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ABSTRACT. We consider a more general class than the class of Schur mul-
tipliers namely the Abel-Schur multipliers, which in turn coincide with the
bounded linear operators on ¢ preserving the diagonals. We extend to the
matrix framework Theorem 2.4 (a) of a paper of Anderson, Clunie, and Pom-
merenke published in 1974, and as an application of this theorem we obtain a
new proof of the necessity of an old theorem of Hardy and Littlewood in 1941.

1. INTRODUCTION AND PRELIMINARIES

In [1] the authors characterized the topological dual of the space

I=A{f:D—=C; f(2) = a,z", z € D, an analytic function such that
n=0
1 1 27 )
1Al = 1£O) + 5= [ [ 17 e lasrar < oc)
T™Jo Jo
as being given by the Bloch space of functions

B={f:D — C;fis an analytic function such that ||f||z :=|f(0)]
+|S?Ii(1 = [2DI1f'(2)]loo < 00}
z|<

in the following manner (cf. [I, Theorem2.3]):
Let f(2) = " ganz™ € B and g(z) = >~ b,2" € Z. Then
h(z) = Z by 2"
n=0
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is continuous on |z| < 1 and further,

W) <2l fllsllgllz (2] < 1).

In particular it follows that

=i b p"
{f.9) pg{lnzzoa p

exists for f € B, g € Z. It is showed in [I, Theorem 2.5] that this sum need not
converge for p = 1.
It was also proved in [1, Theorem 2.4] that

For every i € T* there exists a unique f € B such that

o0

Y(g) = (f,9) = lm > anbup” (g € T).

—1-
P n=0

Conversely this defines a bounded linear functional on I for each f € B. Also

Sl < o]

7« < 2||fl|s

In 1976 the previous theorem was rephrased in [2] as follows
1* =B, (1.1)

where Z% denotes the Abel dual of Z, that is the space of all analytic functions
9= ZZ‘LU b,z", for |z| < 1, such that

[e.o]

lim Z apbyp"

-
P 0

exists for all functions f(z) = > " ja,2" € T.

In this paper we would like to introduce for some spaces of upper triangular
infinite matrices a similar notion to that of the Abel dual, and to extend in an
appropriate manner the identity (1.1) .

To this end we introduce a new class of bounded linear operators acting on
Banach spaces of infinite matrices. The Schur multipliers belong to this class,
and also to another more general class called the class of Abel-Schur multipliers.

In what follows we focus our attention on the upper triangular infinite matrices,
and particularly on Toeplitz matrices of this kind. Such a Toeplitz matrix may
be identified in a natural manner with an analytic function.

To the function f(z) =Y a,z" € X we associate the matrix

ap a1 as
0 ag ap
Af = 0 0 agp

with the equality of the norms: ||Af||x = ||f]|x-



ABEL-SCHUR MULTIPLIERS 41

Next, let X, Y be two Banach spaces of infinite matrices (the matrices are
always meant to be upper triangular). We denote by S(X,Y") the set of all upper
triangular matrices A, such that

AxBeY forall Be X.
Here A x B is the matrix C' = (¢;;) given by
cij = agby; (1,5 >0),

where A = (aij), B = (bU)
We call Ax B the Schur (Hadamard) product of matrices A and B, and A will be
called the Schur multiplier for the pair X and Y.

On the space S(X,Y) we consider the natural quasi-norm

I|Allsx,yy := sup ||AxBlly.
[I1B]|x <1

In the sequel we consider a class of bounded linear operators between X and Y,
extending the class of Schur multipliers.

First of all we make some assumptions on the spaces X and Y.
If A = (aij)j>i>1 € X, the matrix Ay = (a;;), where k& > 0, is called the kth
diagonal of A if

(Y

A Y whenever j=i+k, 1>1
71 0 otherwise.

Let PX : X — X, k > 0 be the natural projection on the kth diagonal, that is
PX(A) = Ay, (k>0).
A Banach space X of upper triangular infinite matrices has property (i) if

supHP,;XH < C < oo,
k>0

where the norm is meant to be the usual norm of the space of all bounded linear
operators B(X,Y), and C' > 0 is a constant C' = C(X).

The space B(¢3) of all bounded linear operators T' : f5 — (o, identified with
their representation matrices, and the Schatten classes S,, 1 < p < oo verify the
property (i) (cf. [0]).

We remark that Ty given by T4(B) = Ax B, for A € S(X,Y), preserves the
diagonals that is PY = T4PX, for all n > 0.

We are lead naturally to the following definition.

Definition 1.1. Let X, Y be two spaces with property (i). We denote by
Bi(X,Y) the space of all bounded linear operators 7' : X — Y preserving the
diagonals.

Remark 1.2. Clearly By(X,Y) is a closed subspace of B(X,Y).

Using the previous identification between a space X of analytic functions and a
space of infinite matrices, denoted also by X, we get for instance that the classical
H*> may be regarded as the space of all upper triangular infinite Toeplitz matrices
belonging to B(¢;), which is a well-known result [14].
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Next let X be a Banach space of analytic functions, which can be regarded as
a space of infinite matrices. We say that X verifies condition (ii), if we have:

lim f,=feX,

p—1—

where f,(2) = f(pz), for |2| < 1 and 0 < p < 1. We can describe the space
Ba(X,Y).

Proposition 1.3. Let X be a Banach space of analytic functions on the unit disk
verifying conditions (i) and (ii), and let Y be a Banach space of upper triangular
infinite matrices (not necessarily Toeplitz matrices) verifying condition (i). Let
moreover T € By(X,Y). There is an upper triangular infinite matriz A such that

hmZA * B)

p—1

for all B € X, the limit being taken in the norm of Y.

Moreover,
ANl == sup || lim > (An* Ba)p"|ly < [|T]] < oc.
|Bl|x<1 P17 00

Conversely, if ||| A]|| < oo,

hmZA * B,,)

p—1
where B € X, is an operator belonging to Bd(X, Y), and ||T|| < |||T]]-

Proof. Let T € By(X,Y).If E = (e;5), where e;; = 1 for all ¢, j > 1, its diagonal
E,, corresponds to the function 2", with |z| < 1.

We put A,, ;= T(E,). Since T' € By(X,Y), A, is the nth diagonal of an upper
triangular matrix A. If B € X, all the entries on the diagonal B,, are equal to the
same complex number, denoted by b,,.

By using condition (ii) we get

lim ||B, — B|| =0,
p—1-
consequently

T(B) = lim T(B,) = lim T anp 2"

p—1- p—1-

Z||B||Xp<<2p> X)|IBllx < C(_X[f||B||X<oo,

by condition (i) it follows that the series >~ b,p"2™ converges with respect to
the norm of X. Thus

Since

[e.9]

T(B) = lim anp"A = lim > (A, # B)p"
n=0

for all B € X. Moreover
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oo

| im Yy (A, By)p"lly = IT(B)lly < [IT1] - | BlIx,

thus
A < [|IT] < oo

The converse is immediate, since
T(By) = lim (A x By) p* = Ay, * By,
p—1-
for all £ > 0. Thus T preserves the diagonals, and moreover, T is a bounded
linear operator, because ||T'|| = |||A]|| < 0. O

Definition 1.4. Let X, Y be Banach spaces of upper triangular infinite matri-
ces verifying condition (i). An upper triangular matrix A is called Abel-Schur
multiplier (with respect to the pair X, Y) if, for every B € X, there exists

(A, hmZA x B,)

p—1
in Y and moreover,
|| A]|] := sup H lim (Ap * Bp)p"|ly < 0.
IBl|x<1 P17 Z

Krtinic [3] showed that, in the case Y = B({) or Y = S, 1 < p < oo, the filter
(O Anp”)0<p<1 converges to the matrix A if and only if

lim 0,(A) = A,

n—o0

where 0,(4) => 72, (1 —nH)Ak

Lemma 1.5. Let X be a Banach space verifying conditions (i) and (ii), and Y
with condition (i). Then every Schur multiplier A € S(X,Y) is an Abel-Schur
multiplier and moreover,

[1Allsceyy = [HAIL
Proof. Let A€ S(X,Y) and B € X. Then
[ Anllscxyy = sup [|[Anx Blly = sup [[Ax Byly

[1B]lx<1 [1Bllx<1
< 1Al sxv) S 1Bnllx < C(X)||A]lsx.v)

for all n. Thus

> Aullsxn||Ballxp™ < COAllscxyy Y 1Ballxp”

n=0 n=0
< CX)?[|Allsxv) (1 = p)7F < o0,

for all B € X, 0 < p < 1. Consequently, Ax B, = "> (A, * B,)p" converges in
the norm of Y for any 0 < p < 1.



44 NICOLAE POPA

Since lim,_,;- B, = B in the norm of X, we have that lim, ,;- A*x B, = A% B in
Y, that is

o0

li A, xBp)p" =AxBeY
lim HZ:O( «B,)p" = AxB €
for all B € X. Therefore A is an Abel-Schur multiplier and
[Al[l = sup [[AxBlly = [[A][scx,y) < oe.
[|1B]lx <1

O

In view of Lemma 1.5 we ask ourselves if the converse is also true, that is if
any Abel-Schur multiplier is a Schur multiplier. The negative answer is given by
the following statement.

First, we introduce a different notation for the entries of an upper triangular
infinite matrix A = (ay;)i >1, namely we denote by al := a;; for [ > 1 and
k> 0.

We recall from [1] that B is the Bloch space of analytic functions, that is

B={f:D — C;f is an analytic function such that ||f||z := |f(0)]
+ sup (1 — [2])['(2)]loc < 00}

|z|<1

Example 1.6. There is a pair of Banach spaces X, Y of upper triangular infinite
matrices and an Abel-Schur multiplier A for the pair X, Y such that A ¢ S(X,Y).

As in [1] let

I={f:D—C; f(2) = Z a,z", z € D, is an analytic function such that

n=0

Il =150+ 55 [ [ 17 e < ),

If we consider the space Z, identified as above with a space of upper triangular
infinite Toeplitz matrices X, it is well-known [1], that X verifies conditions (i)
and (ii). Let

Y = {4 [[Ally == sup |> a}| < oo}.
n>0;1>1 —0

It is easy to see that Y is a Banach space. Moreover, Y verifies condition (i) since
A €Y implies that for all n > 0 we have

n
sup|| B (A)lly = sup ap| <2 sup |y ap| =2l Ally,
k>0 k>0, 1>1 n>0,1>1 1 —¢

that is C(Y) < 2.

By using [!, Theorem 2.3, Theorem 2.4], it follows that any f € B deter-
mines an Abel-Schur multiplier for X and Y, given by the Toeplitz matrix Ay.
But [I, Theorem 2.5] shows that there are upper triangular Toeplitz matrices
A = (a}) € T and B = (b},) € B such that the sequence (>_,_,albl), is un-
bounded for all [. But this shows that Ax B €Y.
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2. AN EXAMPLE OF B,;(X,Y)
We denote by B(D, {5) the space of all upper triangular matrices A such that
IA]] == [Ao| + sup (1 —r)[|A}][B(e,) < oo,
0<r<1

where
Al = Z kAgrE!
k=1

for all 0 < r < 1, see [10], [L1].

Let next H*({s) be the Banach space of all upper triangular infinite matrices
A € B({s) equipped with the norm induced by B(/s).

Under these notations we can describe the space By (Z, H*({2)).

Theorem 2.1. Let T' € By(Z, H>®({3)). Then there ezists a unique upper trian-
gular matriz A € B(D, {5) such that

[e.9]

T(B) = lim Z(An * B,)p"

1
P n=0

for all B € T, where the limit is taken in the operator norm. Moreover,
All5(p,e) < 3[|T]-

Proof. Let A = T(E,), for all n > 0. Here E,, was introduced in the proof of
Proposition 1.3. Next, let A = > ' A,, the series being a formal one, and let
0 < p < 1. Then we have

T(B,) =T (i bnp”En> :

where B is the Toeplitz matrix corresponding to the analytic function g(z) =
Yo obnz™ € . But

= . 1 1
Zlbn’P < (suplba] ) —— < 2[|gllz )
n=0 n 1_p 1_p

where the last inequality follows by Cauchy’s inequalities. Therefore

T(B,) =T (i bnEnp”) = i bup" Ap.
n=0 n=0

Since Z verifies condition (ii), by Proposition 1.3, it follows that

T(B) = pl_i)r{l_ T(B,) = pl_igl_ ;(Bn x Ap)p"

for all B € Z. Therefore the matrix A is an Abel-Schur multiplier with respect to
the pair Z, H*®({3).
Next we show that A € B(D,{s) and ||A||g(p,e) < 2||T|.



46 NICOLAE POPA

First, clearly
AL = kAt = T(B(r)),
k=0

where B(r) is the Toeplitz matrix corresponding to the function f(z) =

for 0 <7 <1 and |z| < 1. It is known by [1] that ||f||z < Z.
Therefore

147 B = ITBE))pe) < [ITI- 1Bz < 5

Consequently,
1Allsp.e) = sup (1=l Al + [ Aollse) < 3Tl

(1-rz)2>

2

— 72

ITl-

Next, putting B = FE,, for all n > 0, we conclude that A € B(D, ¢5) is uniquely
determined by 7. O

We recall that the space of all Schur multipliers S(B((2), B({2)) will be denoted
by M(6s), [3].

Next we give a converse of Theorem 2.1 and at the same time, an extension of
[1, Theorem 2.3] stated at the beginning of this paper.

Theorem 2.2. Let A € B(D,{3) and let B € T be a Toeplitz matriz. Then

o0

h(r) = (An* B,)r"

n=0

is a continuous function on [0,1) and it can be extended by continuity to [0, 1].
Moreover, we have

Ao ey < SIIAllB(D.22) - || Bllz, (2.1)
for all r € ]0,1).
Particularly, A is an Abel-Schur multiplier for the pair Z, H*({3), that is the
limit

lim Z(An * B,)p"
=0

p—1-
exists in H*(ly), for any A € B(D,{5), B € T.
Proof. Let 0 < p < 1. Then A, = > nA,r" ! and

(B, ~ Byl = Yo(n+ B,

where B is the Toeplitz matrix corresponding to the function g € Z. Straightfor-
ward computations shows that

Z(A" * B,)p" ! = 2/0 [(1—r*)AL] * [%[T(Br — By)]]dr.

Since
1C * Dl|pey) < ||C|Ben) || D] a1(2)
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we have

o) 1
1> (A * Bu)p"|[ e < 2Oiup1(1 - T’Z)IIA’WIIB(@)/ |Br — Bo + 1B, |me,)dr
sr< 0

n=1

1
<2 sup (1= ) Ailley | (1B = Bollaen + rl1Bil e
0

0<s<1

1 1
sﬂmmw@{/H&—Bmw@m+/rmmm%m}
0 0

But
18, = Bullaras = | [ Bt < [ 18
0 M (£2) 0
Thus
1 1 r 1 1
/Ha—wmmmg//waw@ﬁ:/{/whﬂw@ﬁ
0 0 0 0 t
1
=Au—waw@w
Then

[e'e) 1
1D (A Bo)p"|| e §4HA|!B<D,«2)/O 1BilIaenydt = 4| Allsp,e) || Bllz (2:2)

n=1

Here we used the well-known fact that the norm ||C|as(,) coincide with the norm
of the Borel measure associated to the Toeplitz matrix C, [1].

We show that h is a continuous function on [0,1). Let 0 < py, p2 < 1. Then,
using (2.2)

[16(p1) = B(p2)l ey = | Y An* [(Bu)or = (Ba)oa]l meay

< 5[[Alls0.e) || Bpy = Bpa|lz = 0

uniformly whenever |p; — p2| — 0, (see relation (2.9) in [1]). Therefore h(p) is
also continuous on [0, 1], consequently relation (2.1) holds. O

Corollary 2.3. The matrices A € B(D, l5) may be identified with the Abel-Schur
multipliers for the pair T, H*({s), with equivalent norms.

As a consequence, by using [3], we have
with equivalent norms. More generally, we can do the following.

Remark 2.4. For the pair Z, X, where X is H>°(/,), or a symmetric mononormal-
izing ideal of upper triangular matrices, the Schur multipliers and the Abel-Schur
multipliers are the same.
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3. SOME APPLICATIONS OF COROLLARY 2.3.

As an application of Corollary 2.3 we give a different proof of a theorem found
independently in [13] and [12]. This is the necessity part of Theorem HL [9]. The
sufficiency was proved in 1941 by Hardy and Littlewood [7].

Let us state Theorem HL.
Theorem HL. An analytic function g € (H', H?) if and only if

C
MQ(T,g,) S E, 0<r<l.

Here )
1 T ,
M) = g [P 1< p < o
and HP? means the Hardy space of all analytic functions f on the unit disk D,
such that

sup My(r, f) < .

0<r<1

Moreover, for two sequence spaces A, B, a sequence A = (\,) is called a multiplier
from A to B if (\,a,,) € B whenever (a,,) € A. The space of all multipliers from
A to B is denoted by (A, B). Therefore if we identify a space X (respectively
Y) of analytic functions with the space A (respectively B) of all sequences of
Taylor’s coefficients of those functions, then the space (X,Y’) means the space
of all multipliers (A, B). This is the meaning of the notation (H', H?) in the
statement of the above theorem.

Theorem 3.1. Let the analytic function g € (H*, H?). Then we have
C
MZ(ra g/> S 1—r
for all 0 < r < 1, where C' > 0 is a constant.

Proof. Let g(z) = Y7 ¢,z € (H', H?), where |z| < 1. Next we consider the
matrix

Chp C1 Cp C3 ... Cp
0O 0 0 0 ... 0
Since Z C H' [1], clearly the sequence (c,)n>o is a multiplier from Z to H?,

therefore the matrix G is a Schur multiplier from Z to H*({3).
Thus, by Corollary (2.3), G € B(D,{s), that is, by using the special form of the
matrix G, we have

sup (1 —r)Msy(r,g') < C < occ.
0<r<1

The proof is complete. O

Another application of Corollary (2.3) is an extension into matrix spaces frame-
work of a celebrated theorem of Mateljevic and Pavlovic [9]. We use the beau-
tiful ideas of the theory developed for the analytic functions by O. Blasco and
M. Pavlovic [5]. More precisely, motivated by [5, Definition 2.3] we introduce the
notion of tensor product of two Banach spaces of infinite matrices.
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Let first M be the space of all upper triangular matrices A so that for any
natural number k we have |[A||rr := [|Pe(A)||B,) < 00. The space M will be
equipped with the semi-norms ||A|| v , & € N.

Definition 3.2. Let X and Y be two Banach spaces of upper triangular infinite
matrices verifying condition (i). Then we define the space X ® Y, to be the set
of all upper triangular infinite matrices C that can be represented in the form

C= Z A« BM A0 ¢ X BM eV so that the series converges in M and

n=0

DA x| B™ly < cc. (3.1)

n=0

The norm in X ® Y is given by
1C]Ixey = inf Y [[A™]x][B™]|y,
n=0

where the infimum is taken over all the above representations.
Next we get easily the following matrix version of [5, Theorem 2.3].

Theorem 3.3. Let X, Y, Z be Banach matriz spaces verifying condition (i).
Then

S(X®Y,Z)=S(X,S(Y,Z)).
We omit the details of the proof.

Now we use a beautiful result due to Blasco and Pavlovic, (see [, Corollary
8.1)):

H'®@ H' =T.
More precisely, using (2.1), Theorem 3.3, and this last equality, we get:

B(D,ty) = S(I, H°°(€2)) = S(Hl,S(Hl,H"o(fg))). (3.2)
Next we give a definition motivated by the well-known fact, that BMOA =
(H', H>), see [J].

Definition 3.4. We denote the space of Schur multipliers S(H', H*((3)) by
BMOA({;) and we equipped it by the usual norm on the space of Schur multi-
pliers. .

It is easy to see that the subspace of all upper triangular Toeplitz matrices of
BMOA({s) coincides with the classical Banach space BMOA of analytic func-
tions on the unit disk.

Now, by using (3.2) we get the matrix extension of a well-known theorem of
Mateljevic and Pavlovic [9]

Theorem 3.5.
S(Hl, BMOA(KQ)) = B(D,ls).
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