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Continuous k-Frames and their Dual in Hilbert Spaces

Gholamreza Rahimlou', Reza Ahmadi?*, Mohammad Ali Jafarizadeh® and Susan
Nami*

ABSTRACT. The notion of k-frames was recently introduced by
Gavruta in Hilbert spaces to study atomic systems with respect
to a bounded linear operator. A continuous frame is a family of
vectors in a Hilbert space which allows reproductions of arbitrary
elements by continuous super positions. In this manuscript, we
construct a continuous k-frame, so called ck-frame along with an
atomic system for this version of frames. Also we introduce a new
method for obtaining the dual of a ck-frame and prove some new
results about it.

1. INTRODUCTION

Frames were first introduced in the context of non-harmonic Fourier
series [[3]. Outside of signal processing, frames did not seem to gen-
erate much interest until the ground breaking work of [IT]. Since then
the theory of frames began to be more widely studied. During the last
20 years the theory of frames has been growing rapidly and several new
applications have been developed. For example, besides traditional ap-
plications as signal processing, image processing, data compression, and
sampling theory, frames are now used to mitigate the effect of losses in
pocket-based communication systems and hence to improve the robust-
ness of data transmission [d], and to design high-rate constellation with
full diversity in multiple-antenna code design [IR]. In [4-6] some more
applications have been developed.

In quantum mechanics, specifically in the theory of coherent states
[, 2, 20], this notion was generalized to a family of vectors indexed
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by a locally compact space endowed with a positive Radon measure.
They have been introduced originally by Ali, Gazeau and Antoine [,
?] and also, independently, by Kaiser [I9]. Since then, several papers
dealt with various aspects of the concept, see for instance [IH, [6] or
[21]. The continuous wavelet transformation and short time Fourier
transformation are two well known examples of continuous frames.

Traditionally, frames were studied for the whole space or for the closed
subspaces. Gavruta in [I] gave another generalization of frames namely
K-frames, which allows to reconstruct elements from the range of a
linear and bounded operator in a Hilbert space. In general, range is not
a closed subspace. K-frames allow us in a stable way, to reconstruct
elements from the range of a linear and bounded operator in a Hilbert
space.

In this paper, by combining the notion of continuous frame and K-
frame, we introduce the notion of continuous k-frames and we investigate
some of their properties.

The structure of this article is as follows: in Section O, we review
some basic properties of frame theory in Hilbert spaces. In Section B,
cK-frames and some fundamental properties about them are discussed.
Finally, in Section B we introduce a new method for obtaining the dual
of a cK-frame and we prove some new results about it.

Throughout the paper, H and Hy, are Hilbert spaces, (Hp); is the
closed unit ball in Hy, (X, ) is a o-finite measure space, L(Hy, H) is
the set of all linear mappings of Hy to H and B(Hp, H) is the Banach
algebra of all bounded linear mappings. Instead of B(H, H), we simply
write B(H). First, we introduce a result which present a replacement
requirement of an inner product and an integral in a measure space.

Definition 1.1. A functions f : X — H is called Bochner measur-
able if there exists a sequence of simple function {f,} 2, such that
lim ||f, — f|| =0, p-almost everywhere. If all of f,, are integrable and
n—oo

T [ 156) = f@) dinte) = 0

then, we call f is Bochner integrable.

Lemma 1.2 ([23]). Let f : X — H be a Bochner integrable function.
Then for each h € H we have

[t mdute) - < [ s du(w),h>.

Next, we need the following result in operator theory in next section.

Lemma 1.3 ([12]). Suppose, H, H1, Hy are Hilbert spaces, L1 € B(Hy, H)
and Ly € B(Ha, H),then the following assertions are equivalent:
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(i) R(L1) C R(L2),
(ii) There exists A > 0, such that LiL} < ALyL3,
(iii) There exists X € B(Hy, He) such that L1 = Ly X.

In next parts, we aim to review notations of k-frames, k-atoms and
continuous frames with the operators of c-frames.

Definition 1.4. Let k € B(Hy, H), and {fi}ic1 C H where [ C Z. We
say that the sequence {f;}icr is a k-frame for H with respect to Hy, if
there exists constants A, B > 0 such that

(1.1) AR < S )P < BRI, he H.
icl
If £ = idpy, then we get the discrete frame for H and when only

the right hand of the inequality () holds, we call {f;};cr is a Bessel
sequence with the bound B.

Definition 1.5. Let Hy C H and k € B(Hp, H). A Bessel sequence
{fitier C H is called a family of local k-atoms for Hy if there exists
a sequence {c;}ier of linear functionals on Hp such that the following
conditions are satisfied:

(i) There exists a > 0 such that for each f € H
d_la(HP <alfI?,
i€l
(ii) for each f € Hy,
Kf =Y alh)fi
i€l
In this case, we say that the pair { f;, ¢;} provides a k-atomic decompo-

sition for Hy. If k is the identity mapping, then we say that {f;}ie1 € H
is a family of local atoms for Hy.

Definition 1.6. Let f : X — H be a weakly measurable (i.e. for
all h € H, the mapping v — (f(z),h) is measurable). We define the
mapping [y - fdp : L*(X) — H as follows:

([ oraun) = [ s mau. e

It is clear that, the vector valued integral [ gfdu exists in H if for each
heH, [yg(x)(f(x),h)du exists.

Lemma 1.7 ([25]). Let f : X — H be a weakly measurable. For each
g € L*>(X), the value of Jx gfdp exists in H if and only if for each
heH, (fh) € L}(X).
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Definition 1.8. Let f : X — H be weakly measurable. Then f is called
a c-frame for H if there exists 0 < A < B < oo such that for all h € H,

MWQSLJU@MM%MSMWV

The constants A and B are called c-frame bounds. If A, B can be
chosen so that A = B, we call this c-frame a c-tight frame, and if
A = B =1 it is called a c-Parseval frame. If we only have the upper
bound, we call f a c-Bessel mapping for H. The representation space
employed in this setting is

L*(X,H) = {¢: X — H|yp is measurable and ||p||s < 0o},

1
where [|gll = ( [y le(@)]” da)*.
For each f,g € L?(X, H), the mapping z — (f(z), g(x)) of X to C is
measurable, and it can be proved that L?(X, H) is a Hilbert space with
the inner product defined by

) = [ 5(@).9(e) dn

We shall write L?(X) when H = C. Suppose that f is a c-Bessel map-
ping, then the synthesis and analysis operators are defined by

Ty: L*(X) — H,

Ta).) = [ a(o) (7). ) dua),
and
T; : H — L*(X),
Tih = (h, f).

For the synthesis operator, by the notation of vector valued integrals,
we can write

Tf(g)—/ngdu, g € L*(X).

Therefore, the frame operator Sy := T}T }‘ is given by,

th:/ (h,f) fdu, forany h € H,

X

Now, when f is a c-frame for H with the frame bounds A and B, we get
Aldy < Sy < Bldy.

Hence, Sy is a positive, self-adjoint and invertible operator. The next
result will be used in the next section.
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Lemma 1.9 ([I4]). Let f : X — H be a c-Bessel mapping for H, and
u € B(H, Hy). Then uf : X — Hy is a c-Bessel mapping for Hy with

uly = Tyy.

2. CONTINUOUS k-FRAMES AND Ck-ATOMS

In this section, we introduce ck-atoms and continuous k-frames and
show that these are equivalent. This work is a generalization of the
discrete case, which was presented in [I7]. For this, we need the following
result.

Proposition 2.1. Let f : X — H be weakly measurable. Then f is
a c-Bessel mapping for H if and only if fX gfdu exists in H for each
g€ L*(X).

Proof. Suppose that fX gfdu exists for each g € L?(X). By Lemma [,
(f,h) € L?(X) for each h € H. We have

j/ gfdu‘—— sup <J/ gfdu,t>‘
X =11 \Jx

= o | [ (f(:v),t>du‘

lltll=1

< lglla sup, 147:0)1e-

Since, for every z € X,

sup | (f(z),t) [ < [If (@)l

lltl=1
< 00,

by Banach-Steinhaus theorem (see [I0], page 407), supjy =1 [(f,t)[ <
oo. Hence

H/ fd“” < su A1)

< 00.

The above inequality implies that [ -fdu is bounded and sup [[(f, )|,
[[£]l=1

is an upper bounded for [y - fdu. Now the adjoint of [ .fdy is calculated
as follow:
For each h € H and g € L*(X), we have

() )= ()
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- / o(x) (F(x), h) du
X

= (g, (h, f))-
Thus, for each h € H,

(21) ([ san) =),

Therefore,

J sty an = ([
()
- /X.fd'u ’

In)*
< (sup ||<f,t>||§> I
l[£l1=1

Hence, f is a c-Bessel mapping for H. Now, if f is a c-Bessel mapping
for H, then for each h € H, we have (h, f) € L?>(X). Consequently, by
Lemma 2, [ .gfdu exists for each g € L*(X). O

du>* (h)
2
Nk

<

Definition 2.2. Let Hy C H and f : X — H be weakly measurable and
k € B(Hy, H). Then f is called a local ck-atoms for Hj if the following
conditions are satisfied:

(i) For each g € L?(X), the vector valued integral [ gfdu exists
in H.

(ii) There exist a > 0 and ¢ : X — L(Hy,C) such that £(-)(h) €
L?(X) for each h € Hy and also

1))y < allnll,
kh = /e h) fdp.

Now, in this case, when k is the identity function on Hy, we call f as
a local c-atoms for Hy.

Definition 2.3. Let k € B(Hy,H) and f : X — H be weakly mea-
surable. Then f is called a ck-frame with respect to Hy, if there exist
constants 0 < A < B < oo such that for each h € H,

AllRR|* < /X | (. f(x)) [Pdp < B |Ih]|*.
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Theorem 2.4. Let Hy C H and k € B(Hy, H). If f : X — H is weakly
measurable, then the following assertions are equivalent:

(i) f is a local ck-atoms for Hy.
(ii) fis a ck-frame for H with respect to Hy.

(iii) f is a c-Bessel mapping for H, and there exists g € B(Hy, L?(X))
such that

kh—/ g(h)fdu, h € Hy.
X

Proof. (i)=(ii). By the hypothesis and Proposition P71, f is a c-Bessel
mapping for H. For each h € H we have

|E*h]l = sup [ (k*(h),?)|

lef=1
= sup | (R, k(t)) |-
lel=1

Now by (i) there exist ¢ > 0 and ¢ : X — L(Hp,C) such that for every
h € Hy, {(-)(h) € L*(X), and also

1EC)(R)ly < cllhll,
kh = /XE(-)(h)fdu.

So for each h € H,

2

i 2= su .
Ik ) = sup <h, /X Y du>
2
= su e b f(@)d
||t||£1 /x (@)(t) (h, f(2)) dp
su . 2 . 5
= ey @ (/X [ f(@)) dﬂ)

< sup &t /X | (h, f(2)) Py

[l£l|=1
_C2 X 2 .
- /X|<h,f< )) [2dp

(ii)=-(iii). Since f is a c-Bessel mapping for H, Ty : L*(X) — H is a
bounded linear operator. By (ii), for each h € H

Al (R)]? < ||TF ()]
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Now for each h € H, we have
A(KE*(h), h) = A||k*(h)|?
" 2

< |||

=TT (h), h) .
thus
1
A
Finally, by Lemma [3, there exists a bounded linear operator M :

Hy — L?(X) such that k = TyM. So for each h € Hy
kh = T; (M (1))

= /X M () fdp.

(iii)= (i). Since f is a c-Bessel mapping for H, [ gfdu for each g €
L?(X), by Lemma P exists. By (iii), there exists ¢ € B(Hp, L*(X))
such that

kk* < ZTT}.

k‘h:/ g(h)fdu, h € Hp.
Now we define ¥
¢: X — L(Hy,C), £(-)(h) :==g(h)(:), h € Hy,
so we have
b = [ €Omfdn, e Ho
also *
)Ry = lg(r) ]l
< llgll IRl
This completes the proof. O

Theorem 2.5. Let k € B(Hy, H). Suppose that f : X — H is weakly
measurable. Then f is a ck-frame for H with respect to Hy if and only
if the mapping

LX) — H, Ly(o) = [ afdn

is a well-defined bounded linear operator with R(k) C R(Ly).

Proof. First we assume that f is a ck-frame for H with respect to Hy.
Then, by the definition, f is a c-Bessel mapping for and we have

A!k*(h)!FS/X!(h,f(x» [*dpe

2

)

= |77 (w)]
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thus
Akk® < TyTj,
and Theorem =3 implies that
R(k) C R(T}).
Since Ly = T, Ly is a bounded linear operator. Now, let
Ly I*(X)— H

L¢(g) = /X gfdp,

be a well-defined bounded linear operator of L?(X) into H with R(k) C
R(Ly¢). By Proposition 0, f is a c-Bessel mapping for H. So it is
sufficient to show that it has a lower ck-frame bound. Since k£ and Ly
are bounded linear operators and R(k) C R(Ly), by Lemma I3, there
exists A > 0 such that Akk* < LfL}. Now for each h € H,

(AkK*(h), h) < (LyL}(h),h),
consequently by (EZ1) we have
* * 2
AR ) < [|LF R

- / | (B, f(2)) g,
X

and the proof is complete. O

Generally, in ck-frames, as in k-frames, the frame operator is not
invertible. However, we have the following:

Theorem 2.6. Let k € B(Hy,H), and f : X — H be a ck-frame for H
with respect to Hy, with bounds A,B. If k has a closed range, then Sy is
invertible on R(k), and for each h € R(k)

B7HR)* < ((Stlraey) ™ s by < A7Y[ETP(|R].
Proof. For each h € H
AHIE < [ 10 P
= (Sy(h), h)
< B|n|%,
hence
Akk* < Sy < BI
Since kk'|r(ky = Ig(r), for each h € R(k), then
1l = gy hll = I (K gy K BIL < (KT [[E*R]].
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Therefore, for each h € R(k),
A[RYIZ2RI* < (Sy(h),h) < BllR|*.
hence, Sy is invertibale on R(k), and for each h € R(k),

— —1
B[ < ((Slray) ™" (h): )
< A7V
O

Corollary 2.7. Let k € B(Ho,H), and f : X — H be a ck-frame for
H with respect to Hy, with bounds A,B. If k has a closed range with
R(k) C R(f), then f is a c-frame for R(k) with bounds A|k'||=2? and
B, respectively.

3. CONTINUOUS k-DUAL

In this section, we introduce the dual of ck-frames and prove some
theorems about them. Throughout this section, the orthogonal projec-
tion of H onto a closed subspace V C H.

Theorem 3.1. Let k € B(Hy,H), and let f : X — H be a c-Bessel
mapping for H, and g : X — Hy be a c-Bessel mapping for Hy. Then
the following assertions are equivalent:

(i) For each hy € Hy, kho = T¢((ho, 9))-
(ii) For each h € H, k*h =T4((h, f)).
(iii) For each h € H,ho € Hy,

(kho, ) = [ (o, g(2) (). 1)
b'e
(iv) For each h € H,hy € Hy,
(huto) = [ (b F(@)) {gCa)h) d
X
(v) For any orthonormal bases {v;}jes for Hy, and {e;}icr for H,
(i) = [ lesf(@)) tola),) duy i1
X

Proof. (i)=(ii). If h € H and hg € Hy, then
<h07k*h‘> = <Tf(<h07g>)7 h>

- / (ho, 9(x)) (F(x), b dp
X

_ / (g(x), ho) (b, f(x)) dps
X
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= <TQ(<h7 f>)7 h0>

= <h07Tg(<h’7 f>)> :
Hence (ii) is proved.
The part (ii)=-(i) follows similarly.
(iv)=-(v), (ii)<(iii), and (iii)<(iv) are evident.
(v)=(iv). Let h € H,hg € Hp. Then

/X (h, £(@) (g(@), ho) dpu = (b ) (ho, @) 1

= <<h > e f) €i> , <ho,z (. 9) w>>
% 7 1,2

= Z <<h, (e, f>€i> <h07 <’7j’9>7j>>L2
4,J
_ Z (B, ei) (vis ho) ((eis ) (13> 9)) 1,

= ; (h, ei) (vj, ho) /X (es, f(2)) (g(x), ;) dp
=S (hyes) (. ho) (K ei ;)

= Z (h,ei) (es, kvj) (75, ho)
=D {(hsk;) 155 ho)

J

= Z (K"h, i) (755 ho)

J
= (k*h, ho) .
This completes the proof. O

Theorem 3.2. Let k € B(Hy, H) and f : X — H be a c-Bessel mapping
for Hand g : X — Hy be a c-Bessel mapping for Hy.

(i) The following condition is equivalent to the assertions of Theo-
rem E:

o2 = /X (ho, 9(@)) (F (), kho) du, ho € Ho.

(ii) The following condition is equivalent to the assertions of Theo-
rem E:

[k"h? = /X (h, £(@)) g(x). k*h) du, h e H.
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Proof. (i) Define F' : Hy — Hp by
F(ho) = Tg <kh0, f> , hg € Hy.

F' is clearly linear and bounded, since for each hy € Hy,

1F(h) = sup  [(F(ho), ko)l
ko€(Ho),

= sw | [ (o)) <kho,f<x>>du\
koE(Ho

IN

1/2
up (/um, DR dn)
k‘oE ]'-IO)1
1/2
sup (/ o, £( Idu> kol
506 Ho
1/2
sup </|7€0, !du>
k‘oE H, )1

1/2
sup (/ (o, £( Idu> TNE
EQEHO

For each hg € Hy, we have
(ho, k*kho) = ||kho|)*
- /X (ho, g(x) (f (), kho) dp

= (Ty (kho, f) , ho)
<h0) <kh07f>> .
Hence, k*kho = T (kho, f). The part (ii) follows similarly. O

IN

Now, we can define the ck-dual pair for two c-Bessel mappings as
follows.

Definition 3.3. Let k € B(Hp, H), and let f : X — H be a c-Bessel
mapping for H, and g : X — Hg be a c-Bessel mapping for Hy. We say
that f, g is a ck-dual pair, if one of the assertions of Theorem B holds.

Theorem 3.4. Let k € B(Ho,H), and let f : X — H be c-Bessel
mapping for H, and g : X — Hy be a c-Bessel mapping for Hy. Let f,
g be a ck-dual pair. Then f is a ck-frame for H with respect to Hy, and
g s a ck*-frame for Hy with respect to H.

Proof. For each h € H
Ikhl|* = [Ty ((h, 9)). kh) |?
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2

. \ [t ),

< (/XWMQ( dﬂ) (/ | (f(z), kh) \Qdu>
< ([ 1haton P an) B1wnl?,

where B is an upper bound for the c-Bessel mapping f. This shows that
g is a ck*-frame for Hy with respect to H, with the lower bound B~".
Similarly, f is a ck-frame for H. O

Now, we characterize all ck-duals for a ck-frame with the same method
of Proposition 1 in [3].

Theorem 3.5. Let k € B(Hy, H) with the closed range and f : X — H
be a Bochner integmble function and ck-frame for H with respect to Hy.
Then k*(Sylr ) )7t Ts,(Rk)) S @5 a ck-dual of R f with bounds B~ 1

and A_l||l<:||2||l7<:Jf||2 respectwely, where A and B are ck-frame bounds for
f-
Proof. Since
K (Stlrey) Ts,(R(k)) € B(H, Ho),
then, by Lemma [, k*(sf|R(k))_17TSf(R(k))f is a c-Bessel mapping for

Hp and moreover by Lemma 2 we get S}i = WR(k)Sf’Sf('R(k)). Hence,
for each h € R(k) and hg € Hyp, we have

tho,k*h) = ( ((Sslray) ™ Sf)*kho,h>
(87 ((Sslray) ™) kho, )
=<7TR( Stlsrm) sy (rew) ((Slrey) ™) kho, b >
:<Tf <<”sf<R<k ((Sslra0) ™) o £)) 7 >
(msymoy = ((Sylra) ™) kho. () ( (). 7regh) dp
-J

Therefore,
(k*h, ho) = /X (P TRk f () <k*(sf|72(k;))_IWSf(R(k))f(w)a ho> dp.

Now, put g := k*(Sf|r k))_ Tss(R(k))S- By Theorem B, g is a ck-dual
for mr(x)f with the lower bound B~ L. Furthermore, by Theorem I8,

*

-1

I
><\,

<ho,k*(5f|7z(k)) TS, (Rk)) f (@ ><7TRk)f z), h) dp.

<
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for each h € R(k),

(St ™) = (it Selzl) )

< A7) ((Srlray) ) BRI

Therefore, for each h € H

[ nganr® di= [ [(((Slra) ™) kit £@))]

2

= (Slray ((Srlra) ™) k), ((Sslra) ™) k(0)
= (((Stlra) ™) k(). k(1))
< M || ((Srlra) ™) k)|
< (kR A KT |2 k()|
< ALK 2,
and the result follows. O
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