evdy = E(z), Ve € IA(R)

is an isometry onto L?(R) by Plancherel theorem. The analysis operator is:
T¢f = f, forall f € L*(R).

Example ([29, Example 3.18]). Let us consider again S(R) — L?*(R) —
S*(R). For = € R, let us consider the Dirac delta §, : SR) — C, ¢ —
(¢|9:) := ¢(x). The set of Dirac deltas ¢ := {0, }er is a Gel’fand distribution
basis. In fact, the Parseval identity holds:

[ 16l Pa = [ tote)Pde = oI, vo e S(R)
The synthesis operator: Ts : L?(R) — L?(R) is:

(Ts€|6) = /5 (6.1) dx—/s S(@)dr = (€l6), Vo e S(R).

Then T5¢ = € for all € € L?(R). Since Ty is an identity, it is an isometry onto
L?(R).

5.2. Riesz distribution basis

Proposition 5.4 and (5.1) suggest a more general class of bases that will play
the same role as Riesz bases in the ordinary Hilbert space framework.

Definition 5.5. Let D C ‘H C D* be a rigged Hilbert space. A weakly mea-
surable map w : x € X — w, € D* is a Riesz distribution basis if w is a
p-independent distribution frame.

One has the following:

Proposition 5.6 ([29, Proposition 3.19]). Let D C H C D* be a rigged Hilbert
space and let w : x € X +— w, € D* be a Bessel distribution map. Then the
following statements are equivalent:
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(a) w is a Riesz distribution basis;
(b) If ¢ is a Gel’fand distribution basis, then the operator W defined, for
feH, by:

/= /X &5 (@)Cadp v Wf = /X € (@)wadp

is continuous and has bounded inverse;
(c) the synthesis operator T,, is a topological isomorphism of L*(X, i) onto
H.

Proposition 5.7. If w is a Riesz distribution basis then w possesses a unique
dual frame 6 which is also a Riesz distribution basis.

Ezample. Let us consider f € C*®(R): 0 < m < |f(z)] < M. Let us define

Wy = f(x)d;: then {w;}rer is a distribution frame, in fact:

/ | (walé) [Pda = / F@é(@)Pde < M2|6|2. Vo € S(R),
an

m? |3 < /|f (@)Pdx < M]3, V6 € S(R).

Furthermore, {w, }er is p-independent. In fact, putting:

/R £(x) (walg) dz =0, Vg € S(R),
one has:
/5 (wslg) da:—/g ) (6,lg)dz =0, g € S(R).

Since {0, }zer is p-independent, it follows that £(z) f(z) = 0 a.e., then {(z) =
0 a.e.. By definition, {w; }.cr is a Riesz distribution basis.

Concluding remarks

In a Hilbert space, frames, semi-frames, Bessel, Riesz-Fischer sequences, and
Riesz bases are related through the action of a linear operator on elements
of an orthonormal basis (see also [29, Remark 3.22]). On the other hand, in
literature some studies on bounds (upper and lower) of these sequences have
been already considered and their links with the linear operators related to
them have been studied (see [6, 9, 4]). For that, it is desirable to continue an
analogous study in rigged Hilbert spaces by considering linear operators in
L(D,D*).
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