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(Communicated by N. Elezovic)

Abstract. In this paper, we present a new approach to the proofs of several two-sided inequalities
for frames in Hilbert spaces obtained recently by Xiang et al. from the point of view of function
theory, which greatly simplifies the proving process. We also provide an improvement to two
results of them on this topic. Finally, we establish a new two-sided inequality for frames in
Hilbert spaces.

1. Introduction

Let J be an index set and .4 be a Hilbert space. A family ® = {¢;} jcj in A" is
said to be a frame for 4", if there are 0 < Cp < D¢ < oo such that

Collx[> < Y [(x,0;)* < Do|x||>, Vxe. ¥ (1)
jel

In 1950s, Duffin and Schaeffer [6] offered us a useful tool, namely frames, to pro-
cess some profound problems deriving in nonharmonic Fourier series. Daubechies et al.
in 1980s brought frames back to people’s vision, thanks to their groundbreaking work
on wavelets [5]. Owing to their key properties, such as redundancy and the flexibility
offered by non-unique decompositions, frames have already been applied to many re-
search fields (see [2, 4, 11, 13] for example). We refer also to [3] for more details about
frame theory.

Given a frame ® = {¢ j} jey for A, we can define a linear bounded operator Uy,
called the analysis operator of @, in the following way

U¢:</V—>£2(J), Uspx = {(x,0;)}jey- )

Further, the so-called frame operator Sp of @, a self-adjoint and invertible operator,
can be obtained if we take a compositional operation on Ug, and Uy :

So: N =N, Sox=UsUpx=Y (x,0;)0;, )
jel
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which thereby leads to the famous reconstruction formula:

x=Y(Sp'x, 0,0, = Y (x,0,)S5'¢;, VxeN. 4)
Jjel jel
For any o C J, there are also two self-adjoint operators related to o, 0¢ (where 0¢ =
J\o denotes the complement of ¢) and @, given below

5.8 N = N, Sgx= Y (x.0,)0;, Sgx= Y (x.0,)0;. (%)

jeo jeoc

It is clear that Sg + Sgc =So.
Let ® = {¢;} ey and ¥ = {y;} jc; be frames for .4". One calls ¥ an alternate
dual frame of ® (and vice versa), if for each x € .4 we have

= Z<xv Vi) = 2<X,¢j>lllj7 Vxe N, (6)

jel jel

Let ® = {¢;} jey be aframe for .4 and ¥ = {y/} jc be an alternate dual frame of
®. Then associated with any o C J and the pair (®,'¥), there are two linear bounded
operators WO, W% : 4 — ¥ defined by

Wox =Y (x,w)d;, Wox= Y (x,y;)d;, Vxe.r. 7

jeo jeo*

When further exploring the well-known identity induced by Parseval frames, Balan
et al. [1] showed us an interesting inequality for this type of frames, which was later
extended to general frames [8]. In recent years, many scholars devoted themselves to
the study of inequalities for frames and generalized frames and particularly, Poria in
[12] offered us a novel class of one-sided inequalities for Hilbert-Schmidt frames with
a parameter involved. By extracting the idea of Poria, Li and Leng in [9] and Xiang
in [14] presented some two-sided inequalities associated with a parameter for fusion
frames. Though two-sided inequalities for some other frame versions do subsequently
emerge (see [7, 10, 16] for example), they are of the same form as those in [9]. Given
this, the authors in [15] devoted their efforts to investigating inequalities with new forms
for frames, and several two-sided inequalities admitting novel structures compared to
existing ones for frames and generalized frames were established.

The following results were stated in [15] respectively as Theorems 2.2, 2.5, 2.6,
2.7 and 2.8.

THEOREM 1. Supposethat ® ={¢;}jcy is aframe for A . Then forevery A > 1,
forany x € N and any ¢ C J, we get

P InoP =2 3 (0P < 310555500 4 3 1455155 x,07)
“ = il et
<A =224 Y |(x,0,) (®)
Jjeo

+(AP=322422-1) Y | 90)

jeo¢
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THEOREM 2. Suppose that ® = {¢;} jey is aframe for N . Then for each A > %,
forany x € A and any ¢ C J, we have

A =1) Y [(S5'Sg %, 05 P+ (1=2%) X |(x,0;)
JjEJ jel
< 2 ‘<X,¢j>‘2+(1+2)h) 2 |<x7¢j>|2 9)
Jjeo jeoc

<Y 1{Se' 8§ X, 00 + (1+27) X |x, 07

JjEJ jel

THEOREM 3. Suppose that ® ={¢;} jcy is a frame for A" . Then for each A € R,
forany x € A and any o C J, we obtain

(1424) 3 [(n, 0 = (14+4%) X [(x,95)

jeo¢ jel
<Y (S5 83 X, 0,07 = Y [(x,0)) (10)
jel Jjeo
3- ZAZ‘X‘PJF Z‘X‘PJ
jeo¢ jel

THEOREM 4. Suppose that ® ={§;} jcy is a frame for A and that ¥ = {y;} jeJ
is an alternate dual frame of ®. Then for every A € (0,1], for any x € A and any
o CJ, we have

2

(A =22)|| X (x, w)ej|| —ARe Y, (x,y;)(9),x)
JEl Jjeoe©
2
<Y (xwi)oi|| —ARe Y, (x, w;) (¢,x)
jeo jeo
< AW =W |2 = 1) +4(1—4) WO I*E

4

THEOREM 5. Suppose that ® = {§;} jcy is a frame for A and that ¥ = {y;} je3

is an alternate dual frame of ®. Then for every A € |0, %}, for any x € N and any
o C J, we have

2 2

A=A X o wi)ds|| <||Y (o wi)ds|| +2ARe Y, (x,w5) (¢).x)
jel j€o j€o¢
3A42(1=2L)|WO|>+A||We —W°|]2

2

We observe that the proofs of Theorems 1-3 depend entirely on a result (namely,
Lemma 2.1 in [15]) on linear bounded operators and the relationship of the operators
related to the frames, making the process lengthy. In this paper, we present a new
approach to the proofs of Theorems 1-3 from the perspective of function theory. Our
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new proofs are more direct and avoid the technical operator-theoretic lemma in [15],
thereby providing a clearer and more unified methodology. As for Theorems 4 and 5,
we found that there are two areas that need improvement. First, the two inequalities on
the left hold for any parameter belonging to the set of real numbers, meaning that the
involved intervals [0,1] and [0, 1] are redundant conditions for them. So the left-hand
terms in Theorems 4 and 5 should be replaced by new ones in order that the left-hand
inequalities can be truly determined by the intervals where the parameter is taken from.
Second, the intervals [0, 1] and [0, 5] respectively in Theorems 4 and 5 can be extended
to larger ones. In later section we provide new expressions for those two theorems so
that the above-mentioned two defects can be repaired. Moreover, a new two-sided
inequality for frames in Hilbert spaces is established at the end of the paper.

2. New proofs, improved results and a new two-sided inequality

2.1. New proofs of Theorems 1, 2 and 3
2.1.1. Proof of Theorem 1

Let us denote Q = UgpSg'Ug. Then, Q is the orthogonal projection from ¢2(J)
onto Range(Ug). For any ¢ C J, we denote by P, the orthogonal projection on ¢2(J)
given by

A — [ zi=y; ifieo,
Po'({yl}le,]]) = {ZI}IGJ; where {Zi -0 i icoc.

Since S§ = Uy PsUg and S9° = U(I)PLU(I) the inequalities stated in (8) can be rewritten

as
1PoUpx||* — || P5 Upx]|®

< [|QPsUpx|* — A||QPy Usx|* an
< (AP = A2+ 1)||PoUsx|® + (A% =342 4214 — 1) || PLUox|?
for each x € .4". Denote by y = Upx and normalize it to ||y|| = 1. Then Qy =y. Since
1Poy[|* = |QPoy||* = |0 Poyl|* = @ Payl* = [ Pyyl* = [QPsI*,  (12)
it follows that
1PsUax||> = | QPsUax||* = [|Poyl|* = |QPsy > < A (| P5¥II* — |QPsyII*)
= A(||P5 Usx||* - || QP> Usx|*)
for each A > 1, equivalently,
|PsUsx||* = A || Py Uax||* < || QPsUpx||* — A || QP5 Upx|.

For the inequality on the right in (11), we know, by combining (11) with (12), that
it is equivalent to

(1= )|QP5yII* < (L = 2)[2A ]| Peyl® = A%). (13)
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To show (13), it is equivalent to prove that, for A > 1, the quadratic function f(1) =
A2 —21||PLy||> +[|QPLy||? = 0. Since the minimizer for f(A) is in Ao = ||PLy]|?,
and [Py y||* = (QP5y,y) < [|QP5 || we arrive at
FA) = f(20) = (1QPsy]| = 1Py (|QPs Il + |[Po ylI) = 0,
as desired. [J
With the help of the notations introduced in the proof of Theorem 1, we also offer
completely new proofs for Theorems 2 and 3.

2.1.2. Proof of Theorem 2

Letting y = Ugpx and normalize it to ||y]| = 1 for each x € .4#". Then we can
rewrite the inequalities in (9) as

(424 = DI|QPy|1* + (1= 2%) < [[Poy|® + (1+22) | Poyl® (14)
<lIQPsyIP+(1+2%)

for every A > % It is easy to see that the inequality on the left is equivalent to prove
that, for A >

1
27
8(A) =A%+ 24 (||Pyy|* — 2| QP [I*) + | QP5y|I* > 0,
which, actually, follows from the fact that
g(A) = A% =24 || Pyy|* + lQP5 vl
= (A = IP5yI1*)* + (1P ¥ — 1Py,

and that |PLy||> < ||QP~y|| as demonstrated in the proof of Theorem 1.
As for the right-hand inequality in (14), it is equivalent to show that

0 <h(A) = (1+2%) + | QP yII* = [[Poy|® — (1+22) | Pyl
=A% = 24| Pyl + (1= |Poyl|* — | Po y]I*) + 1 QP52
=A% = 24Pyl +1QP5 ¥,

which is the case as shown in the proof of Theorem 1, and we are done. [

2.1.3. Proof of Theorem 3

For any x € .4, taking y = Ugpx and normalize it to ||y|| = 1, then the inequalities
in (10) can be rewritten as

(1+2)[[Poy])* = (1+4%) < | QP y|* — || Poy|®

15
(3= 2)|[Pyyl* + (A% = 1). )

NN
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The left-hand inequality in (15) follows from the following calculation
(L+2%) + QP y|I* — [|1Poyl* — (1 +24) || P51
= A2 +[|QPsy|I* + | Peyl? = (1+24) [Py y®
=A% = 2A[|P5y|* + [|QPs y|I?
= (A= |IPsyIP*)* +|QPs yII* — || Poyll* = 0

forany A € R.
For the inequality on the right in (15), it is equivalent to show that

h(A) = (3=2A)[|P5y|1* + (2> = 1) +[|Poy|> = [| QP> y|> > 0,
which is indeed true, since
h(A) = A+ (3=2A)[|Pyy|* — |Psyl|* — | QP ¥l
=22+ 2(1=2)[|Pyy)* = |QPsyI?
= (A =IPsylI*)* + 1Py yI> = IIPsylI*) + 1Pyl = 1QP5yI1%). O

2.2. Two improved results and a new two-sided inequality
The next two results provide an improvement to Theorems 4 and 5 respectively.
THEOREM 6. Suppose that ® ={¢§;} jcy is a frame for A and that ¥ = {y;} jeJ

is an alternate dual frame of ®. Then for every A € [0,2], for any x € A and any
o C J, we have

2
(I=A= =)W DI < | X wi)dj|| —ARe Y (x, w;)(¢),x)
jeo jeo
2-M|WO2+A (W2 =1
g( ) IIJ; ([we | )”tz_

Proof. Since W +W?° =1d_y, the identity operator on .4, we have, for each
A €10,2], forany x € 4" and any o C J, that

2

—ARe Y (x,v;)(9;,%)

jeo

2 <x7 Wj>¢j

Jjeo

= |[WOx|? — ARe(WOx,x)

L [l — W2 — [|W x| — |lx]?
2

_ 2WO|? + AW x| — A [WOx|* — A x>

B 2

=AW AW 1)

h 2

= [wx|?

2
][
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On the other hand, we obtain
2

—ARe Y (x,v;)(9;,x)

jeo
= |[WOx|? — ARe(WOx,x)
= [|x[*+ W x]|* = 2Re(W " x,x) — A (|}x]|* — Re(W x,x))
= (L=2)|IxP+ W x[* = (2= 2)Re(W x,x)
> (1= Al = 2= )W
= (1=2— =)W Dx|?
foreach A € [0,2], forany x € .4" and any o C J, and the proof is finished. [

2 <x7 Wj>¢j

JjeEo

THEOREM 7. Suppose that ® ={¢;} jcy is a frame for A and that ¥ = {y;} jeJ
is an alternate dual frame of ®. Then for every A € (0,1], for any x € A and any
o CJ, we have

2
+2ARe E X, Wi (P, x
jec¢'< ,>< ’ > (16)

S (L= WP+ AL+ WO 12)) 1l

(L=2(1 =)W Dlel* < || X (e i)y

Jjeo

Proof. For each A € [0,1], for any x € 4" and any o C J, we can obtain the
left-hand inequality in (16) by the following computation

2
+2ARe Z (X, W) (0j,x)

jeo¢

= HWGtz + 2/1Re<WGCx,x>

= |lx|?+ [WO x||> — 2Re(W " x, x) + 2ARe(W % x, x)
= ||x[|>+ W x||*> = 2(1 — A)Re(W " x,x)

> [|x]1* = 2(1 = A) W || x[|?

= (1=2(1=2) W) <[>

For the inequality on the right hand side, we compute that

2 <x7 w/>¢]

jeo

2
+2ARe Y (x,v;)(9;,x)

jeoc

= HWGtz —|—2/1Re<WGCx,x>

= ||WOx||> + 24 ||x||* — 2ARe(W°x,x)

= [[WOx[|* + 22 [lx[|* = A (Jlx]|* + [[Wx[|* — [}x — W)
= (1= A)[[WOx|* + A[lx]* + AW x||?

S (L= WO+ A1+ W) [«

2 <xv ‘I/j>¢j

Jjeo
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foreach A €[0,1], forany x € .4 and any o C J, and we arrive at the conclusion. [

We conclude the paper with a new two-sided inequality for frames.

THEOREM 8. Suppose that ® ={¢;} jcy is a frame for A" . Then for each A € R,
forany x € A and any o C J, we get

Z‘X(PJ 22"‘%

jeo¢ jeo
<Y |(Sp'SG x,0,)[ —23 [(Sg'Sqx, 0) (17)
jel jel
S(+AY) Y [ )P+ @A2 =22 -1) Y |(x,9,)
jeo¢ jeo

Proof. For each x € A4, we let y = Upx and normalize it to ||y|| = 1. By means
of the above-mentioned notations, we can rewrite the inequalities in (17) as follows:

P41 = 2] Payi < QP I — 2/ QPoy? )
< (L+23) PP+ (32 =22 = 1) [Py

Noting that Qy =y and that (QP5y, Qy) = || P5y||?>, we obtain

|QPy|* = (Q(y — Psy),Q(y — Ps))
= (0y,Qy) + (QPsy, OP5y) — (QPsy, Qy) — (Qy, OPsy)
= |IYI>+ 1QPs 1> = 2| PoyI*.
Hence
1QPy|I* — 21| QPsy|I* = | Poyll* + | Pay|I> + | QPoy|I* — 2I|Psyll* — 2[| QP5yl?
= ||PyylI* — |QPsy|I* — I|Psy|?

= [|P5yII* = 211Poy|I> + (| Poyll* — | QPoylI)
> [|Poyl* = 2| Poyll.

This proves the inequality on the left of (18).
We define the function s : R — R by

s(A) = (1+ A7) Pey|* + (A% =24 = 1) | Poyl|* — | QP5 y|* + 2| QPsy |, VA €R.
Since [|Poy||* < [|QPsy| and [|QP5yI|* = [|P5y]|* +1|QPsy|1* — | Py | it follows that
s(4) =A%+ [1Poy|* = 2A[|Poyl|* — || Poyl?

+2[|QPoyII* ~ [|P5y]1* | QPoyII* + || Po|®
=A% = 2A[|Poy|* + | QPoy|?

= (A= 1Poy|I*)* + (1QPoy|* | Poyll*) = O

meaning that the right-hand inequality in (18) holds, and we have the result. []
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3. Conclusion

In this paper, we have introduced a novel function-theoretic approach to reprove

several two-sided inequalities for frames in Hilbert spaces, which significantly simpli-
fies the original proofs. We have also improved two existing theorems by extending the
parameter ranges and refining the inequalities to eliminate redundancies. Furthermore,
a new two-sided inequality for frames has been established. These contributions en-
hance the theoretical framework of frame inequalities and suggest potential for further
generalizations in related settings.
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