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1 Introduction

Many years after the advent of frame theory, its importance and applications in various
scientific fields have become clear to everyone. The aim of this theory, developed by Duffin
and Schaeffer in 1952 [16], was to solve some problems related to the nonharmonic Fourier
series. In fact, the frame theory developed Gabor’s studies in signal analysis in a pure form,
which was extensively studied by the fundamental paper of Daubechies, Grossmann, and
Meyer [14] in 1986. Many researchers in various fields of pure and applied mathematics,
engineering, medicine, etc. have studied frames. For more information on frame theory
and its applications, we refer the readers to [11, 13, 18, 22, 28].

To further apply this theory, many generalizations of frames have been proposed. For
example, generalized frames (g-frames), introduced by Sun [26, 27], generalize not only
the original concept of frame, but also other generalizations of frames, including bounded
quasi-projectors [20, 21], frames of subspaces [4, 10], pseudo-frames [24], oblique frames
[12, 17], and outer frames [1]. After that, Askarizadeh and Dehghan showed that every g-
frame is a special frame [5]. Also, frames and their generalization in Hilbert C*-modules
and locally compact abelian groups have been studied in [2, 3, 6]. Controlled frames [8]
© The Author(s) 2022. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other

third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by

L]
@ Sprlnger statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a

copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1186/s13660-022-02844-7
https://crossmark.crossref.org/dialog/?doi=10.1186/s13660-022-02844-7&domain=pdf
mailto:f75maryam@gmail.com
http://creativecommons.org/licenses/by/4.0/

Firouzi Parizi et al. Journal of Inequalities and Applications (2022) 2022:104 Page 2 of 24

provide another generalization of frames, actually developing theories related to this con-
cept which were previously introduced in [9] and used only as a tool for spherical wavelets.

Pair frames are a concept for a pair of sequences in a Hilbert space, introduced in [19],
and one of their important results is to obtain a new reconstruction formula for members
of the Hilbert space. The concept proposed in this paper aims at a different study of a
pair of sequences in a Hilbert space that is called a biframe. To define a frame, only one
sequence is used; but, to define a biframe, two sequences are needed. In fact, the concept
of biframe is proposed as a generalization of controlled frames and a special case of pair
frames. A biframe is a pair ({fi}72,, {gk}7o,) of sequences in the Hilbert space #, if there
exist positive constants A and B such that

AlFIP <Y U f) (@) <BIFIP, YfeH.
k=1

An operator associated with a biframe is presented, which is a special case of multi-
plier operators [7]. In the simplest case, multiplier operators are well defined when the
sequences are Bessel sequences, which gives us Bessel multipliers. Also, the invertibil-
ity of this operator is obtained when the sequences are Riesz bases. But it is interesting
that the biframe operator has these properties for sequences that are not even Bessel se-
quences. Also, the biframe operator associated with a biframe has properties very close to
those of the frame operator. Therefore the reconstruction of the elements of the Hilbert
space, which is one of the important achievements of frame theory, is well done. Due to
the important role played by orthonormal bases in a Hilbert space, we are looking for se-
quences that form a biframe together with an orthonormal basis. This research leads us
to sets that are actually bases. The new set of all these bases has a place between the set of
all orthonormal bases and the set of all Riesz bases, but studying this topic in pair frames
does not have such an achievement for us.

This paper is organized as follows. Section 2 contains some preliminary results and no-
tations that are used throughout the paper. In Sect. 3, we introduce the new concept of
biframe for a Hilbert space, created by a pair of sequences, and we present several exam-
ples of biframes. In Sect. 4, by defining the biframe operator associated with a biframe, we
discuss the properties of biframes from the perspective of operator theory. Moreover, we
investigate those operators that preserve the biframe property. In Sect. 5, we classify the
biframes whose constituent sequences of them are Bessel sequences, frames, and Riesz
bases. Finally, in Sect. 6, we classify the biframes for which one of the constituent se-
quences is an orthonormal basis. This classification leads us to new sets, which are par-
titions of the set of all sequences with this property (namely, the property of forming a
biframe with an orthonormal basis). We obtain new bases which are closely related to
orthonormal bases and Riesz bases.

2 Notation and preliminaries

Throughout this paper, 7 denotes a separable Hilbert space. The notation B(#, K) de-
notes the set of all bounded linear operators from H to the Hilbert space IC. If H = K, this
set is denoted by B(H) and Z denotes the identity operator on H. Also, GL(H) is defined
as the set of all invertible, bounded linear operators on 7, and GL* (%) denotes the subset
of GL(H) that consists of positive operators. Finally, B}, (H) is defined as the set of all
self-adjoint and positive operators on H which are bounded below.
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A sequence {f;}2, is called a frame for H if there exist positive constants A and B such
that

AFIP <Y | fo <BIFI>, Vf e H.
k=1

The constants A and B are known as lower and upper frame bounds, respectively. If A = B,
then the frame {f;}72, is called a tight frame; it is called a Parseval frame if A = B = 1. The
sequence {fx}72, is called a Bessel sequence if only the right inequality holds. An associated
operator to frame F = {f;}32, is a frame operator, defined by

SpeH — H; SE(f) = Y _{f.filfk

k=1

The frame operator Sy is a self-adjoint operator that belongs to GL* (#).
Two Bessel sequences {f;}72, and (g}, are dual frames for H if one of the following
statements holds:
M) f =25 glfe Yf € M.
(i) f =3 o felge Vf € M.
(i) {(f,g) = 221 (i) G g), Vg € H.
A Riesz basis for H is a family of the form {Ue;}?2,, where {e;}?2, is an orthonormal
basis for H and the operator U belongs to GL(H).
Two sequences {fy}72, and {gi}7o, in H are biorthogonal if (fi,gj) = &xj. We refer the
readers to [11] for more details on frames and bases.
For U € GL(H), a sequence {f;}22, in H is a U-controlled frame [8] if there exist positive
constants A and B such that

AlFI1* <Y (o fd(Ufiof) <BIFIP, Yf e M.

k=1

For U and T in GL(H), a sequence {f;};°; in H is a (T, U)-controlled frame [25] if there
exist positive constants A and B such that

AlFIP < Y (S TR Ufiof) < BIFIP, Yf €.
k=1

A pair (F, G) = ({fi}321, {gx)22,) of sequences in H is a pair frame for H if the pair frame
operator Sf = Y 2, (f, /i) gk is well defined and invertible for every f € H.

Proposition 2.1 ([25]) Let S1,S; € GL*(H). Then Sy = VSiU* if and only if U = SyWS,¥
and V = SLTS|? such that W and T are bounded operators on H such that TW* = I,
pgnteRandr+t=1,p+q=1.

3 Biframes
In this section, we define the main concept of this paper, namely, the notion of biframe.
Next, we present some examples to illustrate the concept of biframes and their constituent

sequences more.
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Definition 3.1 A pair (F,G) = ({fi}2,1gx}72,) of sequences in H is called a biframe for
‘H if there exist positive constants A and B such that

AIFIP < D (o f eef) < BIFIP, Vf e M. (3.1)

k=1

The numbers A and B are called lower and upper biframe bounds, respectively.
The biframe ({f¢}72;, {gk}72,) is called Parseval if A=B = 1.

After defining the concept of biframes, its relation to the previously defined notions
must be examined. The following remark shows that biframes generalize ordinary frames

and controlled frames.

Remark 3.2 According to Definition 3.1, the following statements are true for a sequence
F={fi)2,in H:
(i) If (F,F) is abiframe for H, then F is a frame for H.
(ii) If (F,UF) is a biframe for some U € GL(H), then F is a U-controlled frame for H.
(iii) If (TF,UF) is a biframe for some T and U in GL(H), then F is a (T, U)-controlled

frame for H.

A biframe is a pair of sequences. Therefore the relationship between the two sequences
that form a biframe is very important. To investigate the relationship between these two
sequences, we try to answer the following questions:

(Q1) What kind of Bessel sequences make biframes? And how about frames, Riesz bases,

and orthonormal bases?

(Q2) Arethere sequences that are not Bessel sequences, frames, Riesz bases, or orthonor-
mal bases but form a biframe?

(Qs) Are the types of sequences that form a biframe interdependent? For example, if one
of the sequences is a Bessel sequence, does it necessarily follow that the other one
is also a Bessel sequence? What about Riesz bases and orthonormal bases?

In the following sections, we will answer these questions. But before that, we present some

examples of biframes.

Example 3.3 Let {e;}72, be an orthonormal basis for H.
(i) A biframe may be constructed using two non-Bessel sequences.
It is clear that

1 1
{ﬁ(}lﬁl = {elr 262’ 5631464; geSr 666’« . '}r

N 1 1
{gk}k:1 = 261’621 463¢ §€4,6€5, ge6 oo

are not Bessel sequences. But the pair ({f¢}72;, {gk}72;) is a biframe because for

f € H we can write

(\(fyezk-l)iz + |(f,32k)\2) <2|IfII%

2k-1

o0 o0 /
2 =S fd ) = 3 o
k=1 =

k=1

Page 4 of 24
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(ii) Two Bessel sequences may not form a biframe.
It is easy to see that

1 1 1
X =1e,—ey, —€e3,—€4...¢,
{fk}k1{1223344}

{gi}2;=10,e Ole Ole
gkk:l_ » €1y »2 2 y3 LIRRE

are Bessel sequences with bound 1. But the pair ({fi}2;, {gx}7o;) is not a biframe

because for f € H we obtain

S = e 0+ {f g e
k=1

(. ze)onts geul{Geas) -
_ 1 1
= E(f,eZMelrf) + g(ﬂed(ez,f) e

Now, if we set f = e;, then the summation in the definition of biframe is equal to O:

Y (S @ef) = 0.
k=1

This shows that the summation does not have a nonzero lower bound.
(i) Two frames may not form a biframe.
Consider the sequences

1 1
{ﬁ(}[il = {_Eel) EelreZ;e?n'u},
{gk}]?il = {elx €1,€2, 63,...}.

The sequence {f;}72, is a frame with bounds % and 1, and the sequence {gi}°; is a
frame with bounds 1 and 2. But these frames cannot form a biframe because for

f € H we can write

S fo) (geof) = <f, —%e1><el,f> + (/ §e1><e1,f>
k=1

+{f,e2)(exf) + (fres)(es,f) + -
= (f,ex){en,f) + (fre3)(es,f) + -+

= e
k=2

Now, > ro 1 (- fi) (g f) = 0 if we set f = e;. This implies that the summation does
not have a nonzero lower bound. Therefore the pair ({fx}32,,{gx}22,) is not a
biframe.

Page 5 of 24
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(iv)

v)

A pair frame is a concept related to pair (F, G) of sequences in #. Although a biframe is
introduced as a pair of sequences with the same symbol, these two notions are not actually
the same. In fact, biframes are special types of pair frames, as we show in Corollary 4.3. In

Sect. 6, we focus on the differences between these concepts, where we specifically consider

Two Riesz bases may not form a biframe.

We consider the orthonormal basis {e;(x)}xez = {€¥"**} ez for L*(0,1).

T_; and E are translation and modulation operators on L2(0, 1) respectively.
Because these operators are unitary, the following sequences are Riesz bases for
L%(0,1):

fidkez = {T—l (ek(x)) }keZ = {eZnik(x+1) }keZ’

{gi}kez = {E1 (ek(x))}kel = {ezm(k+l)x}ke2'

For f € L%(0, 1), we have

Z(fﬁ( (gk’ = Z(f 27 ik(x+1) >( 2mi(k+1)x ’f>

keZ keZ

_ Z(/ Fx)e2miktesD dx) (/ 2ni(k+1)x]@dx).

keZ

Now, set f = 27,

1 1
27Tix, 27 ik(x+1) 27Ti(k+1)x’ 27 ix\ _ 27ri(1—k)xd >(/ 27Tikx> =0.
i, ik itk garin Z( /0 e ([ e

keZ keZ

Therefore the summation does not have a nonzero lower bound, so the pair
({fikez» {gk}kez) is not a biframe for L2(0, 1).
Two orthonormal bases may not form a biframe.

Let o be a permutation of N other than the identity. Then the pair
({ex)2215{eaw)}z2) is not a biframe. In fact, an easy calculation shows that the
summation in the definition of biframe is always equal to 0 for such sequences. If
we set f = e; for some j € N such that o (j) 7/, then

)
Z(f €k ea Z e])ek erT k)ye] =0.
k=1

one of their constituent sequences as the orthonormal basis.

The next example shows that a pair frame is not necessarily a biframe.

Example 3.4 Consider the Hilbert space R? and the sequences F = {f;}7_, and G = {g}7_,

defined as follows:

8
Vb, = {(1,2), (5,4> }
175 7 —14
wia={( ) (5 5))

Page 6 of 24
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First, we show that (F, G) is a pair frame by considering the properties of the pair frame

operator S. For (x,7) € R?, the definition of S is given by the following equalities:

5,9 = (), (1,2>>(—1, %) + <(x,y>, (24»(2 %‘L)
“ 21 175 8 4 7 —-14
(). ()2

175 350 -112 56
= (—(x +2y), ) + (2x +7y, x— —y)

DRI TR 21 3

= (x + 57,3x — 2y).

The matrix associated with the operator S is

1 5
MZL 4]

It is clear that this matrix is invertible (det(S) = —17 # 0). So, the operator S is well defined

and invertible, and therefore (F, G) is a pair frame. But this pair is not a biframe. For (x,y) €

R2,
(@), (1,2)><<—1, 1;—5) (x,y>> + <(x,y>, (34)><(Z %M),<x,y>> — -y 4 8y,

Now, ifwe set (x,y) = (-1+ %, %), then x2 —y2 + 8xy = 0. Hence this phrase has no nonzero

lower bound.

4 The biframe operator

Since finding the bounds of a biframe is not always easy in practice, to better understand
and be able to work with biframes, we need to introduce an operator similar to the frame
operator, one that has as many good and useful properties as the frame operator. In this
section, we introduce the biframe operator associated with a biframe, and we examine its

properties. Also, we characterize biframes based on the properties of this operator.

Definition 4.1 Let (F, G) = ({fx}72;, (gk}72,) be a biframe for . The biframe operator Sr,g
is defined by

Sra:H— M, Spalf)i= Y _(ffog. (4.1)
k=1

In what follows, we present some properties of the biframe operator.

Theorem 4.2 Let (F,G) = ({fi}2, 18x)32,) be a biframe for H with bounds A and B. Then
the following statements are true:

(i) The operator Sg g is well defined, bounded, positive, and invertible.

(i) (F,Q) is a biframe if and only if (G, F) is a biframe.
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Proof (i) To prove that Sg,g is well defined, let f € H. For n € N, define

Suf =) {fofigk

k=1

The sequence {S,}32, is a sequence of linear and bounded operators on H. Consider i,j €
N, i>j. Then

[(SS.S) = (Sif. )] = (S = Sif).f)]
< > <f,fk>gk,f>‘

k=j+1

< D [(ffid gl

k=j+1

By Definition 3.1, the series Yz, (f, fi) (€, f) converges in R. So, its associated sequence of
partial sums is a Cauchy sequence. Thus the sequence {(S,f,f)}:2; is Cauchy, and therefore
an operator S € B(H) exists (see [23] for example) such that {S,}°; converges to S weakly:

(SF.f) = lim (S.f.f) = <Z(f1fk>gk:f> = (Safof)-

k=1

By our definition of the biframe operator Sr and the uniqueness of limit, we conclude
that Sgg = S, and therefore Sr is a well defined and bounded operator. By our definition
of Sp.g, for every f € H, we obtain Yo, {f, /) (gk.f) = (Se.gf»f)- Now, by Definition 3.1, we
simply observe that

AlfI” < (Seaf.f) <BIfI% (4.2)

which implies that Sg ¢ is a positive operator.

To prove that Sr is an invertible operator, we need to show that Spc and Si ; are in-
jective and have closed ranges [19].

Forf,geH,

(Seaf,8) = Y_{ffi) @0 g) = {f Se.r)-

k=1

Hence St ; = S r. By the definition of biframe, Sr,g and Sgr are injective.

To prove that Sp g has a closed range, let {/1,}52, C R(Sk,¢) be a sequence that converges
to /1 € H. Then there exists a sequence {t,}52; in H such that Srs(¢,) = 4, for every n; this
means that the sequence {Sr¢(2,)}52, converges to .

The sequence {/,} is convergent, so it is a Cauchy sequence. Let € > 0 be given.

Then there exists N > 0 such that

Iy = Bl = | Se,G(tn) = SEG(tm)| <€, VYm,nm>=N.

Page 8 of 24
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Consider m,n > N, n > m. Now, by (4.2) and the Cauchy—-Schwarz inequality,

Allty = tull* < (SE.G(En = tm), (En — t))
= ”SF,G(tn) - SF,G(tm) ” ”tn - tm”

<ellty = tull.

Hence ||z, - t,|| < §, which implies that the sequence {,};2, is a Cauchy sequence in #,

and so it converges to some ¢ € H. Since Sg,g is bounded,
Src(ty) — Srg(t), asn— oo.

On the other hand,
SkG(ty) — h, asn—> oo.

Now, by the uniqueness of limit, we obtain Sgg(t) = k. So, h € R(Sr,s), and therefore
R(S,g) is closed. Thus R(S% ;) is closed.
(ii) Let (F, G) be a biframe with bounds A and B. Then, for every f € H,

AlFIP < Y (i) (@ef) < BIFIP.
k=1

Now, we can write

Y SN gf) = Y S Gef) = D80 foof)-

k=1 k=1 k=1

This implies that

AlFIP <Y (.80 foof) < BIFIP.

k=1

So, (G, F) is a biframe with bounds A and B. The converse of this statement can be proved

similarly. g
Corollary 4.3 Every biframe (F, G) is a pair frame.

Proof Let (F, G) be a biframe. By Theorem 4.2, S is well defined and invertible. So, by

the definition of pair frames, (F, G) is a pair frame. g

Reconstruction of the elements of a Hilbert space from the frame coefficients is one
of the most important achievements of frame theory. The next theorem deals with this

reconstruction by using biframes.
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Theorem 4.4 Suppose that ({fi}72,, {gk}32,) is a biframe for H with biframe operator Sg .
Then, for every f € H, the following reconstruction formula holds:

£= . Seefilgx = D o) Srlsen (4.3)

k=1 k=1

Moreover, in a complex Hilbert space, we can rewrite the first equation of (4.3) in the fol-

lowing form:
f= Z(f’ S&,lka>gk = Z(f: SE,IGﬁ<>gk~ (4.4)
k=1 k=1

Proof We observed in the proof of Theorem 4.2 that Sg,c* = S r. Let f € H. Then

f=SkaSef = ) _(Sraf filgx = Y _f+ Saefilge
k=1 k=1

and

f=SieSecf =Seg D _{ffidge = Y (- fi) Sk

k=1 k=1

For the final assertion, note that in a complex Hilbert space every positive operator is self-
adjoint. (The next example shows that this is not true in real Hilbert spaces.) So, we have
the self-adjointness property for the positive operator Sr s in complex Hilbert spaces, and
therefore the result follows clearly by using Sr,g = Sgr in (4.3). O

The biframe decomposition stated in (4.3) is the reconstruction formula of biframe the-
ory. The sequence {(f, SE,lcka/fil is called the sequence of biframe coefficients.

Example 4.5 Consider the space R? as a real Hilbert space.
The matrix A = [; :] is positive because for [;] eR?,

0 e R G R

12

Clearly, the adjoint of this matrix is A = [ -

], and this shows that A is not self-adjoint.
As mentioned at the beginning of this section, proving that two sequences form a

biframe by using the definition is by no means an easy task. Therefore we try to character-

ize biframes based on the properties of the biframe operator. The next theorem presents

these conditions.

Theorem 4.6 Let {fi}32, and {gk)32, be sequences in a complex Hilbert space H. Then
({fi)e21s (g)R2y) is a biframe for H if and only if Sk ¢ is a positive and bounded below oper-
ator.
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Proof Let ({fi}22,,1gx}72,) be a biframe for H. As we observed in Theorem 4.2, Sp is a
positive and invertible operator. Therefore it is bounded below, too. Conversely, suppose
that Sr is a positive and bounded below operator on . Since Sk is a positive operator,
it is self-adjoint. For f € H,

Y o f ) = (Seafof) = [(Seaff)] < ISeGHIf I

k=1
To obtain the lower bound, by the positivity of Sg g [23], we obtain the following inequality:
ISe.6fI” < ISe.6 (Sk.af o f)- (4.5)
On the other hand, Sg,g is bounded below with lower bound «:
Ja >0, alfll < ISeafll- (4-6)

Using (4.5) and (4.6), we find that

IfI1* < ISe6I(SEaf.f),  Vf € H.

This implies that (Sg,af.f) = “SFG” If11% and 50 15— is alower bound for (Sg,gf,f). Thus,
({fi) o215 (g} r2,) is a biframe for H. 0

To answer the questions we posed in the previous section about the structural relation-
ship between the two sequences that form a biframe, we establish the next theorem which
determines the dependency of two Riesz bases that form a biframe. First, we show by some
examples that this dependency is not necessarily true for Bessel sequences and frames.

Example 4.7 Let {ex}72, be an orthonormal basis for H.
(i) A biframe constructed by a frame and a nonframe
Consider the following sequences:

{fk}liil = {ell €1,€1,€2,€2,€,€3,€3,€3,.. ~};

. 3 4
{gk}k=1: 2e1,e1,—€1, 562161:_61; §e3,€1,—€1,... .

Forf e H,

- k
S fi) g f) = Z:W e[
k=1 k=1

Also,

oo

IFI? Z Lt e0? <2112

k=1

Therefore ({fi}2;,1gx}72;) is a biframe with bounds 1 and 2, although {f;}7°, is a
frame and {gx}72, is not.

Page 11 of 24
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(i) A Parseval biframe constructed by a Bessel sequence and a non-Bessel sequence

Consider the following sequences:

1 1
{ﬁ}]til = {el; 562’ €3, 164) €5,.. '}r
{g}io) = {e1,2ey, e3,4ey,5,.. ).

For f € H, we obtain the following equalities:

S flgns) =Y (e | = 11
k=1 k=1

Hence ({fi}72,, {gk}7o,) is a Parseval biframe, although {f;}7°, is a Bessel sequence and

{gx)72, is not.

Theorem 4.8 Suppose that ({fi}321,18k}ro,) is a biframe for H. Then {fi )32, is a Riesz basis
Sor H if and only if {gi}32, is a Riesz basis for H.

Proof Let {fi}72; be a Riesz basis. Then there exists an operator V € GL(#) such that
Ji=Vey for all k € N, where {e;}?2, is an orthonormal basis for H.

Define the operator

-1

L[:H—) 7‘[, UfZSpvg(V*) f

Clearly, U € GL(H), and for k € N we obtain

Uey = Sp,G(V*)flek <(V*)71€kyﬁ>gi

'P”18

I
—

(V") e, Vee:

'P”18

I
—

(Ve(v) e el

'F”18

I
—

(exr€i)gi = &k

oL

I
—

Hence gi = Uey for all k € N. This means that {gi}2, is a Riesz basis for H.
Similarly, we can prove that {f;}2°, is a Riesz basis if {g}72; is a Riesz basis. 0

Remark 4.9 As mentioned before, a positive operator in a complex Hilbert space is self-
adjoint. To use the self-adjointness property of the positive biframe operator Sg,g, from

now on we assume that the Hilbert space 7 is complex.

To investigate the operators that preserve the biframe property, since we deal with a
pair of sequences in the definition of a biframe, we can study the action of two different
operators on the sequences in a biframe. The next theorem presents some operators that

preserve the biframe property of a given biframe.
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Theorem 4.10 Suppose that (F,G) = ({fi}321,{gx)re,) is a biframe for H with biframe op-
erator Sr,g. Then the following statements are true:

@) (USSR, (VEK2,) is a biframe for H, for some operators U and V' in B(H) if and
only if there exist operators Q € B}, (H) and T, W € B(H) such that TW* =1 and
u-= Q’WSZ’G , V= QtTS;fIG, when p,q,r,t eRsuchthatp+q=1andr+t=1.

(i) ({Ufi}21,1Varle2,) is a Parseval biframe for H, for some operators U and V in B(H)
if and only if there exist operators T, W € B(H) such that TW* = I and
U=WS,, V=TS, whenp,q R suchthatp+q=1.

In particular, if ({fi 1321, {gx)22,) is a Parseval biframe, then ({Ufi}321, {Var132,) is a Parseval
biframe if and only if VU* = L.

Proof (i) Suppose that (UF, VG) = ({Ufi}z2,, {Var}z2,) is a biframe for H with biframe op-
erator Syr,vg, when U,V € B(H). For f € H,

Survaf = Y _{f, Uf) Ve =V Y _(Uf filgk = VSecU'f. (4.7)

k=1 k=1

Since ({fx}721, {gx)22) and ({Ufi )32, {Vax)2,) are biframes, Theorem 4.6 allows us to con-
clude that the operators Sr,g and Syr,vc are in B}, (H), and also are in GL*(#). By (4.7)
and Proposition 2.1, there exist operators T, W € B(H) such that TW* = [ and

U =Sy WSk e V = Surve TS G- (4.8)
Conversely, let Q € B} , (H), and let T and W be operators in B(#) such that TW* = I and
u=qQ WSE’G, Vv=qQ TS;?G. (4.9)

Then, by Proposition 2.1, Q = VS§g U™, which means that for every f € H,

Qf = VSpgU*f = v(Z(u*f, fk>g]<> = i, Ufi) Var.

k=1 k=1

Therefore Q is of the form of a biframe operator. By the assumption Q € B}, (H), Theo-
rem 4.6 allows us to conclude that ({Ufi}72;, {Var)z2,) is a biframe for H.
(ii) This part is a direct consequence of the previous part. g

Having in mind the final part of Theorem 4.10, we obtain some simple results for Par-

seval biframes.

Corollary 4.11 Suppose that U,V € B(H). For sequences {f; )32, and {gi}32, in H, if each
of the following conditions holds, then ({Ufi}32,,{Vax}i2,) is a Parseval biframe if and only
ifVU* =1.

@) IR, and {g}32, are dual frames in H.

(i) {fx}ge, and {g}g2, are biorthogonal frames for H.
Moreover, if {ex}32, is an orthonormal basis for H, then ({Uex}32, {Vex)2,) is a Parseval
biframe for H if and only if VU* = L.
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Proof Each of conditions (i) and (ii) implies that ({fi}22,, {gx}z2,) is a Parseval biframe. The
proof of part (i) is clear. To see part (ii), if {fx}72;, {gx}zo; are biorthogonal frames, then for

feH,
zz:{fbﬂ»<gk5f> zz: 1]%)<gk;j£:<f,55{ﬂ)ﬂ>
k=1 k=1 i=1

D U SNSE S f g fi)

M

k=1 i=1

= D Y AL SSE i f ki
k=1 i=1

= S SNSE o f) = I
k=1

Now, the desired result follows from the final assertion of Theorem 4.10.
Also, the pair ({ex}2;, {ex}72;) is a Parseval biframe, and again, by the final assertion of

Theorem 4.10, the statement is true. O

5 Characterization of biframes

In this section, we characterize the biframes whose constituent sequences are Bessel
sequences, frames, and Riesz bases. Also, we obtain some results concerning Parseval
biframes.

Theorem 5.1 Two Bessel sequences F = {fi}32, and G = {g}2, form a biframe for H if
and only if there exist operators Q € By, (H) and T, W € B(H) such that TW* =1, fi =
Q Wey, and g = Q' Tey. for all k € N, whenever r,t e R and r +t =1 and E = {e;}32, is an

orthonormal basis for H.

Proof Let (F,G) = ({fi}21,1gx}22;) be a biframe with biframe operator Sr, formed by
Bessel sequences {f;}72; and {gk}72,. Since {fi}72, and {gi}72, are Bessel sequences, there
exist operators U, V € B(H) and the orthonormal basis E = {e;}?2; for H such that

F=fi=Uex=UE and G=gi=Ver=VE, VYkeN. (5.1)

For the Parseval biframe ({ex}72;, {ex}2;), Theorem 4.10 gives us operators T, W € B(H)
such that TW* = I, and by (4.8),

u= S'I:[E,VEW’ V= SZE,VET’

whenever r,t € R and r + £ = 1. Now, by (5.1), we can write
fi=Uex = SZ[E,VE Wey = S;:,G Wey

and

g = Ve =Sy ypTer = Sp g Ter, VkeN. (5.2)
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Conversely, suppose that there exist an orthonormal basis {ex}?2, and operators Q €
B;, (H)and T, W € B(H) such that TW* = I, fi = Q" Wey, and gx = Q" Te for k € N, when-
ever r,t € Rand r + ¢t = 1. For f € H, one obtains

fok %= Z{f Q Wer)Q' Te

k=1
o0
= Qt T Z< w* Q}if, ek>ek
k=1
-QTWQf
QU=
These relations and Theorem 4.6 show that ({fi}2;, {gx}7o;) is a biframe for H. O

Corollary 5.2 Two Bessel sequences {fi)32, and {gi}32, form a Parseval biframe for H if
and only if there exist operators T, W € B(H) such that TW* = I, fi = Wex, and gi. = Tey for
k € N, whenever {ex};2, is an orthonormal basis for H.

Furthermore, each of the above assertions implies that {f; )32, and (g )32, are dual frames.

Here we recall the concept of generalized dual frames for H (g-dual frames). In 2013,
Dehghan and Hasankhani [15] introduced the concept of g-dual frames as follows.

A frame {g;}72, is a g-dual frame of frame {f;}2, for H if there exists an invertible op-
erator A € B(H) such that, for all f € , the equality f = > ;- (Af, g)fx is valid.

The reconstruction formula (4.4) for the members of a Hilbert space by a given biframe
({fi) 215 (g)r2,) for H and the concept of g-dual frames for H give us this idea of charac-
terizing the biframes that are formed by two frames by using the characterization of g-dual

frames.

Theorem 5.3 Let F = {32, be a frame for H with frame operator Sg. Then the following
statements are equivalent:
(1) The sequence {gi}32; is a Bessel for H and the pair ({fi}321, (gk)32,) is a biframe for
H.
(i) {8132y = ((SF Qi + e — 0% (i o ) y)32, for some Q € By, (M), where (e,
is a Bessel sequence in H.
(iii) The sequence {gk}32, is a frame for H and the pair ({fi}32,,{gk132,) is a biframe
for H.

Proof For the proof of (i) = (ii), suppose that {g}?2, is a frame for H and ({fs}22;, {gk}721)
is a biframe for H with biframe operator Sr,g. By the reconstruction formula (4.4) and

according to this point that Sg,g = Sgr for f € H, we have

Z (Staf Sk = D (Sl glfe-
k=1 k=1

Page 15 of 24
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Therefore {f;}?2, and {gi}?2, are g-dual frames. By using the characterization of g-dual
frames presented in [15], every gi has the following form:

k= (SF,GsEI)fk + by — Z(Sglﬁ(’f»hl
j=1
= (S¥SFL) i+ = (S fi
j=1

where the sequence {/}¢2, is a Bessel sequence in H.

For the proof of (ii) = (i), assume that there exists an operator Q € B}, (}) such that
{g}22, = {(SFQ) Y + Iy - Z] SE o fiYhi} 2, where {l;}2° | is a Bessel sequence in . For
f €H,wehave

Y iffoe = (f.h) ((SFQ)lfk + = Z(Sﬁﬁaﬁ)h/)
k=1 k=1

j=1

= QIS e+ D Sl = Y Y (LS o i)y

k=1 k=1 k=1 j=1
—Q1f+Z(ffk hk—ZZWk (S e fi
k=1 j=1

-Qlf+Z(ffkhk—Z{ffh QY.

j=1

Since Q' € B}, (H) gives the result that ({f;}?°,,{g¢}3°,) is a biframe for H. Simple calcu-
lations show that the sequence {g;}72, is a Bessel sequence. The above calculations derive
that f = > 72, (Qf . fi) @ Then {g}2, is a frame for H by ([15], Lemma 2.1).

(i) is an obvious consequence of (iii). O

Theorem 5.4 Let F = {f;}72, be a Riesz basis for H with frame operator Sp. Then the fol-
lowing statements are equivalent:
() The pair ({fi}i2q, 18k Irey) is a biframe for H.
(i) (@32, = (SeQ ) for some Q € By, (H).
In particular, each of conditions (i) and (ii) implies that (g3, is a Riesz basis for H.

Proof For the proof of (i) = (ii), let ({fx}32;, {gx}z2;) be a biframe for H with biframe oper-
ator Sr,g. Since {f;}2, is a Riesz basis for H, there is an invertible operator V' € B(H) such
that f; = Ve, for every k € N, where {e;}??, is an orthonormal basis for #. By Theorem 4.8,
the sequence {g;}?2; is a Riesz basis for H, and for every k € N,

gk = SF,GV*_lek = Spygv*_l Vﬁlﬁ(
-1 _
=Sr6(VV*) ™ fi = SkaSe i

= (SFSF,G_I)_lfk~

So {g)32, is presented form in (ii) because S, € B}, (H).
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The proof of (ii) = (i) is easily obtained. O

6 B-Riesz bases

Since orthonormal bases are among the most important sequences in H, we study those
biframes for which one of the constituent sequences is an orthonormal basis. We will see
that these types of biframes have interesting properties that distinguish them from the
pair frames having a similar property. In fact, by collecting all the sequences that form a
biframe together with a given orthonormal basis in a set, new bases can be obtained that
find a special place between the set of all orthonormal bases and the set of all Riesz bases.
But such results cannot be established for pair frames. We begin our study of this subject

with a definition.

Definition 6.1 We consider an orthonormal basis {e;}?2, for H and define the set [{ex}]

as follows:

[{ek}] = {{fk},cﬁl | ({ek},fil, {fk},cﬁl) is a biframe for H}.
The next proposition shows us the way the elements of the set [{ex}] can be represented.

Proposition 6.2 Let E = {ex}?2, be an orthonormal basis for H. The sequence F = {fi}22,
belongs to [{ex}] if and only if there exists an operator U € By, (H) such that fi = Uey for
all k e N.

Proof Let {fi}32, € [{ex}]. Therefore the pair ({ex}32;, {fk}%2;) is a biframe with biframe op-
erator Sgr. For ke N,

oo

St,rex = Z(ek: e)fi = fio

i=1

and hence f; = Sg rex for all k € N.
Conversely, suppose that there exists U € Bj,, (H) such that f; = Ue for all k € N. For

feH,
uf = Z(f,ek)Uek = Z(f»ek>ﬁ< =5f.
k=1 k=1

This means that S € B}, (}), and by Theorem 4.6, ({ex}22;, {fc}52;) is a biframe for H with
biframe operator S. Hence {fs}22; € [{ex}]. (N

Proposition 6.3 Let {ex}2, be an orthonormal basis for H, and consider the sequence
(fideo, € Uex}). If there exists an orthonormal basis {5x}72, for H such that {fi}72, € [{8k}],
then ey = 8y for all k e N.

Proof Since the sequence {f;}72, belongs to [{ex}] and [{3,}], by Proposition 6.2, there exist
operators U, V € B} , (H) such that f; = Uey and f; = V', forall k e N.
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On the other hand, the sequence F = {f;}72, is a frame for H with biframe operator S,

too. For f € H,
Sef =Y (f.filfi = Y _(f, Uex) Uex = U,
k=1 k=1

and also Sgf = V2f. These relations allow us to conclude that /% = V2,and so U = V. Now,

for k € N, one obtains
fie = Uer = Ubk.
Hence U(ex — 8x) = 0, and so ey = &. O
Here, a new class of sequences is introduced, and we study elements of it.

Definition 6.4 A sequence {f;}2, in H is called a biframe-Riesz basis, briefly b-Riesz
basis for H, if there is an orthonormal basis {e;}2; for H such that ({ex}72;, {fc}5e;) is a
biframe for H.

Now, we can use Proposition 6.2 and Proposition 6.3 and give some equivalent condi-

tions for a sequence to be a b-Riesz basis.

Theorem 6.5 Let {fi}32, be a sequence in H. Then the following statements are equivalent:
(@) ()2, is a b-Riesz basis.
(i) {1z, € llex}] for an orthonormal basis {ex}72,.
(iii) There exist an orthonormal basis {ex )32, and an operator U € B}, (H) such that
Vil = (Weds,.
(iv) {12, € lLex}] for precisely an orthonormal basis {ex}32;.

If we denote the set of all orthonormal bases of H by O, the set of all Riesz bases by
R, and the set of all b-Riesz bases by &£, then by Proposition 6.2 these sets are ordered as
O c £ C R. The following example illustrates that they are proper subsets.

Example 6.6
(i) We consider the Riesz basis {f;}7_; = {(-1,2),(1,0)} for R?. Every orthonormal basis
for R? is in the following form. For a € [0, 1],

{eZ}2 {(@vV1-a2),(—V1-a%a)}.

k=1"

If there exists a € [0, 1] such that {fk},z(=1 € [{ef}], then there are positive numbers A
and B such that for every (x,y) € R?
A +y%) < (% 9), (@ V1 -a?))(-1,2), (%))
+((,9), (-V1 - a?,a))((1,0), (x,))

<B(x* +y%),

Page 18 of 24
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and then

AX +9y") < —(a+V1-a?)x? +2(V1-a?)y’* + (3a—-~1-a?)xy

< B(x2 +y2).
Now, set y = 1. We get a quadratic equation as follows:
~(a+vV1-a®)x*+(3a-v1-a?)x+2(vV1-a?)=0.

This equation has positive A = 2a+/1 —a? + 9 > 0. Hence there are none zero points
(x,y) in R? such that

(), (@, V1 -a?))((-1,2), (x,9)) + (@), (V1 - a%,a)) = 0.

So there is no orthonormal basis for R* to form a biframe with {f;}_,, that is,
{fi}z_, does not belong to £, hence R # €.
(ii) We consider the orthonormal basis {ek},%=1 ={(1,0),(0,1)} for R? and the sequence
{ﬁ<},2(=1 ={(3,-1),(-1,2)}. The following calculations show that {fk}i=1 € [{er}].
For (x,y) € R?,

(G6,2), (1,0))((3, 1), (3, 7)) + (%), (0, 1)){(~1,2), (x,)) = 3x* — 2xy + 29,
Now we can see that
& +y < 3x% = 2y + 297 <4(x* + 7).

So ({ex}7_,, (fi}z.,) is a biframe for R? with bounds 1 and 4. But it is clear that
{fi}7, is not an orthonormal basis for R?, so & # O.

Proposition 6.3 shows that the subsets [{e;}] of £ are distinct whenever {e;}72; is an or-
thonormal basis for H. Also, it is clear that £ = | [{ex}], hence the collection T" = {[{ex}] |
{ex} is an orthonormal basis for } is a partition of &, and therefore induces an equiva-
lence relation ~ on the set &, i.e., this result leads us to equivalence classes on £. This
is why we represented these subsets by the notation [{et}]. In fact, we have the follow-
ing equivalence relation ~ between sequences {f;}72, and {gi}32, in €. {fi}72; ~ (gl o, €
there exists an orthonormal basis {ex}32; s.t. {fi}32,, (g} € [exl].

In order to show another difference between biframes and pair frames, in what follows
we study a similar problem, and we observe that the results obtained for biframes do not
apply to pair frames.

Definition 6.7 Consider the set £ of sequences in H as follows:
E =i | ({ed 21 (idf2y) is a pair frame for some orthonormal basis {e;}2, }.
For an orthonormal basis {e}?2;, the subset [{ex}] of & is considered as follows:

[{ek}]/ = {{fk},‘ii1 | ({ek},‘(’il, {fk},fil) is a pair frame for 7—[}.
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Proposition 6.8 The set £ is the set of all Riesz bases.

Proof Let {fi}32, € £'. Then there exists an orthonormal basis {e;}72, such that ({ex}?2},
{fi}22,) is a pair frame for H, that is, the pair frame operator S is a well-defined and invert-
ible operator. Forj e N,

[e.¢]

Se;j = Z(ej,ek)fk =f.

k=1

Therefore fi = Sex for all k € N. So, {fi}22; is a Riesz basis for H.
Conversely, suppose that the sequence {f;}2; is a Riesz basis for #. Then there exists
an invertible operator V' € B(#) such that f; = Ve, for all k e N. For f € H,

Vi =) (fre) Ve =Y _(f e

k=1 k=1

This implies that ({ex}2;, {fk}5e;) is a pair frame for H with the pair frame opera-
tor V. O

The next example shows that, unlike the subsets [{e;}] of £, the subsets [{e;}] of £ are
not distinct. Hence the collection of them cannot be a partition for the set £’ = R.

Example 6.9 Consider the following orthonormal basis for R*:
{e)?; = {(1,0),(0,1)} and ({83, =](0,1),(1,0)}.

It is easy to check that the sequence {fk}i=1 ={(0,1),(1,1)} belongs to [{ex}]’ and [{6«}]’
because, for every k € N,

e o g

In what follows, we examine the biframe property according to whether the constituent
sequences are b-Riesz bases or are not. In this regard, the following questions arise:
(Qa) Isit necessarily true that any two b-Riesz bases form a biframe?

(Qs) Is there a biframe for which none of the constituent sequences are b- Riesz bases?
(Qe) Is there a biframe for which just one of constituent sequences is a b- Riesz basis?
The next example shows that the answer to question (Qy) is negative. In Proposition 6.11,
we propose a necessary condition for such sequences to form a biframe. Also, we have a
positive answer to questions (Qs) and (Qg) that are illustrated in Example 6.12 and Exam-

ple 6.13.

Example 6.10 We consider the orthonormal {ek}i=1 ={(1,0),(0,1)} for R? and two se-

quences {fi}?_, and {g}7_, as follows:

{fk}]2<=1 = {(31 1)’ (11 1)}¢ {gk}lz(zl = {(2’ _l)r (_L 1)}
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Simple calculations show that ({ec}?_, {fc}2_;) is a biframe for R? with bounds  and 4,
and ({ex}2_;, {g}1_,) is a biframe for R* with bounds ; and 3. For (x,y) € R?,

{6 9), B DN(2,-1), (6, 9) + (0 9), (L D)(=1,1), (x,9)) = 52 = xy.

Now, set (x,7) = (1,5), hence 5x% — xy = 0, and this implies that the above summation does
not satisfy an upper and lower biframe bounds condition, and so ({fi}7_,, {g}7_,) is not a
biframe for R2.

Proposition 6.11 Let {e;}2, be an orthonormal basis for H, and suppose that {fi}32, =
{Uex}2, and {gi}32, = {(Ver)32, are in [{ex}]. If the operator VU is positive, then ({fi}72;,
{g)%2,) is a biframe for H.

Proof Since {f;}32, and {gi}2, are in [{et}], by Theorem 6.5, U and V are in B}, (H). For
feH,

VUf = VLI(Z(f,ek>ek) Z(f Uey) Vey = Z(ffk 8k =S
k=1 k=1 =

If the operator VU is positive, then S € B}, (H), and so ({fi}zo;, {gk}72,) is a biframe
for H. O

Example 6.12 Let {e;}2, be an orthonormal basis for H. We consider the sequences
fi)22; and {gx}32, defined by

{fk}lc;il = {kek}koily

[e¢]

1
{gk}]c:il = {%ek}] .
k=1

The pair ({fi}72;, {gx)2,) is a Parseval biframe. Since for f € H,

Z(f:fkﬂgk;f) =) {f kex) < ek,f>
1 Py

=Z|<fek| = IfI1°.

Of course, {fi}z2; and {gi}72; are not in [{e;}] because the left summation in the equations

Z(f}@()(ﬁof)zz ¢ek kek; Zk“fek
k=1 k=1

and

Z(f’ek><gk: Z(f €k< €k, >_Z “fek |
k=1

has no upper bound and lower bound, respectively.
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Example 6.13 We consider the orthonormal basis {ex}?2; = {(1,0),(0,1)} for R? and the
sequences {f}72; and {gx}?2, as follows:

i = {31, (-1,2)},

o [(02) ()]

We have seen in Example 6.6, part (ii) that {fk}i=1 € [{ex}]. The following calculations show
that {gc}7_, ¢ [{ex}]. For (x,y) € R?,

1 13 4 13
((x’y): (1)0)><<0’ g): (xry)> + <(x’y)’ (0: 1))<<_1: ?), (x7y)> = —gxy + ?yz'

Now, we set (x,y) = (1, %), which gives the result —%xy+ %yz =0, so ({ek}izl, {fk}izl) is not
a biframe for R?. Also, the following calculations show that ({fi}?_;, {g}7_,) is a biframe
for R? with bounds ¢ and 7:

(59), (3,—1>>< (o, %) <x,y>> @), (—1,2>)< (—1, %) (x, y)> 5y,

and so

1
g(xz +y2) <x*+ 5y2 —dxy < 7(x2 +y2).
In the next theorem, we characterize those biframes for which one of the constituent

sequences is a b-Riesz basis for H.

Theorem 6.14 Let {fi}32, be a b-Riesz basis for H and {gi}32, be a sequence in H. Then
the following statements are equivalent:
@) Wfadeoislgtiey) is a biframe for H.
(ii) There exist U,Q € By, (H) such that f; = Uey and gx = QU 'ex for all k € N, where
{ex}i2, is an orthonormal basis for H.

Proof For the proof of (i) = (ii), let ({fx}22;, {gk}72;) be a biframe with biframe operator
Sk € B}, (H). {fc}x-1 is a b-Riesz basis, and by Theorem 6.5, there exist an orthonormal
basis {ex}22, for H and an operator U € B}, (H) such that f; = Uey forall k € H. For f € H,
we obtain

oo

Seaf = Y _(f.fidgi= Y (f, Uegi=Y (Uf,egs
i1

i=1 i=1

and so for k e N,
SpaU ™ ex =) (UU e, ei)gi =Y (ex €1)gi = g
i=1 i=1

This implies the desired result. Now, suppose that (ii) holds. For f € H,

Y (ffdge= Y i Ue) QU ex = QU™ Y (Uf, ex)ex = QUUSf = Qf.
k=1 k=1 k=1

Page 22 of 24
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This equality implies that Sr,c = Q € B}, (H), and ({fx}22;,{gk}72;) is a biframe by Theo-
rem 4.6. O

Corollary 6.15 Let {fi}72, be a b-Riesz basis for H and {gi}32, be a sequence in H. Then
the following statements are equivalent:
(1) ({fide2ys lgr)vey) is a Parseval biframe for H.
(ii) There exists U € B}, (H) such that fi = Uey and g = U e for all k € N, where
{ex}3, is an orthonormal basis for H.

The end corollary illustrates that, corresponding to every b-Riesz basis, there exist b-
Riesz bases for H.

Corollary 6.16 Let {fi )32, be a b-Riesz basis for H. Then the canonical dual of {fi}32,, and
also every biorthogonal frame to {fi}32,, are b-Riesz bases for H.

Proof Since {fi}32, is a Riesz basis, it only has one dual frame, the canonical dual frame.
Now, according to the proof of Lemma 4.11, every dual of {f;}?2,, and also every biorthog-
onal frame to {f;}?2;, form a Parseval biframe with {f;}72,. Hence, by Corollary 6.15, they
are b-Riesz bases for H. O
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