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Abstract

Let X be a Banach space, K C X* a w*-compact subset and B a boundary
of K. We study when the fact co(B) # co® (K) allows to “localize” inside K,
even inside B, a copy of the basis of ¢1(c¢) and a structure that we call a w*-
N-family. Among other things, we prove that: (i) if either K is w*-metrizable
or B is a w*-countable determined boundary of K, the fact c6(B) # c" (K)
implies that K contains a w*-N-family and a copy of the basis of ¢ (c); (ii) if
either B = Ezt(K) or B is a w*-K analytic boundary of K, then K contains a
copy of the basis of ¢1(c) (resp., a w*-N-family) if and only if B does.
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1. Introduction

If K is a w*-compact subset of a dual Banach space X™*, a subset B of K is
said to be a (James) boundary of K if every x € X attains on B its maximum
on K. For instance, K itself and the set of extreme points Ext(K) of K are
boundaries of K. If B is a boundary of K, then @" (B) = " (K) and also
@o(B) = " (K) in some cases. But, in general, @o(B) # " (K). The aim
of this paper is to study “local” consequences of the fact co(B) # co® (K). In
particular, we investigate:

(1) “Localization results” (localization of copies of the basis of ¢;1(c) and
localization of w*-N-families (see below for definitions)), which are consequences
of the inequality co(B) # co® (K). If co(K) # @™ (K), K contains a copy of
the basis of ¢1(¢) (c is the cardinality of R) by [10, Proposition 3.5]. So, it is
natural to ask if the same holds when @6(B) # " (K), B being a boundary of
K. The answer to this question is, in general, negative (see the Counterexamples
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of Section 3), but in many cases a copy of the basis of ¢1(¢) can be “localized”
inside K, even inside B.

(2) Estimations of distances to some spaces of 1-Baire functions. Actually,
given d > 0 and a vector 1) € X** such that sup (1,0 (K)) > sup (1, B) + d,
we relate d with the distance from v to different subspaces: the subspace of
lo(K) of 1-Baire bounded functions on K, the subspace of X** of 1-Baire
functions on (B(X*),w*), etc. We use these estimations as auxiliary results for
the technique of localizations.

(3) Finally, we apply the above results to give extensions of the Theorem of
Talagrand [19] for the w*-topology of X* and the boundaries B of w*-compact
subsets K of X*. Recall that Talagrand Theorem asserts that, given an arbitrary
subset A of a Banach space X, A contains a copy of the basis of ¢;(c) iff ¢o(A)
does iff [A] does. So, it is natural to ask whether B contains a copy of the basis
of ¢1(c) when @ (K) does, B being a boundary of K C X*. Of course, if
@o(B) = " (K), the answer is affirmative by Talagrand Theorem, but when
@o(B) # " (K) the ideas of Talagrand Theorem do not work. However, using
“localization” techniques we get some extension of the Talagrand Theorem and
this shows the importance of the “localization” point of view.

Concerning the inequality co(B) # @0 (K) and connected with the subject
of this paper, many and interesting results have been obtained. In particular,
this paper is indebted and closely related to the papers [5] and [4].

The paper is organized as follows. In Section 2 we estimate distances to some
spaces of 1-Baire functions. In Section 3 we apply these results to characterize
when the fact Go(B) # " (K) -B being a boundary of the w*-compact subset
K- implies the existence inside K of a w*-N-family and a copy of the basis of
£1(c). In Section 4 we study the w*-countably determined boundaries. Finally,
in Section 5 we consider w*-K analytic boundaries and the special boundary B =
Ext(K) and give extensions of Talagrand Theorem for these kind of boundaries.

Our notation is standard. If (X, | -||) is a real Banach space (we shall
consider only Banach spaces over R), let B(X) and S(X) be the closed unit
ball and unit sphere of X, respectively, and X* its topological dual. The
weak*-topology of X* is denoted by w* and the weak topology of X by w.
If Ais a subset of X, then [A] and [A] denote the linear hull and the closed
linear hull of A, respectively. co(A) denotes the convex hull of the set A,
@(A) is the | - |-closure of co(A) and, if A C X*, we put @* (A) for the
w*-closure of co(A). If C is a convex subset of X*, for * € X* and A C X*,
let dist(z*,C) = inf{||z* —¢|| : ¢ € C} be the distance from z* to C and
dist(A,C) = sup{dist(a,C) : a € A} the distance from A to C. Observe that
dist(A,C) = dist(co(A),C) = dist(co(A),C).

If A is a subset of X*, let Seq(X™**, A) be the family of those elements z €
X** such that there exists a sequence (z,,)n>1 C X with (a,z,) = (2,a), Va €
A. Clearly, Seq(X**, A) is a subspace of X**. We put Seq(X**) instead of
Seq(X**, X*). Seq(X**) is a norm-closed subspace of X** ([15]).

Let X, := J{Y" C X**:Y a separable subspace of X}. It is easy to see
that X. is a norm-closed subspace of X**. Observe that By := X, N B(X™**) is



always a boundary of B(X**).

If K is a Hausdorf compact space, M (K) denotes the space of Radon Borel
measures on K and P(K) the family of Radon Borel probabilities on K. If
k € K, §; will be the Dirac measure with mass 1 on k. If K is a w*-compact
subset of a dual Banach space X* and pu a Radon Borel probability on K, r(u)
will denote the barycenter of .

2. Distances to the space of 1-Baire functions

If (T, 7) is a Hausdorf topological space, define B1(T) and B$(T') as follows:

(a) B1(T) (resp., B1p(T)) will denote the family of 1-Baire real functions
(resp., real bounded functions) on T'. Recall that a function f : T — R is said
to be an 1-Baire function if there exists a sequence {f, : n > 1} in the space of
real continuous functions C(T') such that f,, — f pointwise on T'. Observe that
B15(T) is a closed subspace of £o(T).

(b) If € > 0 let B{(K) (resp., BS,(T)) denote the family of functions (resp.,
bounded functions) f : T — R such that for every n > € and every non-empty
subset F' C T there exists an open subset V' C T such that V N F # () and
diam(f(VNF)) <n. BY,(T) is a closed subspace of £ (T). In general, By,(T) #
BY,(T) but, if (T, 7) is a complete metrizable space, then B1,(T) = B, (T) (]2,
1E, 1C]).

If K is a Hausdorf compact space and ¢ € By,(K), then ¢ : C(K)* — R
will be:

V€ M(K), &(u) :Z/Ksodu
Observe that: (i) ¢ € Seq(C(K)**); (ii) the mapping Bip(K) > ¢ — ¢ €

C(K)** is an isometric isomorphism between By, (K) -endowed with the supremum
norm of £ (K)- and Seq(C(K)**).

Lemma 2.1. Let X be a Banach space, H a w*-compact convex subset of X*,
T:X — C(H) be the continuous operator such that Tx :=z | H, Yz € X, and
¥ € X**. We have:

(A)If ¢ € Biy(H) C loo(H), then || | H—o|| < [[T*¢p—¢| < 3[|¢ [ H—el.
(B) dist(¢) | H,B1y(H)) < dist(T**,Seq(C(H)**)) < 3dist(y | H, B1p(H)).
Proof. (A) First, observe that
[ 1 H = oll = sup{|(¢ =) (R)| - h € H} = sup{[{T™"¢ — @,0)| : h € H} <
<sup{(T™Y = g, ) : p € B(C(H))} = [T = ¢l

Let us see that [|T**¢) — @|| < 3||¢» | H — ¢||. For this we assume that ||t | H —
el < ﬁ in £o(H) for some 1 > 0 and we are going to prove that ||T**¢) — @|| <
2. Choose 0 < 1/ < n such that ||¢) [ H — ¢|| < 11/ in the supremum norm of

n
loo(H). Thus ¢ | H € B}, (H) because ¢ € BY,(H) and |[v | H — || < 17/’



Claim 1. T**¢ and T**¢) — & belong to BY, ((P(H),w")).

Indeed, observe that T*(P(H)) = H because H is a convex w*-compact
subset. Let A C P(H) be a subset and € > /. Since ¢ | H € B}, (H), there
exists an open set V of X* such that VNT™*(A) # ( and diam(p(VNT*(A))) < e.
So, if W :=T*~1(V)N'P(H), then W is an open subset of (P(H),w*) such that

WNA#Q and diam{(T** Y, W N A) = diam{yp,V NT*(A)) <e.

Thus T**¢ € B?;((P(H)/,w*)) and so T**¢—¢ € B;’;((’P(H), w*/)) because —¢ €
By, ((P(H),w*)) and B}, (P(H),w*)) + B}, ((P(H),w*)) = B}, (P(H),w")).

Claim 2. Let P,(H) denote the family of purely atomic elements of P(H).
Then for every p € Po(H) we have [(T**¢ — ¢, u)| < 377’

Indeed, if u € Py(H), then u = Y -, Ay0p,, where p, € H, A\, > 0,
Y n>1An =1, and d,, is the Dirac probability with mass 1 on p,. Since [¢(py,)—
o(pn)| < 21/, ¥n > 1, we have:

(T = @) = | D Aa(@(Pn) = 0(Pa))l < D~ Anl(pn) = @(pn)] <

n>1 n>1

< Z Ak =10

n>1

Assume that | T**¢ — @|| > 2n. Since ,Vz € C(H)**, ||z|| = sup{|(z, u)| :
€ P(H)} (this is an easy exercise), there exists v € P(H) and d > 0 such that
(T** — g,v)| > 3 + d. Without loss of generality, suppose that (T**1) —
P,v) > %n’ + d. In the sequel we use an argument due to Odell and Rosenthal
(see [16, p. 380]). By the Radon-Nikodym theorem we can identify L;(v) with
the subspace {p € M(H) : p << v} of M(H) (p << v means that p is absolutely
continuous with respect to v). Thus T**1) — ¢ € L1(v)* = Loo(v) and so there
exists a Borel bounded function ¢ : H — R such that for every Radon measure
p << v we have

d
b= = [ o5Ldv= [ o (21)

whence

S +d< (0 -g) = [ odv< [ otan
2 H H

Let E :={k € H : ¢7(k) > 31/ + d}. Then v(E) > 0. Define p € P(H) such
that u(B) := ”(VB()EJ)E) for every Borel subset B of H. Clearly u << v. Let S be
the support of p, which is a compact subset of H such that P(S) is a convex
compact subset of P(H). We have the following facts:

(i) Let P, :={r € P(H) : 7 << p}. Then P, C P(S) and, moreover, P, is
w*-dense in P(S) (this is an easy exercise).




(ii) If p € Py, then p << p << v and p(°E) = 0. Thus by (2.1)
(I —@p)= | ddp= [ ¢dp=cn' +d
H B
(iii) P, (S) is clearly w*-dense in P(S) and (T**¢ — @, p) < 1), Vp € P,(S),
by Claim 2.
Thus for every open subset V' of P(H) with VNP(S) # 0 we have VNP, #
0 # V NP,(S) and this implies

3 1
diam({T** vy — ¢,V NP(S))) > 577’ +d— 517’ =7 +d.

Therefore T**1)—¢& does not belong to B;’;((P(H), w*)), a contradiction to Claim
1. Thus |T**¢ — ¢|| < 2n. Finally, we get dist(T**,Seq(C(H)**)) < 3n,
because ¢ € Seq(C(H)**).
(B) follows immediately from (A).
O

Lemma 2.2. Let X be a Banach space, H C X* a w*-compact conver subset,
T:X — C(H) such that Tx :==x | H, Yo € X, B a boundary of H, wyg € H,
Y € X* and d > 0 be such that

(1, wo) > sup(,co(B)) + d. (2.2)
Then dist(T**, Seq(C(H)**)) > 1d.
Proof. (A) First, we suppose that ||¢|| = 1. Assume that
dist(T**, Seq(C(H)*)) < 3d.

Then, there exist ¢ € Byp(H), a number d’ with 0 < d’ < d and a vector
e € B(C(H)**) such that T**¢ = ¢ + %/e in C(H)**. Let r¢ := sup(y,co(B))
and define

U:={z€ B(X"™):(z,wg) >19+d} and V := {z € B(X) : (wg,z) > 19 + d}.

Clearly, U = Vw* and ¢ € U. Let T : X — C(H) be the restriction operator
such that Tx ==z | H, Vx € X. Then T**¢ € T**U = TV" and

*
w

p=T"yp—LecTV" +LB(C(H)™) =TV + LB(C(H))

Since ¢ € Seq(C(H)**), by [16, REMARK, p. 379] there exist sequences {z, :
n>1} CV and {f, :n > 1} C B(C(H)) such that

Tz, + L f, — @ in (C(H)™,w*). (2.3)



By the Simons equality [18, SUP-LIMSUP THEOREM] we have

sup lim sup(p, x,,) = sup limsup(h, z,).
pEB n—oo heH n—oo

On the one hand, if p € B and §, is the Dirac probability with mass 1 on p, we
have

(T2 + G fas0p) = (,85) = 9(p) by (2.3),

whence we get

lim sup(p, z,,) = lim sup(T**z,,,6,) = limsup [(T"*z,, + %/fn, dp) — (%/fn, 5p)] =

n—oo n—oo n— oo

= (p) + limsup [ — (L £, 6,)] < 00) + L =v(p) — L(e. ) + L <ro+d.
n—roo

On the other hand, taking into account that wy € H and that z,, € V, we
have:
sup limsup(h, z,,) > lim sup(wg, z,) > 79 + d.
heH n—oo n— oo
So, we conclude that rq + d’ > rg + d, that is, d’ > d, a contradiction, that
completes the proof in this case (A).

(B) Let ¢ € X** be arbitrary (but ¢ # 0). From the inequality (2.2) we get
(@/1¥]l, wo) > sup(p/|[¢]],0(B)) + d/[|¢|. Thus by (A) we obtain
d

dist(T™* (/141), Sea(C(H)™)) 2 g

and finally dist(T**y,Seq(C(H)**)) > =d. O

1
2
Definition 2.3. If X is a Banach space and K a w*-compact subset of X*, the
B-index of K (in short, Bindex(K)), is defined as

Bindex(K) :=
= sup{dist(co® (W),eo(B)) : W C K w*-compact and B a boundary of W}.

Theorem 2.4. Let X be a Banach space and H C X* a w*-compact convex
subset, B a boundary of H, wg € H, ¥ € X** and d > 0 be such that (1, wgy) >
sup(t,co(B)) + d. We have

(1) dist(y | H,B1y(H)) > §d in loo(H) and so dist(S(X**) | H, By (H)) >
i Bindex(H) in (o (H).

(2) If H C B(X*) then dist(1, Seq(X**)) > dist(y, Seq(X**, H)) > 4.

Proof. (1) This follows from Lemma 2.1 and Lemma 2.2.
(2) Let T : X — C(H) be the restriction operator such that To = z |
H, Vz € X. Observe that | T|| <1 because H C B(X™*).

Claim. T**(Seq(X**,H)) C Seq(C(H)**).



Indeed, let z € Seq(X**, H). Then z | H € Byp(H) and from Lemma 2.1 we
get
dist(T** z,Seq(C(H)**)) < 3dist(z | H,B1,(H)) = 0.

As Seq(C(H)**) is a closed subspace of C'(H)** (by [15]), we conclude that
T**z € Seq(C(H)*™).

So, as ||T]| < 1, we get
dist(v, Seq(X™, H)) > dist(T**,Seq(C(H)™™)).

Now an application of Lemma 2.2 gives that dist(y, Seq(X**, H)) > g. Finally,
the inequality dist(1), Seq(X**)) > dist(v), Seq(X**, H)) is obvious because
Seq(X**) is a subspace of Seq(X**, H). O

Corollary 2.5. Let X be a Banach space, H C X* a w*-compact conver

subset, Y € X** and C C X a convex subset with i € C" . The following
are equivalent:

(1) | H € Byy(H).

(2) There exists a sequence {x, : n > 1} C C such that x,(h) — ¥ (h) for
every h € H.

Proof. As (2) = (1) is obvious, we prove (1) = (2). Let T': X — C(H) be the
restriction operator T'(x) =z | H. Since ¢ | H € Byy(H), from Lemma 2.1 we
get

dist(T**1,Seq(C(H)*™)) < 3dist(y | H,B1p(H)) = 0.

As Seq(C(H)**) is a closed subspace of C'(H)** (by [15]), we conclude that
T**1) € Seq(C(H)**). Finally, the implication (1) = (2) follows from [16,

REMARK, p. 379] because T**1) € T(C)w . O

Corollary 2.6. Let X be a Banach space, H a convexr w*-compact subset of
X* and v € X**. Then:

(a) If b € Seq(X**, H), there exists a sequence (xp)n>1 C X with ||z,] <
|| such that x,, — ¥ on H.

(b) Y | H € B1y(H) if and only if ¢ € Seq(X**, H).
Proof. (a) By hypothesis ¢ [ H € Byp(H) and ¢ € ||¢HB(X)w . Now it is
enough to apply Corollary 2.5. .

(b) This follows from Corollary 2.5 and the fact ¢ € [J[[B(X) . O

3. Localization of w*-N-families and copies of the basis of £;(c)

In this Section we deal with a very useful tool introduced in [10]: the w*-N-
families. Let us define this notion, that will have a very important role in order
to localize copies of the basis of ¢ (c)(see [10, Definition 3.3] and [11, Definition
2.1]).



Definition 3.1. Let X be a Banach space. A bounded subset F of X* is said
to be a w*-N-family of width(F) > d > 0 if F has the form

F ={nmn: M,N disjoint subsets of N},

and there are two sequences {ry,, :m > 1} C R and {z,, : m > 1} C B(X) such
that for every pair of disjoint subsets M, N of N we have

NN (ZTm) > T +d, Ym e M, and nun(zn) <r,, Yn € N.
The index Width(Y') of a subset Y C X* is defined as follows ((sup{0} = 0)):

Width(Y) :=
=sup{d > 0: exists a w*-N-family A CY such that width(A) > d}.

Among the properties of the w*-N-families (see [10, Remark 3.4] and [11,
Remark 2.2]), we highlight the following facts: (i) a w*-N-family A always
contains a copy of the basis of ¢1(¢); (ii) the family {z,, : m > 1} C B(X)
associated with a w*-N-family A is equivalent to the basis of ¢;.

If K is a w*-compact subset of a dual Banach space X*, the inequality
@(K) # " (K) always implies that K contains a w*-N-family and a copy of
the basis of ¢1(c) (see [10, Lemma 3.2],[11, Proposition 2.5]). However, from the
fact co(B) # " (K), B being a mere boundary of K, we cannot localize, in
general, inside K neither a w*-N-family nor a copy of the basis of ¢;(c). Let us
see some counterexamples.

Counterexample 1. The following counterexample shows that, if K is
not w*-metrizable, the fact @6(B) # 0 (K), B being a mere boundary of K,
does not imply, in general, the localization inside K of a w*-N-family. Let I
be an uncountable set, X := ¢o(I) and B := {e; : i € I} be the canonical
basis of X* = ¢1(I). Clearly, B is a boundary of the w*-compact subset K :=
{e;:ielt ={e; :ieI}U{0}. As 0 ¢ co(B) then co(B) # " (K).
However, K fails to have a w*-N-family because X does not have a copy of ¢;.
Observe that B itself is a copy of the basis of ¢4 (I). O

Counterexample 2. In the following counterexample we show a Banach
space X such that X™* has neither a w*-N-family nor a copy of ¢1, but there
exist a w*-compact subset K of X* and a boundary B of K such that ¢o(B) #
" (K). Let X be the long James space .J(w;) and Y be its isometric predual
(see [3, 7.7.4 Proposition, p. 348]). Then:

(1) Y and all its successive dual spaces are Asplund. So, X* = Y™** = J(wy)*
has neither a copy of ¢1(¢) nor a w*-N-family.

(i) Let K := B(X*) and By := Y, N K, where Y. := U{[A] : A C
Y countable}. It is easy to see that By is a boundary of K such that ¢6(By) C Y.

(iii) With the notation of [3, p. 346], the vector e, satisfies e,, € B(X™)
but e,, ¢ Y. and so e,, ¢ ¢o6(By). In fact, if A C Y is a countable family,
there exists ag < wy such that A C [{eq : @ < ag, @ a non limit ordinal}]. So,




if ag < f < wi, the basic vector hg := 1(g,] of Y* = J(w1) satisfies (a, hg) =
0, Ya € A, but (e, ,hg)=1. O

In spite of these counterexamples, in many cases the fact co(B) # " (K)
implies that K -and sometimes the boundary B itself- has a w*-N-family and a
copy of the basis of ¢1(c¢). Our approach to this problem consists of two steps:

Step 1. We suppose that K is w*-metrizable. In this case K always contains
a w*-N-family and a copy of the basis of £1(c), if co(B) # ¥ (K) .

Step 2. The general case. We obtain a characterization that actually
reduces this case to the metrizable one.

The metrizables case.

In this case we suppose that K is a w*-compact metrizable subset of a dual
Banach space X*, B a boundary of K such that co(B) # " (K) and prove
that K has a w*-N-family and a copy of the basis of ¢1(c). Moreover we estimate
the index Width(K) in terms of the index Bindex(K). Observe that K is w*-
metrizable iff @6* (K) is (an easy exercise).

Theorem 3.2. Let X be a Banach space, H C X* a convex w*-compact subset
and B a boundary of H such that dist(H,co(B)) > d > 0. If H is w*-metrizable,
H has a w*-N-family A of width(A) > % and a copy of the basis of £1(c). Thus
Width(H) > dist(H,co(B)).

Proof. Since dist(H,co6(B)) > d > 0, there exist wy € H and 3 € S(X**) such
that

(¥, wo) > sup (¢, c0(B)) + d.

Thus, dist(y | H,Bi(H)) > gd by Theorem 2.4. Since H is w*-metrizable,
dist(y | H,Biy(H)) = $Frag(v | H, H) by [9, Proposition 6.4], where Frag(i |
H, H) is the fragmentation index of ¢ [ H in H. Recall (see [9, p. 231]) that
for a function f : H — R the fragmentation index Frag(f, H) is the infimum
of the family of numbers € > 0 such that for every n > € and every non-empty
subset F' C H, there exists an open subset V' C H such that VN F # ()
and diam(f(V N F)) < n. It is clear that, Ye > 0, B{,(H) = {f € {x(H) :
Frag(f,H) < e}.

So, Frag(y | H H) > d/3 > 0, whence we get ¢ | H ¢ B%S(H). By |9,
Proposition 6.1] there exist a non-empty w*-compact subset F' C H and two real
numbers s < t with t —s > d/3 such that F'N {¢ < s}w =F=Fn{y> t}w .

Thus there exist two real numbers s',t' with s < ¢’ <t/ <t and t' — s > d/3
such that every w*-open subset V C X* with V N F # () satisfies

inf(p, VN F) <s<s <t <t<suplyp,VNF).

This fact implies that F' (and so H) contains a w*-N-family A such that width(A)
> d/3 (see [10, proof of LEMMA 3.2] or [11, Proof of 2 = 3]) and a copy of
the basis of ¢1(c). Finally, the inequality Width(H) > idist(H,co(B)) follows
from the above results and the definition of Width(H) (see Definition 3.1) O

10



Let us see the quantitative connection between Width(H) and Bindex(H).

Corollary 3.3. Let X be a Banach space and H a w*-compact subset of X*.
Then

(1) Width(H) < Bindex(H).

(2) If H is w*-metrizable, Width(H) = 0 if and only if Bindex(H) = 0.

(8) If H is conver and w*-metrizable then Width(H) < Bindex(H) <
3Width(H)

Proof. (1) This follows from [11, Lemma 2.4].

(2) First, Width(H) = 0 whenever Bindex(H) = 0 by (1). Now we suppose
that Bindex(H) > 0 and prove that Width(H) > 0. The fact Bindex(H) > 0
means that there exist a w*-compact subset W C H and a boundary B of W
such that dist(cc” (W),@(B)) > 0. Thus Width(co” (W)) > 0 by Theorem
3.2. From [11, Proposition 2.5, Proposition 3.8] we get Width(W) > 0 and so
Width(H) > 0, and this completes the proof of (2).

(3) follows from (1) and Theorem 3.2. O

The general case.

The general case can be reduced to the metrizable case as follows.

Definition 3.4. If X is a Banach space and K a w*-compact subset of X*, we
define the index Bindex.(K) of K as the supremum of Bindex(i*(K)), where
1" is the adjoint operator of the canonical inclusion mapping i :Y — X and Y
1s a separable subspace of X.

Remark. Let K be a w*-compact subset of the dual Banach space X*.
If X is separable (or if K is w*-metrizable), it is clear that Bindex(K) <
Bindex.(K). But if X is non-separable we can have Bindex(K) > 0 and
Bindex.(K) = 0. This happens in the above Counterexamples.

Proposition 3.5. Let X be a Banach space and H a w*-compact subset of X*.
Then

(A) Width(H) < Bindex.(H).

(B) If H is convex then Width(H) < Bindex.(H) < 3Width(H).
Proof. (A) Let F C H be a w*-N-family of width(F) > d > 0 associated with
the sequences {r,, : m > 1} C R and {x, : m > 1} C B(X). Let YV :=
[{#m :m > 1} and i : Y — X be the canonical inclusion mapping. Obviously,
i*(F) is a w*-N-family of i*(H) such that width(i*(F)) > d > 0 associated with
the sequences {ry, : m > 1} C R and {z,, : m > 1} C B(Y). Thus by Corollary

3.3
d < Width(i*(H)) < Bindex(i*(H)) < Bindex.(H).

Therefore, Width(H) < Bindex.(H).

(B) Suppose that H is convex. First, Width(H) < Bindex.(H) by (A). Now
we assume that Bindex.(H) > d > 0 and prove that d/3 < Width(H). The
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fact Bindex.(H) > d > 0 implies that there exists a separable closed subspace
Y C X such that Bindex(i*(H)) > d, i : Y — X being the canonical inclusion
mapping. Then Width(i*(H)) > d/3 by Corollary 3.3 and so there exists in
i*(H) a w*-N-family A’ of width(A") > d/3 associated with certain sequences
{yn :n>1} C B(Y)and {r, : n > 1} C R. For each a € A’ choose k, € H such
that i*(k,) = a. Then A := {k, : a € A’} is a w*-N-family of width(A) > d/3
associated with the sequences {i(y,) : n > 1} C B(X) and {r, : n > 1} C R.
Thus Width(H) > d/3 and so 3Width(H) > Bindex.(H). O

Corollary 3.6. Let X be a Banach space and K a w*-compact subset of X*.
The following are equivalent:

(1) Width(cs" (K)) = 0; (1°) Bindex.(co" (K)) = 0.
(2) Width(K) = 0; (2’) Bindezo(K) = 0.

Proof. (1) & (1') and (2') = (2) follow from Proposition 3.5. (1) < (2) is
proved in [11, Prop. 2.5, Prop. 3.8]. Finally, (1') = (2’) is obvious. O

The ~ topology of a dual Banach space X* is the topology of X* of the
convergence on countable bounded subsets of X. The topology + has been used
by Cascales, Munoz, Orihuela, etc., in several papers (see [4],[5]). It is easy to
see that (X*,v)* = X..

Proposition 3.7. Let K be a w*-compact subset of the dual Banach space X*.
The following are equivalent:

(1) Bindex.(K) = 0.

(2) @V (B) = @™ (H) for every w*-compact subset H of K and every
boundary B of H.

Proof. (1) = (2). Suppose that &7 (B) # co” (H) for some w*-compact subset
H of K and some boundary B of H. This means that there exists a point
wy € @6 (H) that can be strictly separated from co(B) using elements of X...
Precisely, there exist a separable closed subspace Y C X, a vector ¢ € S(Y**) =

S(Y" ) and a positive number d > 0 such that

(¥, wp) > sup (¥, co(B)) + d.

So, if i : Y — X is the canonical inclusion mapping, then

(¥, 1" (wo)) > sup (¥, co(i*(B))) + d. (3.1)

As i*(wp) € ¥ (i*(H)), from (3.1) we get dist(co® (i*(H)),co(i*(B))) > d >
0. Hence Bindex(i*(H)) > d because i*(B) is a boundary of ¢*(H). Thus
Bindex.(K) > d, a contradiction which proves the implication (1) = (2).

(2) = (1). Suppose that Bindex.(K) > 0. Then, by definition of Bindex.(K),
there exists a closed separable subspace Y C X such that Bindexz(i*(K)) > 0,
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where ¢ : Y — X is the canonical inclusion mapping. From Corollary 3.3
we get that Width(i*(K)) > 0. Hence, by [11, Lemma 2.4] there exists a
w*-compact subset L C i*(K) such that @o(L) # co“ (L). So there exist

YeSY*)=5Y"),d>0and vy € @” (L) such that

(1, v9) > sup (1, co(L)) + d. (3.2)
Let W :=i*"'(L) N K.
Claim. " (W) # @ (W).

Indeed, let wy € @™ (W) be such that i*(wg) = vo. Then, taking into
account that co(L) = i*(co(W)), ¢ = i**1) and (3.2), we get

<¢7w0> = <i**1/)aw0> = <¢77’*(w0)> = <¢7UO> > sup <1/}>Z*(CO<W))> +d=
= sup (1, co(W)) + d.

As 1 € X, we conclude that wy € @" (W) \ @ (W), and this contradicts the
hypothesis and completes the proof. O

Remark. In [5, Theorem 5.4] it is proved that X fails to have a copy of ¢; iff
co?(B) =t (K), for every w*-compact subset K of X* and every boundary
B of K. The above Proposition 3.7 implies [5, Theorem 5.4]. Indeed,

@"(B) =co” (H) VH C X* w*-compact subset and every boundary B of H

Progy 3.7 Bindex.(K) =0VK C X* w*-compact subset

e Width(K) = 0 VK € X* w*-compact subset

Def. 3.
e£:>3 " X does not have a copy of /7.

4. w*-countably determined boundaries

In [4] it is proved that a Banach space X fails to have a copy of ¢; if and
only if 6(B) = @" (K) for every w*-compact subset of X* and every w*-K
analytic boundary B of K. In this Section we give a “localized ” version of this
result and show that it also holds with “w*-CD” instead of “w*KCA ” .

Let us recall that, if (T,7) is a topological space, ¥’ C ¥ := NN and & :
¥ — 27 is a set valued mapping, ® is said to be usco if ,Vo € X/, ®(0) is
a compact non-empty subset of T and ® is upper-semicontinuous, that is, for
each o € ¥ and for an open subset U of T such that ®(o) C U there exists a
neighborhood G of o with ®(G) C U. A subset Y C T is said to be countably
determined (in short, CD) in (T, ) if there exists a subset X' C X := NV and
a set-valued usco mapping @ : ' — 27 such that Y = |J, o5, ®(0) (see [17, p.
11]). When ¥’ = X, Y is said to be K-analytic (in short, KA) in (T, 7).
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Lemma 4.1. Let X be a Banach space, ) # ¥ C ¥ := NN and & : ¥/ — 2X7
a set-valued usco mapping. Define

C:= U{ﬁw*(@(F)) : F finite subset of X'}.

Then C is a convex subset such that C = C' .

Proof. The proof can be done as in [4, Proposition 5.5]. Actually, Proposition
5.5 of [4] holds for any w*-usco mapping B : ¥’ — 2%~ and any subset ¥/ C
NN, O

Proposition 4.2. Let X be a Banach space, H a w*-compact subset of X* and
B a w*CD boundary of H fulfilling dist(co"” (H),co(B)) > d > 0 and 6" (B) =
" (H). Then there exists in B a w*-N-family A of width(A) > d > 0 and a
copy of the basis of £1(c). Therefore, Width(B) > dist(cc™ (H),co(B)) in this

case.

Proof. As dist(cc" (H),co(B)) > d > 0, there exists wy € co® (H) such that
dist(wg,c6(B)) > d > 0. Since B is w*CD by hypothesis, there exist a subset
> C ¥ := NY and an usco mapping ® : ' — 2% such that B = {J, 5, ®(0).
By Lemma 4.1, if

C .= U{@“’*((I)(F)) : F a finite subset of X'},

then C is convex and C = C'. Hence C = o (H), because co”(B) = ¥ (H)
and B C C. Thus, given 0 < ¢ < dist(wp,c0(B)) — d, there exists a finite subset
F C %' such that dist(wo, 0" (®(F))) < e. Let vy € @™ (®(F)) be such that
llwo — vo|| < €. Then, if K is the w*-compact subset K := ®(F'), we have

dist(vo, &o(K)) >
> dist(wg,co(K)) — ||wg — vol| > dist(wg,co(B)) — ||wo — vol| > d > 0.

As vy € " (K), by [10, Lemma 3.2] there exist in K, and so in B, a w*-
N-family A of width > d and a copy of the basis of ¢1(c). As d can be
taken arbitrarily close to dist(cc® (H),co(B)), we finally get Width(B) >
dist(co™ (H),co(B)). O

Let us say that a subset Y of a dual Banach space X* is a Pettis setor Y has
the property (P) (in short, Y € (P)) if 6(K) = co® (K) for every w*-compact
subset K of Y (see [11],]20, p. 79]). Recall that: (i) by [12] X* has the property
(P) iff X fails to have a copy of ¢1; (ii) by [11, Proposition 2.5] a w*-compact
subset K C X* satisfies K € (P) iff Width(K) = 0, that is, K does not contains
a w*-N-family. The notion of w*-compact Pettis set was also considered in [5],
under the name of P(B(D))-set with D = B(X), but viewed from a perspective
different from ours; this paper does not deal with “localization” problems inside
K.
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Theorem 4.3. Let X be a Banach space and Y a subset of X*. The following
are equivalent:

(A)Y € (P).

(B) For every w*-compact subset K of Y and every boundary B of K we
have @ (B) =t (K).

(C) For every w*-compact subset K of Y and every w*CD boundary B of K
we have &6(B) =" (K).

(D) For every w*-compact subset K of Y and every w*K.A boundary B of
K we have co(B) =" (K).

. (A)<(B) follows from Corollary 3.6 and Proposition 3.7.

)+(B) (C) follows from Proposition 4.2.
(C) = (D) is clear because every w*/CA subset is w*CD.

D) = (A). It is enough to observe that every w*-compact subset K of X*
is a w*KC.A subset and also a boundary of K. O

Remarks. (1) The equivalence of points (A), (B) and (D) of Proposition
4.3, when Y = X*, is the result obtained in [5, Theorem 5.4] and [4, Theorem
5.6].

(2) The above Counterexample 1 shows that, if K is a w*-compact subset
of a dual Banach space X* with K € (P) and B is a non-w*-CD boundary
of K, it can be @(B) # " (K). Note that the boundary B = {e; : i € I}
of Counterexample 1 is a non-w*CD set, because B is an uncountable discrete
space (so, it is not Lindelof) and every CD space is Lindelof.

(3) When the w*-compact subset K C X* is w*-metrizable, every subset of
K is w*-CD and Theorem 4.3 asserts, in this case, that K € (P) iff c6(B) =
@w*(W) for every w*-compact subset W C K and every boundary B of W.
Note that this statement coincides with that obtained in Corollary 3.3.

5. Applications to some special boundaries

When K is a w*-compact subset of X* and B is either a w*/CA boundary
of K or B := Ext(K), we obtain better results than in the general case. First,
we see a series of lemmas.

Lemma 5.1. (Talagrand [19]) Let T be a cardinal with cofinality cf(t) > Rg, X
a Banach space and A a subset of X. The following are equivalent

(1) A has a copy of the basis of £1(T).

(2) €o6(A) has a copy of the basis of £1(7).

(3) [A] has a copy of £1(T).

Proof. The implications (1) = (2) = (3) are obvious.

(3) = (1). Let E := [A] and T : ¢1(7) — E be an isomorphism between
ly(7) and T(¢1(7)). The adjoint operator T* : E* — {l.(7) is a quotient
mapping w*-w*-continuous. Let 0 < n be such that nB(¢x (7)) C T*(B(E™))
and W := T* 1Bl (7))) N %B(E*) Clearly, we can suppose that W is the
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unit closed ball of E* for certain dual norm [||-||| equivalent to the given norm.
It is obvious that T*(B((E*, |||-||]))) = T*(W) = B(¢s (7)) = [-1,1]". By [19,
Theorem 4] we conclude that A has a copy of the basis of ¢1(7). O

Recall that a regular Hausdorfl space T is angelic if: (i) every relatively
countably compact subset W C T is relatively compact; (ii) the closure of a
relatively compact subset W C T is precisely the set of limits of its sequences.

Lemma 5.2. Let X be a separable Banach space and E be a norm-closed w*KCA
subspace of X* such that E € (P). If wi = o(E*, E) then (B(E*),w}) is
angelic.

Proof. First, observe that (B(FE),w*) is analytic because it is metrizable and a
w*KA set (it is w*-closed in (F,w*)) (see [17, Theorem 5.5.1]). Since E € (P),
then E and so the unit closed ball B(E) fail to have a w*-N-family by [11, Prop.
3.8]. Let i : E — X* be the inclusion mapping and A := i*(B(X)) C B(E*).
Then: B

(i) Clearly, A" = B(E*), where w? := o(E*, E).

(ii) (B(E*),w?) is a compact subset of RB(F),

(iii) The space of 1-Baire functions (81 (B(E),w*), 7,), 7 being the topology
on Bi(B(E),w*) of pointwise convergence on B(FE), is a topological subspace
os RE(E) such that A C By (B(E),w*).

Since B(E) fails to have a w*-N-family, if & < 8 and (z,,)n>1 IS a sequence
in B(X), there is a subset I C N such that

{t € B(E) : (xp,t) < a,Vn € I,{xm,t) > B,Ym € N\ I} = 0.

So, by [2, 4G. Corollary] we obtain that A is relatively compact in the space of 1-
Baire functions (By(B(E),w*),7,). Thus (A7, 7,) = (A", w}) = (B(E*),w})
is a compact subset of (Bi(B(E),w*),7,). Since (B(E),w*) is analytic,
(B1(B(E), w*), p) is angelic by [2, 3G. Corollary]. Thus (B(E™*),w}) is angelic.

O

Lemma 5.3. Let X be a separable Banach space, K be a w*-compact subset of
X* containing a w*-N-family and B a w*KCA boundary of K. Then B contains
a w*-N-family.

Proof. Suppose that B fails to contain a w*-N-family and let E := [B]. Clearly,
E is a w*CA subspace of X* such that E € (P) and so F fails to contain a
w*-N-family (see [11, Lemma 3.7, Proposition 3.8]). Then (B(E*),o(E*, E)) is
angelic by Lemma 5.2. Thus co6(B) = @ (K) by [7, Theorem 1.2] and so E
contains a w*-N-family, a contradiction that proves the statement. O

Lemma 5.4. Let K be a w*-compact subset of a dual Banach space X* and
B a boundary of K such that, for every continuous operator T : {1 — X,
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T*(B) contains a w*KA boundary of T*(K). Then the following statements
are equivalent:
(1) K contains a w*-N-family; (2) B contains a w*-N-family.

Proof. As (2) = (1) is obvious, we prove (1) = (2). Let F be a w*-N-family
inside K of width(F) > d > 0 associated with the sequences {r,, : m > 1} C R
and {z, :n > 1} C B(X). Let T : {; — X be the continuous operator such that
T(en) = xn, Vn > 1, where {e, : n > 1} is the canonical basis of ¢;. Clearly,
T is an isomorphism between ¢; and T'(¢1) such that T*(F) is a w*-N-family
inside the w*-compact subset T*(K) of width(T*(F)) > d > 0 associated with
the sequences {r,, : m > 1} C R and {e, : n > 1} C B(¢;). By hypothesis
T*(B) contains a w*) A boundary By of T*(K). By Lemma 5.3 the boundary
By contains a w*-N-family A of width(A) > § > 0 associated with certain
sequences {s,, : m > 1} C R and {u, : n > 1} C B({;). For each a € A we
find v, € B such that T*(v,) = a. Now it is easy to see that H := {v, : a € A}
is a w*-N-family inside B of width(#H) > ¢ > 0, associated with the sequences
{8m :m >1} CR and {T'(un) : n > 1} C B(X). O

Now we can give a version of the above Talagrand Theorem, for 7 = ¢, the
w*-topology of X* and either B = Fzt(K) or B a w*/CA boundary.

Theorem 5.5. Let X be a Banach space and K a w*-compact subset of X*.
Let B C K be either a w*KA boundary of K or B = Ext(K). Then
(A) K contains a w*-N-family if and only if B contains a w*-N-family.
(B) K contains a copy of the basis of £1(c) if and only if B does.

Proof. (A) Tt is enough to see that B satisfies the requirements of Lemma 5.4.
So, let T : ¢; — X be a continuous operator. If B is a w*/CA boundary of
K, then it is easy to see that T%(B) is a w*K.A boundary of T*(K) and so
we are done in this case. Suppose that B = Ezt(K). Then Ext(T*(K)) C
T*(Exzt(K)). As (T*(K),w*) is a metrizable compact set (because (B({o), w*)
is), Ext(T*(K)) is a Gs subset of T*(K) ([6, 27.3 Corollary]) and so a w*-
analytic subset. Thus we can apply Lemma 5.4 in this case.

(B) We prove that B contains a copy of the basis of ¢;(¢) when K does. We
consider two cases, namely:

Case 1. @(B) = " (K). The cardinal ¢ satisfies cf(c) > Ny because
cf(2%) > a for every infinite cardinal « (see [13, p. 78]) and because ¢ = 2%0.
Thus, we can apply Lemma 5.1 and so there exists a copy of the basis of ¢1(c)
inside B.

Case 2. @6(B) # " (K). First, assume that B is a w*/CA boundary of K.
By Proposition 4.3 and [11, Proposition 2.5] there exists a w*-N-family inside
K and so inside B by part (A). Thus B contains a copy of the basis of ¢;(c)
because every w*-N-family does.

Now assume that B = Ext(K). By the proof of [12, 3.1.Proposition| there
exist ¢ € S(X**), a non-empty subset S C Ezt(K) and two real numbers r, §
with § > 0 such that, if V is a w*-open subset of X* with V' NS # (), then we
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can find two vectors &,1 € &% (V' N S) such that p(&) > r + & and ¢(n) < r.
So, K contains a w*-N-family (see the proof of [10, LEMMA 3.2]). Thus, B
contains a w*-N-family by part (A). Finally, B contains a copy of the basis of
£1(c) because every w*-N-family does. O

Corollary 5.6. Let K be a w*-compact subset of the dual Banach space X*.
The following are equivalent:

(1) K fails to have a w*-N-family, that is, K € (P).

(2) @6(Ext(W)) =@ (W) for every w*-compact subset W of K.

(8) Ext(K) fails to have a w*-N-family.

Proof. (1) = (2). Let W C K a w*-compact subset. Then W € (P) because
k € (P). Thus co?(Ext(W)) =c® (W) by Theorem 4.3. Finally to O

In [8] Godefroy and Talagrand study and characterize the representable
and universally representable Banach spaces. A Banach space X is said to be
representable if X is isomorphic to a w*/K.A subspace of /.. A Banach space X
is said to be universally representable if X is representable and every subspace
Y of £, isomorphic to X is a w*K.A subset of £,. The Lemma 5.2 allows us to
extend [8, Théoréme 6] in the following way.

Theorem 5.7. Let Y be a separable Banach space and X a w*KA closed
subspace of the dual Y*. The following statements are equivalent:

(a) X is universally representable.

(b) X fails to have a copy of ¢1(c).

(c) (B(X™*),0(X*, X)) is an angelic space.

(d) X is universally (P), that is, if Z is a subspace of the dual Banach space
V* and Z is isomorphic to X, then Z fulfills the property (P) inside V*.

(e) X € (P) inside Y*.
Proof. The equivalences (a) < (b) < (c) is the Théoreme 6 of [8].

(b) = (d). Suppose that X fails to have a copy of ¢;(c). Then, if Z is
isomorphic to X and also a subspace of certain dual Banach space V*, Z € (P)
inside V* because Z does not have a w*-N-family in V*.

(d) = (e) is obvious and (e) = (c¢) follows from Lemma 5.2. O

For a Banach space X, let NA(X) denote the subset of elements of the
dual X* which attain their norm on B(X). The following Proposition 5.8 and
Proposition 5.9 generalize Lemma 2.10 and Proposition 2.14 of [1], respectively.

Proposition 5.8. Let X be a Banach space, J : X — X** the canonical
inclusion, M a closed subspace of X* andi: M — X* be the canonical inclusion
mapping such that i* o J(B(X)) contains
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(1) either a w*KA boundary B of B(M*); (i) or Ext(B(M™*)).

Then:

(A) If X does not have a copy of £1(c), i*oJ : X — M* is a canonical
quotient.

(B) If M is infinite dimensional, there is an infinite dimensional quotient
space of X which is isomorphic to a dual space.

Proof. (A) Let B C i* o J(B(X)) be either a w*CA boundary of B(M*) or
B = Ezt(B(M*)). Clearly B does not to have a copy of the basis of ¢ (c)
because X does not.

Claim. ¢o(B) = B(M™).

Indeed, suppose that ¢o(B) # B(M*). Then:

(i) Assume that B is a w*K.A boundary of B(M™*). By Proposition 4.3 and
[11, Proposition 2.5] there exists a w*-N-family inside B(M*) and so inside B
by Proposition 5.5. Thus, B contains a basis of ¢;(c), a contradiction.

(ii) Assume that B = Ext(B(M*)).

Por la Proposicién 4.3 existe una w*-N-familia dentro de B(M*). Por la
Proposicién 5.5 también existe una w*-N-familia dentro de B. En consecuencia,
B posee una copia de la base de £1(c).

(b) Sea B = Ext(B(M*)). Por la Proposicién 5.6 el conjunto B posee una
w*-N-familia y, por tanto, una copia de la base de ¢1(c).

Hemos llegado a una contradiccién que prueba el Aserto.

Finalmente, observemos que el hecho ¢6(B) = B(M*) implica que i* o J :
X — M* es un l-cociente. Let B C i* o J(B(X)) be a w*K A boundary of
B(M*). Clearly, B does not have a basis of ¢1(c), because X fails to have a
copy of 41(c).

Claim. @(B) = B(M*).

Indeed, assume that ¢o(B) # B(M™*). By Proposition 4.3 and [11, Proposition
2.5] there exists a w*-N-family inside B(M™*) and so inside B by Proposition
5.5. Thus, B contains a basis of £1(c), a contradiction which proves the Claim.

Finally, observe that the fact ¢o(B) = B(M*) implies that i*oJ : X — M*
is a canonical quotient. O

Proposition 5.9. Let X be a Banach space, J : X — X** the canonical
inclusion and M an infinite dimensional closed subspace of NA(X) such that
i* o J(B(X)) contains a w*KA boundary of B(M*), i + M — X* being the
canonical inclusion mapping. Then there is an infinite dimensional quotient
space of X which is isomorphic to a dual space.

Proof. If X does not have a copy of ¢1(c), we apply Proposition 5.8. If X
contains a copy of ¢ (c), then £, is a quotient of X. O
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