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ESTIMATES BY POLYNOMIALS
R.M. ARroN, Y.S. CHot AND J.G. LLAVONA

Consider thé following possible properties which a Banach space X may have:
(P): If (zj) and (y;) are bounded sequences in X such that for all n > 1 and
for every continuous n-homogeneous polynomial P on X, P(z;) — P(y;) — 0,
then Q(z; —y;) — 0 for all m > 1 and for every continuous m-homogeneous
polynomial @ on X .

(RP): If (z;) and (y;) are bounded sequences in X such that for all n > 1 and
for every continuous n-homogeneous polynomial P on X, P(z; —y;) — 0, then
Q(z;) — Q(y;) — 0 for all m > 1 and for every continuous m-homogeneous
polynomial @ on X . We study properties (P) and (RP) and their relation with
the Schur property, Dunford-Pettis property, A, and others. Several applications
of these properties are given.

During the past few years, interest has grown in the relation between a Banach
space X and spaces of polynomials on X . Thus, for example, Carne, Cole, and Gamelin
[4] examined the relation of weak polynomial continuity on a Banach space, in what they
called A-spaces, and tightness of certain Banach algebras of bounded analytic functions
on the ball of a Banach space. Farmer [12] examined the relationship between upper
and lower estimates on a Banach space X and reflexivity of the Banach space of n-
homogeneous polynomials on X, and Farmer and Johnson [13] studied polynomial
versions of the Dunford-Pettis and Schur properties, relating them to the type of a
Banach space. Earlier, Davie and Gamelin {7] had proved a strengthened form of
Goldstine’s theorem for weak polynomial density of Ball x in Ball x«» and, almost fifteen
years ago, Ryan [20] had shown that the Dunford Pettis property is equivalent to the
polynomial Dunford Pettis property.

The original motivation for this article was the following question:

Suppose that X and Y are real or complez Banach spaces with closed unit balls
Bx and By respectively, and let g : Bx — By be a function whick satisfies property
(* ), below:

(*) For any polynomial P:Y — K = R or C, the composition Pog: Bx —
K is uniformly continuous.
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Is g necessarily uniformly continuous?

The natural approach to this question is to take two arbitrary sequences (z5) and
(yn) in Bx such that ||z, — ya|| — 0, and to ask if the image sequences in By satisfy
llg(zn) — g(yn)|l — 0. It is clear that by (%), our problem is really to determine when
the following condition is satisfied:

(#+) Given two bounded sequences (u,) and (v,) in Y, if |P(u,) — P(v,)| —
0 for every continuous polynomial P on Y, it follows that ||u, — va|| — 0.

We introduce here the following condition which, as we shall see, is strictly weaker
than (*#*):

PROPERTY (P). Given two bounded sequences (u;) and (vj) in Y, if for every n > 1
and every P € P("Y), |P(u;) — P(v;)| — 0, it follows that |Q(u; —v;)] — O for every
m 2 1 and every @ € P(™Y).

(Here, P("Y') denotes the continuous n-homogeneous scalar-valued polynomials on
Y. This space and related concepts will be reviewed at the beginning of Section 1.)
In this article, we study property (P) and its relation to other properties of a Banach
space (such as the Dunford-Pettis property [8] or the A-property [4]). In addition, in
our study of property (P), we were led to the following reciprocal property, which is
also studied in this paper:

“RECIPROCAL” PROPERTY (RP). Given two bounded sequences (u;) and (v;) in Y,
if for every n > 1 and every continuous P € P("Y), |P(uj — v;)| — 0, it follows that
|Q(u;) — Q(vj)| — 0 for every m > 1 and every Q € P(™Y).

We study property (P) in Section 1. Property (RP) has been used in examining
versions of Arens regularity for multilinear mappings [2], and in Section 2, we give
examples of Banach spaces which have, and which don’t have, this property. We give
several applications and discuss the relation between these and other known properties.
However, we remark that the basic question of whether every Banach space has property
(P) remains open.

1. PROPERTY (P)

We begin by recalling some relevant definitions and reviewing several properties
of Banach spaces related to continuity of polynomials. X and Y are real or complex
Banach spaces with closed unit balls Bx and By respectively. For n = 0,1,..., the
space P(™X,Y) of continuous n-homogeneous polynomials P : X — Y consists of all
functions P of the form P(z) = A(z,...,z), where A: X x---xX — Y is a continuous
n-linear mapping. ||P|| = sup{||P(z)||: ¢ € Bx}. The space P(X,Y) is the algebraic
direct sum of the spaces P("X,Y), n=0,1,2,.... We use P(X) and P("X) to denote
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P(X,K) and P("X,K), respectively. In [4], the following type of space was introduced
and studied:

DEFINITION 1.1: [4] A Banach space X is a A-space if for any sequence (ux) C X
such that (P(ux)) — 0 forall P € P("X) (n > 1) as k — oo, it follows that ||ug|| — 0.

The second author and Kim [6] have obtained connections between A-spaces and
spaces having properties (P) and (RP). We list below several basic examples and
properties of A-spaces.

PropPOSITION 1.2.

1. [14] Every super-reflexive Banach space is a A-space. In particular, every
LP-space is a A — space, for 1 < p < 0.

2. [4] Closed subspaces of A-spaces and Schur spaces are A-spaces.

3.. [4] L1[0,1], co, and £ are not A-spaces.

4. [13] Every Banach space with non-trivial type is a A-space.

DEFINITION 1.3: A function f: Bx — K is said to be P-continuous if for every
€ > 0, there are § > 0 and a finite set {P1,...,P,} C P(X) such that if z,y € Bx
satisfy |Pj(z —y)| <6, (j =1,...,n), then |f(z) — f(y)| <e.

In [3], the authors study the special case of P-continuity, when the polynomials
are restricted to being 1-homogeneous (that is, continuous linear forms), obtaining the
space Cyu(Bx) of functions which are weakly uniformly continuous on the ball of X.
For certain Banach spaces, such as cp, every P-continuous function is automatically

weakly uniformly continuous, but in general these two spaces are different. For example,

o0
> :z:? is clearly P-continuous on £; although it cannot be weakly uniformly continuous
i=1

on By, . On the other hand, every P-continuous function is uniformly continuous. For
many Banach spaces such as {3, uniform and P-continuity coincide; on the other hand,
the norm on ¢g is not P-continuous. We do not know of a characterisation of those
Banach spaces X for which uniform and P-continuity coincide.

We shall appeal to the following useful result of R.A. Ryan.

PrOPOSITION 1.4. [20] The Dunford-Pettis and the polynomial Dunford-
Pettis properties are equivalent. That is, if X has the Dunford-Pettis property, if
Y is an arbitrary Banach space, andif P: X — Y is a polynomial such that P(Bx) is
relatively weakly compact in Y, then (P(z,)) is norm Cauchy in Y for every weakly
Cauchy sequence (z,) in X.

This result can be used to give a straightforward proof of the result that a Banach
space X is a Schur space if and only if X is a A-space and has the Dunford-Pettis
property [4]. Indeed, let (z;) be a weakly null sequence in X . By Proposition 1.4, it
follows that (P(z;)) is a norm null sequence of scalars, and so since X is a A-space it
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follows that ||z;|| — 0.
We begin with the following easy facts about property (P).

ProrPosIiTION 1.5.

(i) Every Banach space with the Dunford-Pettis property has (P).

(i) Let g: Bx — By be a function between the closed unit balls of Banach
spaces X and Y, such that property (*) holds. If Y is a A-space with
property (P), then g is uniformly continuous.

PROOF: (i) If (un) and (vn) satisfy the conditions in 1.5, then clearly (un — v,) —
0 weakly. Consequently, since every scalar-valued polynomial Q is automatically weakly
compact, an application of 1.4 completes the proof. The proof of (ii) is straightfor-
ward.

In fact, all that is used in the proof of 1.5(i) is the fact that if a sequence (z;) — 0
weakly in X, then (Q(z;)) — O for every @ € P("X) and every n. In particular, if
every continuous scalar-valued polynomial on X is weakly sequentially continuous at
the origin, then X has property (P). Thus, for example, the original Tsirelson space
T* has (P) [1].

If g: Bey, — Be, is defined by g((zs)) = (27), then g is not uniformly contin-
uous since ||g(en) — g([1 — (1/n)len)|| = 1 —e™? > 0. However, by the Littlewood-
Bogdanowicz-Pelczynski theorem (see, for example, [17]), Pog is uniformly continuous
for every continuous polynomial P on ¢g. Although the spaces L1[0,1], ¢, and £y
satisfy property (P), they do not satisfy condition (*x).

In order to prove that a space containing some £,, 1 < p < 00, is a A-space, it is
sufficient to only make use of polynomials of degree [p]. However, the following simple
example shows that something more is required to prove that a space has property
(P). Consider the two sequences (e;)} and (—e;) in £;. For this pair of sequences, it
is clear (ej —(—e;)) — 0 weakly and that P(e;) — P(~e;) — 0 for all 2-homogeneous
continuous polynomials P on £€;. The “clue” here is to allow polynomials of an odd
degree greater than p; in this case, the 3-homogeneous polynomial P(z) = i z3

n=
serves to show that P(e;) — P(—e;) = 0. ’

Castillo and Sanchez define in 5] a Banach space X to be in the class W, (1 <p
< o0) when each bounded sequence (z;) in X admits a weakly-p-convergent subse-
quence (:c,-k); that is, there is z € X such that § |:c*(:c,-k —::)Ip < +oo for all
z* € X*. They showed that every super-reflexive B:I;;ch space is in the class W, for

some p, 1 < p < co. We use this fact in proving Theorem 1.6.

THEOREM 1.6. If X is a Banach space whose dual X* is in W, for some p €
(1,00), then X has property (P).
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PROOF: Let (z;) and (y;) be bounded sequences in X such that |P(z;) — P(y;)| —
0 for every P € P("X), n > 1. We claim that ||z; — yj|| — 0. Otherwise there exist
some ¢ > 0 and subsequences of (z;) and (y;), which we shall still denote by (z;)
and (y;), such that ||z; — y;|| > € for every j. Since (z; —y;) goes to 0 weakly, by
passing to a subsequence, (z; — y;) can be considered as a basic sequence in X (see for
example, [9]). Let z; = z; — y; and Z be the closed subspace of X spanned by (z;).
Let (z;‘) be the corresponding bounded sequence of coefficient functionals associated to
(2;). By the Hahn-Banach theorem each 2} can be extended to a functional 2z} € X*
with the same norm, and hence (z;‘) is a bounded sequence in X*. Since X* isin W,,
it follows from [5] that there exist an £* € X* and a subsequence of (z;) , still denoted
by (z;-‘), such that

Z|(z; —:c*)(a:)lp <oo (z€X).

For any z € Z, (2] —2*)(z) — 0 and 2j(z) — 0. This implies z*(z) = 0 for every

z € Z. Hence we obtain

(25 — =) (2) — (55 — =) (w0) = 25 (20) = 2,

where §;; is the Kronecker delta.

By taking subsequences, we may assume that (z; —z*)(z;) and (z; —z*)(y;)
converge to, say, a and b respectively. Clearly, a — b = 1. Choose N > p such that
|aN - bN| = R > 0, and define

e o]

P(z) =Y [(z} —=")(@)]" (= € X).

i=1

It is easy to see that P € ’P(NX ) Moreover, for each ¢ we have
|P(ze) — P(ye)| = ‘(22’ — ")) — (27 —=")(w)" | = R,

which contradicts the original hypothesis. 0

Note that the dual of a super-reflexive space is also super-reflexive (see, for example,
(10]). The proof of Theorem 1.6 shows that if X is super-reflexive, then X has property
(P). Since L,[0,1] is super-reflexive for 1 < p < oo, every such L,[0,1] has property
(P).

Using [13] and a modification of the above argument, Choi and Kim [6] have shown
that every space which has non-trivial type has property (P). We remark that we have
no example of any Banach space which does not have property (P). Moreover, although
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it is trivial that every Banach space which has property (**) described above is a A-
space, we do not know if the converse implication holds. However, every A-space which
has property (P) satisfies (*#).

We conclude this section by commenting on a question of Petunin and Savkin [18],
concerning an analytic version of a A-space. X is said to be a holomorphic A-space
if, whenever (z,) C X is a sequence such that (f(zn)) — f(0) for evéry holomorphic
function f : X — C, then [|z,|| — 0. Of course, every A-space is a holomorphic
A-space. The converse is false since, for example, every separable Banach space is a
holomorphic A-space [18]. The following shows that the not every Banach space is a
holomorphic A-space.

EXAMPLE 1.7. £ is not a holomorphic A-space.
PROOF: Let (e.) be the standard unit vector basis of ¢g C €oo, and let f € H(4x)

o0
with Taylor series representation ). P;. By a result of Josefson [15], f|c, is bounded
i=0

on every bounded subset of cg, and so if B denotes the closed unit ball of ¢, f |z is
o

the uniform limit of ) P;|5. Since Pj(en) —» 0 as n — oo for each j =1,2,..., (see,
o~

j
for example, {17] or {20]), it follows easily that (f(en)) — f(0), which completes the

proof. 0

2. PROPERTY (RP)

We begin with several elementary examples of spaces which have (RP).
PROPOSITION 2.1. 1. Every A-space has property (RP).
2. ¢o has property (RP).

PROOF: Both proofs are easy. Let (u;) and (v;) be bounded sequences in X and
suppose that P(u; —v;) — 0 for every P € P("X), n 2 1. If X is a A-space, then
|lwj —vj|l = 0. Since every @ € P("X), n > 1, is uniformly continuous on bounded
subsets of X, we get Q(uj) — @Q(v;) — 0. Also, since (u; —v;) — 0 weakly in ¢,
|p"(u;) — ¢™(vj)| — O for every ¢ € ¢j. The result follows from the fact that every
continuous polynomial on ¢g can be approximated uniformly on bounded subsets of cg
by finite type polynomials [17]. 0

Another proof that ¢¢ has (RP) follows.

THEOREM 2.2. If X has the Dunford-Pettis property and ¢; +/» X, then X has
property (RP).

PROOF: Suppose that (z;) and (y;) are bounded sequences in X and that
P(z; —y;) — O for every P € P("X), n > 1. By Rosenthal’s dichotomy [19], since
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£, 4 X, there exist weakly Cauchy subsequences of (z;) and (y;), which we still
denote by (z;) and (y;). Let @ € P("X), n > 1. Since X has the Dunford-Pettis
property, we have by Proposition 1.4 that Q(z;) — € and Q(y;) — m for some £ and
m. The sequence (z1,y1,22,¥2,--- ), is also weakly Cauchy, since for each ¢ € X*,

lo(z; — y)l < le(2; — zi)| + le(zx —wi)l = 0
as j,k — oo. Hence Q(z1),Q(v1),@(22),Q(yz2),... converges and so £ = m, which
proves that Q(z;) — Q(y;) — 0 for every Q € P("X),n > 1. a
- We shall show that £o, & Ls[0,1], C[0,1], and L,[0,1] do not have property
(RP). Thus, the Dunford-Pettis property is not, by itself, a sufficient condition to yield
(RP).
LEMMA 2.3. Let (I;) be a sequence of pairwise disjoint subsets of [0,1]. Then
(xlj) converges to 0 weakly in Lo[0,1].
PROOF: If (x,.) does not converge to 0 weakly in Loo[0,1], we may multiply
7
Xy, by a suitable complex number having modulus 1 and so assume without loss of
generality that cp(x,j) > ¢ for some ¢ € (Lo[0,1])" of norm 1 and some € > 0. Let
f= 2X1j € Lo[0,1] with ||f||,, = 1. For each n

le(£)l = e (Zn:x,j + i x,j)

j=1 j=n+1
[
sne—lo | 3 x, || > ne—lel,
j=n+1
which contradicts |p(f)| < 1. o
EXAMPLE 2.4. Lq[0,1] does not have property (RP).
PROOF: Let I; = (1/2,1/27') (j=1,2,...) and let (r;(¢))2, be the

Rademacher functions on [0,1] defined by r;(t) = sign (sin 2/nt) . Define

A : Loo[0,1] X Leo[0,1] X Loo[0,1] —» K
by

A(f,9,h) =) (2’/_ de') (g.75)(h,75)

i=1 1;
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where (g,7;) = fol gridz. For ||fll, <1, |9l <1, ||A]lo < 1, we have

|A(£,g,R) Z|g,r, J(hr3)]
i=1

1/2 1/2

Zlg,r, § Yl ri)
i=1 j=1

< llgllz 131z < Nlgllo hlloo < 1

with the second inequality coming from Bessel’s inequality. From this it is easy to see
that A is a continuous 3-linear map. For each j, let s; = Xp» %j = Tj and y; =
T; + 8;. By the Dunford-Pettis property of L[0,1], Lemma 2.3, and Proposition 1.4,
P(zj —y;j) — 0 for every P € P("Lo[0,1]), n 2 1. Let Q € P(*Lo[0,1]) be defined
by Q(f) = A(f,f,f) for f € L&[0,1]. Since

0, ifl<j<n—1
1 P
/Tﬂ,d$= —57 lszn
i 1
5]7, 1f_7>n,

we see that Q(r,) = —1 for all n. Similarly, Q(y») =0, and so Q(z,) — Q(ys) /7 0,
which completes the proof.

It is worth noting that Q(z;) — Q(y;) — 0 for every Q € P(#c). In fact, suppose
that (z;) and (y;) are bounded sequences in £, such that (z; —y;) converges to 0
weakly in £,,. Let @ € ’P(zloo) and A be the unique continuous symmetric 2-linear
map associated with @, via Q(z) = A(z,z). We can regard A as the bounded linear
map A : z € £ — A(z,') € £, Since ¢g o L%, it follows that A : £o, — £X, is
weakly compact [16]. By the Dunford-Pettis property of £, we get ||A(z; —y;)|| — 0
in £ . Now

1Q(=;) — Qy;)| = |1A(=zj,25) — Ay;,35)|
= |A(=; - vj»2;) + Az — 5, ;)|
< | A(=5 — wi)ll =51l + I1AC=5 — w3) Il sl
< M| A(e; ~ 33}l = 0
where ||z;||,|lyn]| < M for all j. On the other hand, L(%s) % (foo ®x €)™ contains
a copy of cg. (A sketch of the argument is as follows: L(%oo) 2 L(Leo, L%,) contains
an isometric copy of L, @,Ll . In turn, L, @,Ll contains the weakly unconditionally

convergent series »,r; @ r;, which is not unconditionally convergent.)
i
The Rademacher functions play a similar role in the following argument, that

C|[0,1] also fails to have property (RP).
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EXAMPLE 2.5. C|[0,1] does not have property (RP).
PROOF: Define 4: C{0,1} x C[0,1] x C[0,1] — K by

o0

M5.0.8 =31 (55) o))

As in the previous example, A is easily seen to be a continuous 3-linear map. For

n>=2,let )
0 0<t<2n+1
1 1 1
+1 — - -
2" (t 2n+1> 2n+1<t<2n
falt) = 1 3
n 3
=2 (- w) g St< g
3 <t<1
| 0 it SES

on [0,1/2] and for 1/2 + (5 —1)/2""1 <t < 1/2+j/2"* (j=1,2,...,2") let

(_gnt <t— (% + 2n]+1)) 5=0 (mod4)
—gn+1 (t - (% + ’2;})) j=1 (mod 4)

gn+1 (t— (% + 2:“)) J =2 (mod4)
| 27! (t - (-;— + ;;})) 7 =3 (mod 4).

Let gn = —fax(o,1/21 + faXj1/2,1)» (n 2 2). Then (fn —gs) = (2f,.,X[0,1/2]) is a bounded
sequence in C[0,1] which is pointwise convergent to 0. By [11] (fn — gn) converges to
0 weakly in C[0,1] and so P(f, — gn) — 0 for every P € P(™C|[0,1]), m > 1, by the
Dunford-Pettis property of C[0,1]. Let Q = Ae P(*Cl[0,1]), where ,Z(f) = A(f, £, f)
for f € C[0,1]. Now

fa(t) = <

Q) = Qam) = Fn (55 ) Unrrn)? = 90 (55 ) o)

= 2<fn;7'n)2

1 \? 1
— . n—1 e
=2 (2 % 2n+1) "8

for all n > 2, which completes the proof. 1]
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EXAMPLE 2.6. L,[0,2n] does not have property (RP).

PROOF: Let I; = ((2m)/27,(27)/277!) (j=1,2,...) and let (1",-(t));°=1 be the
Rademacher functions on [0,27] defined by r;(t) = sign (sin2/7't). Define 4 :
L,[0,27] x L[0,27] — K by

A(f,9) = Z (/ fr,-dz) (g,75).
j=1 \"I;
For |[f|l;,llgll; < 1, we get [A(f,g)] < |Ifll,llg]l, and so A is a continuous bilinear
map. For j > 2, let
fi=—sin 21t 4 2X[0’(2“)/2,-] sin 27 1¢
+ 2X[an—(2m) /2, 27 SN 271
+27/(2m)x,,
and
g; = —2sin2771¢ 4 2X[0,(27)/27] SID 2971¢
+ 2X[2x—(27) /27 2] SID 29714
2i
X
Now, f; —g; = sin29™!¢ converges to 0 weakly in L;[0,27] and so P(f; —g;) — 0
for every P € P(™L,[0,27]), » 2 1, by the Dunford-Pettis property of L;[0,2w]. Let
Q = A € P(2L,[0,2x]), where A(f) = A(f, f) for f € L.[0,2n]. Note that
1. fIJ- farjdz = fl,- gnrjdz =0for 2< j<m,
2. (fa,7j) = (gn,rj)=01for j>n,

Using these facts, we can calculate

Q) = ( [ fursds) (fuams) + ( A furadz) (frrrn)

=(2-227")(14+4-227") + (-1-22"") [-2>7 (2" —4) - 1]

Q)= ([ | ursde) (gmra) + ([ gnads) (gm,70)

=28""(1+42-2°7") + (-1 —287") [-2° 77 (2" - 2) — 1]
for each n, n > 2. Hence Q(fn) — Q(gn) = —4 — 52-(27") +2°- (272*) — —4, which
completes the proof. 0

+

and

Finally, if in a Banach space, every (norm) continuous polynomial is P-continuous
in the sense of Definition 1.3, then property (RP) holds. We remark that in each of

the above examples, polynomials have been constructed which are not P-continuous.
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