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Abstract A family of local atoms in a Banach space has been introduced and it has been
generalized to an atomic system for operators in Banach spaces, which has been further
led to introduce new frames for operators by Dastourian and Janfada, by making use of
semi-inner products. Unlike the traditional way of considering sequences in the dual space,
sequences in the original space are considered to study them. Appropriate changes have
been made in the definitions of atomic systems and frames for operators to fit them for
sequences in the dual space without using semi-inner products so that the new notion for
Banach spaces can be thought of as a generalization of Banach frames. With some crucial
assumptions, we show that frames for operators in Banach spaces share nice properties of
frames for operators in Hilbert spaces.
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1 Introduction

Frames are a tool for the construction of series expansions in Hilbert spaces. Frames provide
stable expansions, quite in contrast to orthogonal expansions — they may be overcomplete
and the coefficients in the frame expansion therefore need not be unique. The redundancy
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and flexibility offered by frames has spurred their applications in a variety of areas through-
out mathematics and engineering, such as operator theory [11], harmonic analysis [9],
pseudo-differential operators [10], quantum computing [5], signal and image processing [4],
and wireless communication [13].

Theoretical research of frames for Banach spaces is quite different from that for Hilbert
spaces. Due to the lack of an inner product, the properties of Hilbert frames usually do
not transfer automatically to Banach spaces. Grochenig [8] generalized Banach frames with
respect to certain sequence spaces. The main feature of frames that Grochenig was trying to
capture in a general Banach space was the unique association of a vector in a Hilbert space
with the natural set of frame coefficients. After the work of Grochenig, frames in Banach
spaces have become topic of investigation for many mathematicians.

A sequence space X, is called a BK-space if it is a Banach space and the coordinate
functionals are continuous on X ;. If the canonical unit vectors form a Schauder basis for X,
then X, is called a CB-space and its canonical basis is denoted by {e,}. If X is reflexive
and a CB-space, then X is called an RCB-space. Also, the dual of X is denoted by X7.
When X7 is a CB-space, then its canonical basis is denoted by {e}:}.

We denote by B(X) the space of all bounded linear operators on a Banach space X.
For T € B(X), we denote D(T), R(T), and N(T) for domain, range and nullspace of
T, respectively. The set of all natural numbers is denoted by N. For simplicity, a sequence
{fn : n € N} indexed by N will be abbreviated as { f,,} throughout the paper.

The results in this paper are organized as follows. In Section 2, we recall basic defini-
tions, known results on K-frames in Hilbert spaces and X,-frames in Banach spaces. Two
new notions, “atomic systems” and “frames for operators” are defined in Section 3, with-
out using semi-inner products. Operators preserving them and generating new such frames
using old ones have been discussed. In the end, it is shown that the frames for operators in
Banach spaces share few nice properties of frames for operators in Hilbert spaces, under
some crucial assumptions. Throughout the paper, all spaces are nontrivial; operators are
non-zero, and X is a reflexive separable Banach space.

2 Notations and Preliminaries

Gadvruta [7] introduced two notions, “atomic systems” and “K-frames” in a separable
Hilbert space H, as a generalization of families of local atoms [6], where K € B(H).

Definition 1 [7] A sequence { f,} in H is called an atomic system for K, if the following
conditions are satisfied :

1. the series Z cn fn converges for all ¢ = {c,} € £ ;

n
2. there exists C > 0 such that for every f € H there exists ay = {a,} € £, such that
laglle, < Clflland Kf =3, an fu-

The condition 1 in Definition 1 says that { f,,} is a Bessel sequence.

Definition 2 [7] Let K € B(H). A sequence {f,} in H is called a K-frame for H if there
exist two constants 0 < A < u < oo such that

ME*FIP < D TUF S P < el fI? forall £ e H.
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The constants A and p are called the lower and upper bounds respectively, for the K-
frame { f,,}. If the above inequalities hold only for f € span{f,}, then {f,} is said to be a
K -frame sequence.

If K is equal to I, the identity operator on H, then K-frames and K-frame sequences
are just ordinary frames and frame sequences, respectively. It is proved that these two con-
cepts are equivalent [7]. Because of the higher generality of K-frames, many properties for
ordinary frames may not hold for K -frames, such as the corresponding synthesis operator
for K -frames is not surjective, the frame operator for K -frames is not isomorphic, the alter-
nate dual reconstruction pair for K -frames is not interchangeable in general. Also, the frame
operator S for a K-frame is semidefinite, so there is also SY2 but not positive. In general,
it is not invertible. For more details on K -frames, see [7, 12, 14, 15, 17].

The concept of a family of local atoms in a Banach space X with respect to a BK-space
X4 was introduced by Dastourian and Janfada [3] using a semi-inner product. This concept
was generalized to an atomic system for an operator K € B(X) called X’j-atomic system
and it has been led to the definition of a new frame with respect to the operator K, called
X’j-K -frame. Unlike the traditional way of considering sequences in the dual space X*,
sequences in the original space X are considered in [3] to study a family of X7j-local atoms
and X’j-atomic systems by making use of semi-inner products.

Appropriate changes have been made in the definitions of Xj-atomic systems and Xj-
K-frames to fit them for sequences in the dual space without using semi-inner products,
called X 4-atomic systems and X 4-K -frames, respectively. Thus, the notion of X 4-K -frames
for Banach spaces can be thought of a generalization of X;-frames. We start with the def-
inition of an X ;-frame defined by Casazza, Christensen, and Stoeva [2] which is a natural
generalization of Hilbert frames to Banach frames.

Definition 3 Let X be a Banach space and let X; be a BK-space. A sequence {g,} of
elements in X*, which satisfies

1. {ga(f)} € Xq forall f € X,
2. There are constants 0 < A < < oo such that for each f € X

Mfllx < H{gn(HMxa = wll flix ey

is called an X -frame for X. The constants A and p are called lower and upper bounds
respectively for {g,}. When {g,} satisfies the condition 1 and the upper inequality in (1) for
all f € X, {gn} is called an X 4-Bessel sequence for X.

Note that the definition of X;-frame is a part of the definition of a Banach frame intro-
duced by Grochenig [8]. If X is a Hilbert space and X; = £;, the X;-frame inequalities in
(1) mean that {g,} is a frame, and in this case it is well-known that there exists a sequence
{fn} in X such that for each f € X,

F=)(f f)gn=Y _(f gn) fa-

n n

Similar reconstruction formulas are not always available in the Banach space setting.

Lemma 1 [2] Let X; be a BK-space for which the canonical unit vectors {e,} form a
Schauder basis. Then the space Yq = {F(e,) : F € X}j} with the norm |{F(ex)}ly, =
[Pl X5 is a BK-space isometrically isomorphic to X};. Also, every continuous linear
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functional F on Xq has the form F(c) = ), cpdy, where {d,} = F(e,), is uniquely
determined by d, = F(en), and || F | x5 = |[{dn}lly,-

Lemma 2 [2] Let Xy be a BK-space and let X; be a CB-space. If {g,} € X™* is an Xg-
Bessel sequence for X with bound p, then the operator L : {d,} — Y, dugy is well-defined
(hence bounded) from X; into X* and |L|| < . If X4 is reflexive, the converse is also
true.

Let X4 be a BK-space and let {g,} be a sequence in X*. If {g,} satisfies only the upper
inequality in (1), the analysis operator U from X to X; mapped by f +— {g,(f)}, is well-
defined and linear, having domain D(U) = {f € X : {g,(f)} € Xg4}. The domain D(U)
is a subspace (not necessarily closed) of X. If {g,} is an X4-Bessel sequence for X, then
D(U) = X and U is bounded with the norm ||U|| < pu.

If only the lower inequality in (1) is satisfied by {g,}, then U is bounded below on D(U).
Thus if {g, } satisfies the X 4-frame inequalities in (1), we get that U is bounded and bounded
below on D(U). Hence R(U) is closed in X4 and the inverse U~ : R(U) — D(U) is also
bounded with the norm [U~!|| < 1. We can conclude that given an X,-frame {g,} S X*
for X, the analysis operator U : X — X, defined by Uf = {g,(f)} is an isomorphism of
X onto R(U).

Given a sequence {g,} in X*, we now consider a function L : X} — X*, called the
synthesis operator, mapped as {d,} — Y, dngn is well-defined and linear on the domain
D(L) = {{dn} € X3 : Y, dngn converges in X*} . If {g,} € X* is an X4-Bessel sequence
in X with bound A and if X} is a CB-space, then L is bounded from X} to X* and || L|| < u,
by Lemma 2. If X, is a CB-space, then U* = L. If X, is reflexive and {g,} is an X,-frame
for X, then U = L* because X is isomorphic to a closed subspace of X, and every closed
subspace of a reflexive space is reflexive. Hence X is also reflexive. The section ends with
a result connecting majorization, factorization and range inclusion for operators on Banach
spaces.

Theorem 1 [1] Let X, Y, Z be Banach spaces and let A € B(X,Y), B € B(Z,Y). Then
the following statements hold:

1. If A = BT forsome T € B(X, Z), then B* majorizes A*. The converse is true when
N(B) is complemented in Z, and Z is reflexive. Note that B* majorizes A* if there
exists C > 0 such that for each f € Y, |A* fllx < C|B*f|z.

2. If R(A) € R(B), then B* majorizes A*. The converse is true when Z is reflexive.

3 Atomic System for Banach Spaces

Definition 4 Let X be a Banach space and let X; be a BK-space. Let K € B(X*) and
{gn} € X*. We say that {g, } is an X g-atomic system for X with respect to K if the following
statements hold:

1. Zdng,, converges in X* for all d = {d,} in Xj and there exists 4 > 0 such that

n
H Z dngn
n
2. there exists C > 0 such that for every g € X* there exists a, = {a,} € X4 such that
laglix, < Cliglix~and Kg =3, angn.

B .
. = nldlix:
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When X is reflexive, the condition 1 in Definition 4 actually says that {g,} is an Xg4-
Bessel sequence for X with bound u, by Lemma 2. We find a necessary condition for a
sequence {g,} € X™* to be an X -atomic system for X with respect to a given operator K if
the associated sequence space satisfies the following crucial property : For each { f,,}, {h,} €

Xa,
|3 fula| = WA - @)

n
For instance, let { f,,}, {h,} € £, and p € (1, 2]. Then the conjugate of p, g lies in [2, 00).
Hence by Holder’s inequality, the sequence space £, for 1 < p < 2 satisfies the inequality

2).

Theorem 2 Let X; be a BK-space. Let {g,} be a sequence in X* and K € B(X*). If {g,}
is an X 4-atomic system for X with respect to K and the sequence space X4 satisfies the
inequality (2), then there exists a constant ). > O such that

IK* flix < A{gn(YIx, foreach f € X.
Proof Suppose {g,} is an X -atomic system for X with respect to K. Then there is some

C > Osuch that for every g € X* there exists a, = {a,} € X suchthat ||a,|lx, < C |Igllx*
and Kg = ), angs. Hence for each f € X,

IK*fllx = sup  [g(K* f)]

geX*, lgl=1

= sup [(Kg)()I
geX*, llgll=1

= sup ‘Zangn(f)’
geX*, llgl=1"",

< sup HanHlx, [1{gn(F}Hx,
geX*, llgll=1

= sup llagllx, 1{gn (S)Hix,
geX™, lgl=1

<C sup lgllx+ {gn (I x, [using llagllx, < C llgllx+].

geX*, ligl=1
Thus for some C > 0, |[K* fllx < C [[{gn(f)}x, foreach f € X. O

Definition 5 Let X be a Banach space and let X; be a BK-space. Let K € B(X*) and
{gn} € X*. We say that {g,} is an X 4-K-frame for X if the following statements hold:

1. {g.(f)} € X4 foreach f € X;
2. there exist two constants 0 < A < p < oo such that

MK flix < I{gn(/)}Hx, < pllflx foreach f € X.

The elements A and u are called the lower and upper X ;- K -frame bounds.

We say that an X4-frame for X is an X4-7-frame for X, where [ is the identity operator
on X*. The set of all X, -frames for X can be considered as a subset of X;-K-frames for
X. Thus X4-K-frame is a generalization of X ;-frame for a Banach space X. We present an
example for an X ;- K -frame which is not an X ;-frame for X.

Example 1 Let X be the space of all triplets (a1, a2, ®3) with complex scalars and hav-
ing 3/2-norm, denoted by £3,2(3). Let {g,} € X* = £3(3) be such that forn = 1,2, 3,

con
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gn(em) = &um, where e,,’s are vectors in X, having 1 in mth place and O elsewhere, and
gn = 0 forall n > 4. Define K : X* — X* as follows:

Kgl = 0, Kg2 = g3, and Kg3 = 2.
For any f € X, we have f = 22:1 aye, and

2/3
IK* fllx = llezes +azeallsa = (lea’? + la32)* = Hga (M ller -

Then {g,},2, isan X4-K frame for X. Butitis not an X s-frame because there is no constant

A such that for any scalar o1,

2/3 2/3
Mlx = (lea P + oo + 1as ) < (jaal? + |32

= ||{gn(f)};.zo=2||€3/2'

We can generate new X4-K -frames for X from each X;-frame for X and each operator
K € B(X*), by the following proposition.

Proposition 1 If{g,} is an X 4-frame for X and K € B(X™), then {K g,} is an X 4-K -frame
for X.

Proof Suppose {g,} is an X4-frame for X. Then {g,(f)} € X4, forall f € X and there are
constants 0 < A < p < oo such that for each f € X

Mfllx < Hgn (Mlxy = wll flix-

Let f € X be fixed. Since (Kg,)(f) = g, (K*f) and K*f € X, we have {(Kg,)(f)} €
Xa. Also, |[K* fllx < IIK|l || fllx gives that for each f € X,

ME*flix < H(Kgn) (MYIx, < wlKI I flx-
Thus {K g, } is an X4-K -frame for X. O

The following example illustrates that an X ;-Bessel sequence is an X ;- K -frame but it is
not the same for the other operator 7.

Example 2 Let X = £3,2(3). Let {g,} € X* = £3(3) be such thatforn = 1,2, 3, g, (ey,) =
8nm»and g, = O forall n > 4. Define K and T from X* to X* as follows: Kg; =0, Kg» =
g3, and Kg3 = g2, and Tg| = g1, Tg> = g3, and T'g3 = g>. Then {g,}72, is an X4-K
frame but it is not an X ;-7 -frame for X.

Theorem 3 Let {g,} be an X 4-K -frame for X. Let T € B(X*) be such that R(T) € R(K).
Then {g,} is an X 4-T -frame for X.

Proof Suppose {g,} is an X4-K-frame for X. Then there are constants 0 < A < pu < 00
such that for each f € X

ME* fllx < Hgn(HYHIx, < wllflix. 3)

Since R(T) € R(K), by Theorem 1, there exists C > 0 such that for each f € X,
IT* fllx < C|IK*f]|x. From the second inequality in (3), we have for each f € X

A
E”T*f”X < Hgn (N HIx, = pll flix-

Hence {g,} is an X;-T-frame for X. O
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Theorem 4 Let X4 be a reflexive space and let {g,} C X*. Let {e,} be the canonical unit
vectors for Xy and X;. Then {g,} is an X4-K-frame for X if and only if there exists a
bounded linear operator L : X:; — X* such that Le, = g, and R(K) € R(L).

Proof Since {g,} is an X;-K-frame for X, there exist constants 0 < A < p < oo such that
for each f € X,

ME*flix < Hgn(NHIx, <l fllx
Hence the operator U : X — X, definedby Uf = {g,(f)} is bounded and ||U| < pu.
The adjoint of U, U* : X — X* satisfies (U*e,)(f) = e, (Uf) = g.(f). Since Xy is an
RCB-space, U* = L, hence we get Le, = g,. Also we have

ME* flix < I{gn(HYHIx, = IL* fllx, for each f € X.

Thus by Theorem 1, R(K) € R(L).

On the other hand, suppose there exists a bounded linear operator L : X — X* such
that Le, = g, and R(K) € R(L). Then by Theorem 1, there exists A > 0 such that for
each f € X, AM|K* fllx < IIL* f|lx,. Thus for each f € X,

MK flix < {gn(H)Hxy = IL* flix, < NLI I fllx- “)
O

Corollary 1 Let X; be a reflexive space and let {g,} € X*. Let {e,} be the canonical unit
vectors for X4 and X;. Let N (L) be complemented in X7j. Then {g,} is an X4-K -frame for
X ifand only if L = KV for some V € B(X}, K*).

Zhang and Zhang [16] defined frames in Banach spaces via a compatiable semi-inner
product, which is a natural substitute for inner products on Hilbert spaces. As assumed
in the paper [16], we assume that X, is reflexive, the canonical unit vectors {e,} form a
Schauder basis for X; and X7%; the following crucial requirement is also imposed as in [16]:
If d = {d,} is a sequence of scalars satisfying ), ¢,d, converges for every ¢ = {¢,} € Xa,
thend € X:j, and if the above series converges for all d € X;, then c € X4.

1 1
For instance, if X, = £,,1 < p < oo, then Xj = {4, where — + — = 1, it satisfies all
14

q
of our requirements on X, and X ;. The above requirements about the spaces X and X are
assumed in the rest of the paper. We now prove the converse of Theorem 2 with the above
assumptions.

Theorem 5 Let X be a Banach space and let X4 be a BK-space. Let {g,} € X™ be an
X 4-Bessel sequence for X, and K € B(X*). If N(L) is complemented, and if there exists a
constant ). > 0 such that for each f € X

IK* flix < A{gn(H}HIxy

then {gn} is an X 4-atomic system for X with respect to K.

Proof Using the synthesis operator L, the given inequality in hypothesis can be written as
IK*fllx <AIL*flix, forall f e X.

By Theorem 1, K = LT for some T € B(X*, X}). Let g € X* be fixed. Then Tg € X.
Since X4 has the canonical unit vectors {e, } as a Schauder basis, the continuous linear func-
tional T'g on X has the form Tg(c) = ), cpdy, where {d,} € X, is uniquely determined
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d, = F(e,), and ||Tg||X; = |{dn}llx,. Since T is bounded, the sequence {d,} associated
for g € X* satisfies

Hdn}lx, = ITgllxs < 1T llglx=-
Also, we have
Kg=LTg=L{d}) =) dugn.
n

Thus {g,} is an X -atomic system for X with respect to K. O

Theorem 6 Ler K|, Ko € B(X*). Let {g,} be an X 4-atomic system for X with respect to
K1, K>, and let a, B be scalars. If N (L) is complemented, then {g,} is an X j-atomic system
fora K1 + BK>.

Proof Suppose {g,} is an X -atomic system for X with respect to K1, K, and «, 8 are any
scalars. Then there are constants 0 < A; < u; < oo (i = 1, 2) such that for each f € X

MUK fllx < {gn(HHIx, < pill fllx.
By simple calculations, we get

—1
(l%l + %) l@K) +BK* Fllx = IHgn (N x, = (

H1+ u2
EE2) 171

Therefore by Theorem 5, {g,} is an atomic system for « K| + S K>.
O

We now prove that the notions “atomic systems” and “frames for operators” are equiv-
alent under the crucial assumptions. The proof of the result given below follows from
Theorem 2 and Theorem 5.

Theorem 7 Let X4 be a sequence space satisfying the inequality (2) and let {g,} C X*
be an X 4-Bessel sequence for X. Let N(L) be complemented and K € B(X*). Then the
following statements are equivalent:

1. {gn} is an X -atomic system for X with respect to K.
2. {gn}isan X4-K-frame for X.

Corollary 2 [7] Let { f,,} be a sequence in a Hilbert space H and let K € B(H). Then the
following statements are equivalent:

1. {fu} is an atomic system for K.
2. {fa}is a K-frame for H.

Proof The proof follows from Theorem 7 because the assumptions are “redundant” if X is
considered to be a Hilbert space with the sequence space X4 = £, in Theorem 7. O
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