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THE FIXED POINT PROBLEM FOR
GENERALISED NONEXPANSIVE MAPS

MICHAEL A. SMYTH

This paper is concerned with extending the theory of the existence of fixed points
for generalised nonexpansive maps as far as possible. This can be seen as a con-
tinuation of the work of Maurey on the extension of the fixed point theory for
nonexpansive maps beyond the requirement of normal structure type conditions.

1. INTRODUCTION

A (real) Banach space X is said to have the weak fixed point property (w-fpp)
if, when C is a nonempty weak compact convex subset of X that is self mapped by a
nonexpansive map T, then T has a fixed point. If X is a dual space we can define the
weak star fixed point property (w*—fpp) by requiring the set C of the above definition
to be weak star compact. In [1] Alspach showed that not every Banach space enjoys
the w—fpp and it is well known that failure of the w*—fpp occurs. In [11] the notion
of a generalised nonexpansive mapping was introduced. We study fixed point problems
for this class of maps, and introduce the w—fpp (w*—fpp) for generalised nonexpansive
maps which is defined in the obvious way. For basic material on nonexpansive mappings
we refer the reader to [10].

Section 2 is concerned with some metric properties of generalised nonexpansive
maps, further refining the class meriting investigation.

In Section 3 we extend some of the basic techniques from the nonexpansive to
the generalised nonexpansive case. Included are results on approximate fixed point
sequences that will be needed in the sequel.

In Section 4 we give fixed point theorems for generalised nonexpansive mappings.
These results go beyond the requirement of normal structure criteria and generalise

results from the nonexpansive case.
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2. METRIC PROPERTIES OF GENERALISED NONEXPANSIVE MAPPINGS

Suppose that C is a2 nonempty metric space with metric d. Then a self map T of
C is said to be generalised nonexpansive if there exist nonnegative a;, 1 = 1,2,...,5,
so that Y} a; <1 and, for, z,y € C,

d(Tz,Ty) < a1d(z,y) + azd(z,Tz) + asd(y, Ty) + asd(z, Ty) + asd(y, Tz).

Since the distance function is symmetric we can replace az,a; with (a2 + a3)/2 and
as,as with (a4 + a5)/2. Thus the above definition is equivalent to the existence of

nonnegative a,b,c satisfying a + 2b + 2¢ < 1 with
d(Tz,Ty) < ad(z,y) + b(d(z, Tz) + d(y, Ty)) + c(d(=,Ty) + d(y,Tz))

for z,y € C. If b = ¢ = 0 then T is of course nonexpansive.
We now give inequalities that will be useful. Recall that an approximate fixed
point sequence (afps) for a mapping T is a sequence (z,) satisfying d(Tznp,zn) — 0.
PropPosITION 2.1.

(1) I (zx,) is an afps for T and (y.) is a sequence in C then (assuming that
the limit supremums exist),

lim sup d(Tyn,zn) < %t—ch'msup d(Yn,2n)-
-b—c

(2) Ifa+2c<1 and z,y € C then

1+b+c¢

d(z,y) < T ar 2c(d(T:r:,:z:) + d(Ty,y))-

PROOF:
(1)
lim sup d(Tyn, z») = lim sup d(Tyn, Tz,)
< lim sup (a d(yn, Zn) + 0 d(TYn, ¥n))
+ c(d(Tyn,zn) + d(TZn,yn))
£ (a+ b+ c)lirr supd(zp,yn) + (b + ¢) im sup d(Tyn,, zn)-

Thus

lim sup d(Ty'rn Z,.,) < ‘;_—i__ll:-t_c lim sup d(yn: J':‘"v)
-b-c¢
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as required.

< d(z,Tz) + d(Tz,Ty) + d(Ty,y)
< ad(z,3) + (14 B)(d(Tz,2) + d(Ty,y)) + e(d(Tz,3) + d(Ty,2))
< ad(z,y) + (1+b)(d(T=,z) + d(Ty,y))

+ c(d(Tz,z) + 2d(z,y) + d(Ty,v))-

(2)  d(=z,y)

Thus
1+b+e¢c

d L ———
(ziy) l_a_2c

(d(Tz,z) + d(Ty,y))

as required. 1]

If X is a Banach space d(z,y) = ||z — y||. In[2]it is noted that if b > 0 then the w—
fpp for the associated generalised nonexpansive maps has been completely determined.
Indeed, if 0 < b < 1/2 then fixed points exist and if b = 1/2 then the w—fpp for such
maps is equivalent to close-to—weak normal structure (see [23] for definition). Thus we
shall be concerned with mappings for which b = 0. These mappings are of two types:
the nonexpansive maps, and those for which b = 0, ¢ > 0 (which we call mappings of
type (c)).

It is well known that if C is a nonempty bounded convex subset of a Banach space
X that is selfmapped by a nonexpansive T then T has an afps. Bae 2] established that
if C is a bounded metric space, T a generalised nonexpansive self map of C with b= 0,
¢ > 0, then T is asymptotically regular. That is, for any z € C, d(T"‘“:c,T“:c) -0,
that is, any orbit is an afp.

We note that in [2] it was also shown that if T" satisfies the generalised nonexpansive
condition with ¢ = 1/2 then, forall z € C,

d(T™z,Tmz) < 5= - ——— diam C.

Thus T is uniformly asymptotically regular (the sequence of terms from the left hand
side of the above inequality converges to 0 uniformly on C). If F denotes the collection
of all self mappings of C satisfying the generalised nonexpansive inequality with ¢ =1/2
then, since the right hand side of the above inequality does not depend on T, the
uniformity is over ¥ and C. In fact, a similar result is true for any fixed ¢ € (0,1/2].
One uses the nonuniform result and a technique used on page 100 of [10].

3. FURTHER PROPERTIES

Suppose that C is a nonempty weak (weak star) compact convex subset of a (dual)
Banach space X that is self mapped by T'. A subset K of C is said to be a minimal
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invariant if it is minimal with respect to set inclusion in the class of nonempty weak
(weak star) compact convex T invariant subsets of C'. Such minimal sets exist courtesy
of Zorn’s Lemma and the compactness condition. In the sequel we use the terms w—
minimal invariant or w*-minimal invariant when any ambiguity could arise and may
further specify the type of mapping under consideration.

It is obvious that X (X*) has the w—fpp (w*-fpp) for generalised nonexpansive
maps if and only if every (generalised nonexpansive) minimal invariant is a singleton.
Thus, if X fails the w—fpp (w*~Ipp) for generalised nonexpansive maps we can assume
that it contains a minimal invariant K (associated with a generalised nonexpansive
mapping) of positive diameter. By translation and dilation we can also assume for any
particular = € X that z € K and diamK = 1. Also K =@ T(K) (K = @o* T(K)).
The following proposition has been useful in the nonexpansive theory. Recall that a
real valued map f from a topological space is lower semicontinuous if f~(r,00) is
open for any r € R. It is called weak (weak star) lower semicontinuous if the space is a
Banach space with the weak (weak star) topology. We shall find the proposition useful
for generalised nonexpansive mappings.

PropPosITION 3.1. Suppose that K is a minimal invariant and f : K — R is
weak (weak star) lower semicontinuous and convex with f(Tz) < f(z) for any z € K.
Then f is constant on K.

PROOF: Let a := min{f(z) : ¢ € K}. a exists because of the weak (weak
star) compactness of K and the weak (weak star) lower semicontinuity of f. Let
M = {z € K: f(z) = a}. M is then weak (weak star) compact and also convex due to
the convexity of f. Since f(Tz) < f(z) for any ¢ € K, M is also T invariant. Thus
M = K by minimality of K, giving f constant. 0

The following proposition is due to Bogin [4]. Our proof is an adaptation of one
for the analogous nonexpansive result and uses a similar proof technique to that used
in Proposition 3.1. We recall that if D is a nonempty closed bounded convex subset of
a Banach space X then D is said to be diametral if rad D = diam D. That is, for all
z € D, sup{||lzc —y|| : y € D} =diam D.

PROPOSITION 3.2. Suppose K is a w—minimal invariant associated with a
generalised nonexpansive mapping T satisfying b= 0. Then K is diametral.

ProoF: Consider the function f: K - R, f(z) =sup{llze—y||:y€ K}. fis
weak lower semicontinuous. Put o := min{f(z): 2 € K} and M :={z € K : f(z) =
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a}. Then M is T invariant. Indeed, if z € M then

f(Tz) = sup ||Tz -y
yeEK

= sup ||Tz — Ty|| ( since K =6 T(K))
yeEK

< sup {a]lz —y|| + cllz — Ty|| +¢lly — T=|}}
yEK
L aa+ca+csup |y - Tz|
vEK
= a(a +c) + cf(Tz).

Thus f(Tz) < a{a+¢)/(1 —c) € a since a + 2¢ < 1. Thus by the minimality of K
we get that K is diametral. . I

The above proposition has a w* version. Indeed, in this case the analogous f is the
supremum of w* lower semicontinuous functions and is thus also w* lower semicontinu-
ous. Also, sup{||Tz —y| : y € K} = sup{||Tz — Ty|| : y € K} since if 8 is the second
quantity then K C Bg(Tz) by the fact that the last set contains T'(K), is convex and
w* closed.

A nonempty bounded subset of X is said to have normal structure if its only
diametral subsets are singletons. X is said to have normal structure (weak normal
structure) if any nonempty (weak compact) bounded subset of X has normal structure.
Weak star normal structure is defined in a similar way for dual spaces. Together with
the stated results in Section 2, Proposition 3.2 (and the remark after it) gives that
(dual) Banach spaces with weak (weak star) normal structure have the weak (weak
star) fixed point property for generalised nonexpansive maps.

The following is a variation of the Lemma of Karlovitz [9, 14].

LEMMA 3.3. Suppose that K is a w—minimal invariant for a generalised non-
expansive map T with b = 0. Then if (z,,) is an afps, ||z, — z|| » diam K for any
z € K. That is, (z,) is a diameterising sequence for K.

PRrROOF: Define f(z) := limsup ||z — z,|| for z € K. Since f is continuous and
convex it is weak lower semicontinuous. Also, if ¢ € K then, by Proposition 2.1,

f(Tz) =limsup ||Tz — z,|| < limsup ||z — z,||
= f(2).

Thus by Proposition 3.1 f is constant on K, with value k say. Let (zn") be a subse-

quence of (z,) with :cnl.l»:co for some zg € K. Then for any z € K

k> Iim'sup “:c — Ty, “ > lim'_inf ”z - :Bni” 2 Iz — 2|
1
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by weak lower semicontinuity of the norm. Thus
k > rad(zo, K) = diam K

by Proposition 3.2, giving k = diam K. Since any subsequence of (z,) is also an afps

we can repeat the above argument if necessary to deduce the required result. 0
The following proposition is a variation of a result of Maurey [17]. The proof we

use is an adaptation of the proof used in [5] for the nonexpansive case.
PROPOSITION 3.4. Suppose that C is a closed bounded convex subset of a

Banach space X. Then, if T : C — (C is a generalised nonexpansive mapping, (z.)
and (yn) two afps’s for T and X € [0,1], there exists an afps (z,) so that

lim sup ||z, — za|| = (1 — A) limsup ||z, — ya||

and
lim sup ||zn, — yu| = Alimsup ||z — s .

Also, if im ||z, — yn|| exists then we can rewrite the above using lim instead of lim sup.
ProOF: Write | = limsup ||z, —y,||. If & > 0 then, by the second inequality
of Proposition 2.1, | = 0 and the first inequality implies that 2z, := Az, + (1 — A)yn

suffices. Otherwise put
C := {(2n) € boo(X) : 2z, € C}.

Define T:C —» C by
T(z,.) = (Tzn)

for (z,) € C. Since T was generalised nonexpansive with ¢ > 0, T has the same

properties. Now define D by
D :={(zn) € C : limsup ||z, — z,|| < (1 — A)l, limsup ||zn ~ ya|| < Al}.

Then D is nonempty, closed, convex and bounded. Since (z.) and (yn) are afps’s D

is also T invariant by Propoisition 2.1. Thus D contains an afps by Section 2. That

is, for all p € N there exists (28)o. , € D so that sup ||[Tz2 — 2P|| < 1/p for all n.
Choose e, > 0 so that e, — 0. Then for any p there exists n, € N so that for

nZzng
l2h — zall < (1 = M)l + &5,
lizh —wnll < Al +ep

and T2E — zn]| < 1/p.
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We can also assume that (n,,):?__l is a strictly increasing sequence. Now define (z,,) € C
as follows.

For n < mn; put z, =2L. If n € [np,np41), put z, = 2.

Then it is clear that (z,) € D and is an afps.

To obtain the main statement of the proposition we note that, for (z,) € D, the
inequalities used in the definition of D are actually equalities.

Now suppose that lim ||z, — yn| exists. Then we can rewrite D by replacing
lim sup by lim. Indeed, suppose that (2,) € D and that liminf ||z, — z,|| < (1 — A)L.
Then

iminf |z, — yn|| € Bminf ||z, — z4|| + im sup ||yn — 24|
<(Q-A)+ X
=1,
a contradiction, giving that lim [|z,, — z,|| exists. Likewise it can also be shown that
lm ||z, — yn| exists. 1]

The above proposition can be generalised to the following proposition, similar to a
result from [7].

PROPOSITION 3.5. Suppose that C and T are as in the above proposition.
With m > 1 suppose also that we are given m alps’s, written (z;) fori=1,2,...,m.
Then there exists an afps (z,) of T so that for every 1,

lim sup ||zn — :c:,” < ((m —1)/m)diam C.

ProorF: If b> 0 then z, :=(1/m) Ez}, suffices. Otherwise we again consider C
and T. This time put
D ={(za) € C :limsup l|zn - z:‘” < ((m —1)/m)diam C for all 1}.

Note that ((1/m)(z} + =2+ + z™)) € D #0. As above, D contains an afps. Thus
for any p € N there exists (y2)or, € D so that sup||Ty% — y2|| < 1/p. Choose &, >0

so that e, — 0. Then for any p there exists n, € N so that for n > n,
|lva - zi|| < ((m —1)/m)diamC + ¢, for all i.

We can also assume that (n,) is a strictly increasing sequence. We now define (z,) € C
as follows.

For n < n; put z, = yL. If n € [np,np41) put z, = y2. It is then readily seen
that (z,) € D and that (2,) is an afps, giving the proposition. 0
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4. FIXED POINT RESULTS

In this section we give fixed point results that don’t require normal structure type
criteria for generalised nonexpansive mappings of type (c). We consider the (defined
in the obvious way) w—fpp (w*-fpp) for mappings of type (c). In the sequel we only
consider the w case. It should perhaps be noted that so far no space has been shown
to fail the w—fpp (or even the w*—fpp) for mappings of type (c).

Suppose that K is a nontrivial (c) minimal invariant. By Section 2 it has an afps
(zn) (any orbit sufficing). Since K is weakly compact we can assume that (z,) is
weakly convergent. By translation and dilation we can assume that the weak limit
is 0 and that diam K = 1. Of course Lemma 3.3 implies that lim ||z — z,|| = 1 for
all z € K and in particular |[z,| — 1. We shall assume this state of affairs for the
remainder of this section.

In [17] Maurey proved that reflexive subspaces of L;[0,1} have the w—fpp. The
proof essentially starts from where we just left off and uses the nonexpansive versions
of Lemma 3.3 and Proposition 3.4 to obtain a contradiction; that no further properties
of the mapping are required can be seen by following the proof given in Part III of [7],
a proof which also does not require the use of an ultrapower. Thus these spaces have
the w—fpp for type (c) mappings. Maurey’s original proof could also have been adapted
to work in this case as well. We also have the following versions of results in [7]: The
Tsirelson spaces T, and T} have the w—fpp for mappings of type (c), as do B-convex
subspaces of uniformly monotone Banach lattices.

Maurey also showed that ¢y has the w—fpp. Recently (in [12] and [13]) a property
was defined sufficient for the w—fpp and which is possessed by ¢p. We recall its definition.

Firstly if X is a Banach space, z,y € X and A is positive put

Mx(z,y) := {z € X : max{||z —z||, ||z — yll} < (1/2)(1 +A) |z - 9|}
If A is a bounded subset of X
|A] ;= sup{||z|| : z € A}.
If (z,) is a bounded sequence in X and A positive we also define
D((2n)] == lim sup lim sup [|z5, — 2|
and Ai[(zn)] := 1im"sup lim:up |Mx(zn,zm)]-

Finally we say that X is Orthogonally Convex (OC) if for each sequence (z,) in X
that is weakly convergent to 0 and satisfies D[(z,)] > 0 there exists A > 0 such that

Ax[(22)] < D((2a)]-
It is shown in [12] that OC spaces have the w—fpp. This is easily extended. We
firstly give the following.
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ProOPOSITION 4.1. The Banach space property defined by only requiring that
lim inf im inf |M(zn,zm)| < D{(zn)]

in the definition of OC is equivalent to the following:

Given a weak null sequence (z,) with D[(z,)] > O there exists a subsequence (yn)
of (zn) and XA > 0 so that

sup | Ma(¥n,ym)| < D[(zn)]'
n,mEN,n#m

PROOF: Suppose that X satisfies the altered definition of 0C, z2,—0 and
D[(z5)] > 0. Obviously (z,) is an infinite sequence. We can assume that its terms are
distinct. Denoting by P2(A) the set of two element subsets of a set A, put

Al = {{zn,2m} € Po{za}7l1) : [Mij2(2n, 2m)| < Dl(za)} - 1/2}
= {{zn,2m} € Po({zn}3Z1) : |[M1/2(2n,2m)| > Dl(2a)] - 1/2}.

Ramsey’s Theorem now gives a subsequence (z,) of (zn) so that either Pp{z1}32, C
A! or Pp{z1}32, C B!. The first eventuality gives the required result. We shall thus

assume the second. Now put

= {{zhon} € Pa({sh}21) ¢ [Maja(n,2m)| < Dl(ea)] — 1/2}

= {{ah 20} € Pa({23}i2) : | M2 (2, 2m)| > Di(an) - 1/2°}.

Again we shall assume the existence of a subsequence (22) of (z1) satisfying P,{z2}2,
C B%. We can continue in this fashion. A Cantor diagonalisation will then produce a
subsequence (y,) of (z,) so that

hu}ninfﬁnznianMz\(ymym)i 2 D[(wn)] 2 D[(yn)]

for any A > 0. Since this property of (y.) also implies that D[(y)] > 0, we have a

contradiction. The converse is obvious. 1]
We now extend the result from [12].
PropPosITION 4.2. If X is OC then it has the w—fpp for mappings of type

(c)-
PROOF: Back to our (¢) minimal invariant K with its weak null afps (z,). Lemma
3.3 easily gives that D[(z,)] = 1. Now let (y,) be a subsequence of it given by the above
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proposition, with associated A > 0. Put M = sup  |{Mx(yn,ym)| < 1. Choose

n,mENn#m
two subsequences of it, (zn) and (wn) say, with ||z, — wa|| — 1. (This is possible by
Lemma 3.3.) Proposition 3.4 now gives an afps (t,) in K with bm ||t, — z,| = 1/2
and lim||t, — w,|| = 1/2. But then, for sufficiently large n, ||t,|] < M, contradicting
the fact (by Lemma 3.3) that ||t,|| — 1. a

The next results are lattice theoretic. For background material we refer the reader
to [20]. We recall some definitions from {5]. A Banach lattice is said to be weakly

orthogonal if, given a weak null sequence (z,) in it,
1) liminf liminf |||z,| A |zm{]| = 0.

This definition can be rewritten as follows.

PROPOSITION 4.3. A Banach lattice X is weakly orthogonal if and only if
given a weak null sequence (¢,) in X and € > 0 there exist n,mm € N so that
Hzn] A |2m ||| < €. It is also equivalent to the condition requiring that for every € > 0
there exists a subsequence (y,) of (z5) so that |[[yn| A lym|]| <€ f n#m.

PROOF: Clearly weak orthogonality implies the first stated comndition. Also, the
second condition easily implies weak orthogonality. Now suppose that X satisfies the
first condition and z,—— 0. In establishing the second condition we can assume that
liminf ||z,|| > 0. Thus liminf |||z,| A |2x||| > 0. But now an application of Ramsey’s
Theorem easily gives the second condition. 0

We define, after [5], the Riesz angle of a Banach lattice X to be
a(X) :=sup{[llz| V[ylll : ll=ll <1, [lyfl <1}

It is noted in [5] that X is an abstract M space if and only if a(X) = 1. The following
Lemma is [5, Theorem 4.2].

LEMMA 4.4. If z,y,z are in a Banach lattice X then
2l < a(X)(llz — 2l V lly — zll) + [ll=] A lwll] -

In [5] it is shown that if X is a weakly orthogonal Banach lattice with a(X) < 2
then X has the w—fpp. Lemma 4.4 gives that for two points z, y and A > 0,

|Mx(z,y)] < (X)(1/2)(1 + A) |z — ]| + [ll=] Al -

Of course if a(X) < 2 then A can be chosen so that 8 := a(X)(1/2)(1 + 1) <1. We
now see that if limsuplimsup was used instead of liminf liminf in the definition of

https://doi.org/10.1017/50004972700030525 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700030525

[11] Generalised nonexpansive maps 55

weak orthogonality then we would have arrived at orthogonal convexity. Irrespective,
we obtain the condition of Proposition 4.3. One can then use the method of proof of
Proposition 4.2 to establish the following proposition. [5] contains examples of spaces
satisfying the conditions given. The spaces ¢y and ¢ both satisfy the weak orthogonal
condition using the double limit supremum and are thus also OC.

PRoOPOSITION 4.5. If X isa weakly orthogonal Banach lattice with a(X) < 2
then it has the w—Ipp for mappings of type (c).

We now combine the approach of [5] with a technique from [7]. Firstly, suppose X
is a Banach lattice and p € N, p > 1. Then X is called p weakly orthogonal if, given a

weak null sequence (z,) in X and € > 0, there exist p natural numbers ny,n,,...,7,
P

(not necessarily distinct) so that || A I:c,,'.l < €. Of course weak orthogonality is
=1

the same as being 2 weakly orthogonal. The following is essentially established in |7,
Corollary 3].

EXAMPLE 4.6. Let w denote the first infinite ordinal. Given an ordinal a we denote by
C(a) the Banach space of continuous real valued functions on the compact Hausdorff
order interval [1,a]. This space has the usual supremum norm and pointwise order.
Then, for n € N, a < w®, C(a) is n weakly orthogonal.

It follows directly from the definition of Riesz angle that if z and y are elements
of a Banach lattice X then

=l v iyl < «(X) (=l v livl) -

This now easily implies that if ,,z3,...,z, are p points in X (not necessarily distinct)
then
P P
(2 Vlzid|| < a(x)™ (\/ llzs'll) :
i=1 i=1

Now suppose also that z € X. Then for any ¢
l2| < lzi| + |2zi — 2]
Thus for any j

P
2 < \ Iz ~ 2| + |25 -
i=1

Thus

lz] < ;\ (\/ |z — 2| + |z,|)

-

.,

I
<'a

|z — zi| + /\ |z:] -

1
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This combined with (2) gives the following.

LEMMA 4.7. Supposethat z,,z2,...,z, (not necessarily distinct) are p (p > 2)
points in a Banach lattice X and that z € X. Then

2l < a(X)?™ (V ll= - will) +

i=1

P
N Izl
i=1

We are now ready for the main fixed point result.

THEOREM 4.8. If X is a p weakly orthogonal Banach lattice satis{ying
-1 -
PZ o a(xy <1
p

then X has the w—{pp for both nonexpansive mappings and mappings of type (c).

PROOF: Suppose K is our usual minimal invariant satisfying diam K =1 with a
weak null afps (z,,). From the definition of p weakly orthogonal there exist p subse-

quences of (z,), (z1), (z2), ...,(2B) say, so that
p k3
Alz]
i=1

Now Proposition 3.5 gives an afps (z,) satisfying lim sup ”zn - .'c:‘” < (p-1)/p forall
n
1. But

—, 0.

P
T
A\ lex]

=1

P
lim sup ||za|| < @(X)?™" lim sup (V l|zn — :z:;”) + lim sup
n . n

1=1

P
<o(XP 1\ n— T
a(X) (l:\/l mnsup ”z :cn”)

< a(X)P-lp_"l
r
<1,
contradicting ||zn|| — 1 (due to Lemma 3.3). 0

Since the C(a) mentioned in Example 4.6 are M spaces, Example 4.6 and Theorem
4.8 give the following corollary which extends the result for nonexpansive mappings
given in [7].

COROLLARY 4.9. If o < w” then C(a) has the w-fpp for mappings of type
(c)-

It is easily seen that the technique of the proof of Theorem 4.8 would work if X
was a Banach lattice satisfying the following: Given a weak null sequence (z,) in X
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there exists p € N (p > 1) so that ((p — 1)/p)a(X)?™! < 1 and that for any € > 0
there exist ny,n3,...,np € N such that

P
/\ |zn;
=1

The following gives an explicit pathological sequence that violates the above. The weak

< E.

null sequence used is of Schreier type and is connected with the failure of the weak
Banach Saks property (see below).

ProrPosSITION 4.10. C(w") contains a weak null sequence of indicator func-
tions (zn) so that given any m natural numbers ny,ns,...,nm with n; > m there

exists a € [1,w"™) so that
ZTny (a) = zﬂz(a) == :c,,m(a) =1

PROOF: We firstly define sequences (z7*)o-, in C(w™) in the following recursive
manner:
For m =1 put z} = xn. Now suppose that (7)., has been defined. We shall use
the fact that [1,w™] is order isomorphic to [w™.n+1,w™(n + 1)] for any m,n € N, via
f™ say. Also, if z € C[1,w™] then f7*(z) is the member of Clw™.n + 1,w™(n + 1)]
defined by f*(z)(a) = z((f,’,")—l(a)) for a € [w™.n+1,w™(n +1)]. Now put

1
27 = X(1,um)
m+l _ m d
T, T =Ty t+ Xwm41,wm2] 20

aptt =2l M (=nne) o+ R (E0) + Xwm (o141 0 m)-

It can then be verified, again by recursion, that the (z™)>-, have the following prop-

erties.

1. z* € C(w™) for n,m € N.

2. z™% 0 for all m.

3. z™*(a)€ {0,1} for n,m € N and a € [1,w™].

4. If n1,ns,...,nm € N then there exists a € [1,w™) so that 2z (a) =1
for any <.

We now define a sequence in RI!"*"]. We use the fact that [1,w"*!] is order isomorphic
to [w™ + 1,w™*!] for any n, via f* say. Now put

T3 =Ei

Ty = ::; + fz (zf)
z:; +f2 (z%) +f3 (z"l’) and
Za=zp 4+ f2(25-1) + - + (D).

Z3
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Then clearly z, € C(w"™) for all n and 2, 3 and 4 give, respectively, 2', 3' and 4'

below.
2'. z,—0.
3'". zm(a)€{0,1} for n€ N and a € [1, w¥].
4'. If ni,na,...,nm € N with n; > m then there exists o € [1,w"?) so that
Zn,(a) =1 for any 1.
But these are the required properties. a

The sequence of the proposition can be used to show that C(w™) fails the weak
Banach Saks property, first shown by Schreier [21]. Recall that X possesses the weak
Banach Saks property if, given a weak null sequence (z,) in X, there exists a subse-

quence (yp) of (z,) so that

|‘ﬁ

k
—, 0.

3

n
k=1

Let © denote a compact Hausdorff space and C(€2) the space of real valued continuous
functions on 2, given the usual supremum norm. Now suppose that C(£2) contains
a weak null sequence (z,) so that z, > 0 for all n and, if ny,n2,...,7m € N with
n; > m, there exists z € ) such that z,,(z) =1 for all <. Obviously any subsequence
of (25) also has these properties. Assume that we are given a subsequence and denote
it by (z5). Now for n € N there exists £ € Q so that

1 n
_ >
2n_1($1+1§2+ +Znt -+ T2n—1)(z) o]

>1
2)

contradicting the weak Banach Saks property.

We now recall some definitions. If X is a topological space then it is said to be
dispersed if it does not contain any nonempty perfect subsets. A perfect set is one with
no isolated points and it is easily seen that a space is dispersed exactly when every
nonempty subset of it contains an isolated point. We denote by X " the set of limit
(nonisolated) points of a topological space X . This is also referred to as the derived set
of X. If a is an ordinal then the derivative of order a, denoted by X(®}, is defined by

transfinite recursion as follows. X(®) = X, X(at+1) — (X("‘)),, and X(®) = N XB) if
<a

a is a limit ordinal. ?

If Q is a dispersed compact Hausdorff space there exists a smallest successor ordinal
a = f+1 sothat ) = 0. The topological height of @, H(), is then defined to
be 8. It is well known that H([l,w"]) = a, and that if  is a compact Hausdorff
space then C(2) fails the weak Banach Saks property if and only if Q(w) £ . (See for
example [6, p.85].) We use similar techniques to obtain the following,.
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THEOREM 4.11. Q) £ @ if and only if C(Q) contains a weak null sequence
(zn) satisfying z, > 0 for all n and for which, given ny,na,...,nm € N with n; 2 m,
there exists z € Q) so that for any i, zn,(z) = 1. Q(®) = @ if and only if C(Q) is p
weakly orthogonal for some p € N. In fact, C() is p weakly orthogonal if and only if
H(Q) <p.

PROOF: Suppose that Q(*) = (. Then obviously Q is dispersed and H(Q) == ¢
N. We show that C(2) is n + 1 weakly orthogonal. Suppose that (z,.) is a weak null
sequence in C(2). As in [6] define an equivalence relation on by putting z ~ y if
zn(z) = za(y) for every n € N. Now the quotient topology on the set € of equivalence
classes is compact Hausdorff and metrisable. The z, lift in a natural way to Z, in

C(ﬁ) . Since {1 is a continuous image of 2, H(ﬁ) < H(Q) by [19, Lemma 1], noting
that the subset notation of the lemma should be reversed. Thus H (ﬁ) < n. Since

Q is also a compact dispersed metric space it is then homeomorphic to [1,a] for an
a < w™! by a result of Mazurkiewicz and Sierpinski [18] (or [15, Section 5]). Example
4.6 now gives the result.

Now suppose that Q(*) £ 0. First assume that € is not dispersed. Then by
[19], [0,1] is a continuous image of 2, via f say. Now [0,1] contains a copy M of
[1,w™]. The complement of this copy is a countable union of disjoint open intervals.
Any h € C(M) can be extended to a member of C[0,1] in the obvious way by making
it affine on each of the intervals. This gives a simultaneous extension operator from
C(w*) into C[0,1] which will preserve the germane properties of the sequence from
Proposition 4.10. Now we can apply the pullback g — go f from C[0,1] into C()
that also preserves the required properties of (z,).

Now suppose that  is dispersed. Then Q is totally disconnected and, since it is
compact, Hausdorff, it is zero dimensional (see [8]). By [3, Theorem 1.1] there exists a
continuous map f from §} onto [1,w™]. We can now apply the pullback directly, again
obtaining the pathological sequence.

Only the last sentence of the theorem needs to be verified. This can be done using
the same techniques. One needs to use the pathological sequences (z1') of Proposition
4.10 and [3, Theorem 1.1], which implies that if X is a zero dimensional space, a is
countable and X(®) £ @ then [1,w?] is a continuous image of X . 1]

Regarding the w—fpp for C(f2), if  is not dispersed then C(f2) contains an isomet-
ric copy of C|0,1] by {19}, thus failing the w—fpp by isometric embedding of Alspach’s
example. Now suppose that Q is dispersed. By [19] any separable subspace of C(f) is
isometric to a subspace of C(a) for some countable ordinal @. Thus, by the well known
fact that the w—fpp is separably determined (see for example the end of [10, Chapter
3], and use the fact that closed convex sets are weak closed), failure of the w—fpp for
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C(f2) (Q dispersed) would imply that C(a), for some countable ordinal «, fails the
w—fpp. The question of whether such spaces have the w—fpp was previously raised in
(7].

We should finally mention a result from [22]. In it a more restrictive notion of
weak orthogonality was introduced. This required that, given a weak null sequence
(zn) in X and z € X, |||zn| A |z||| = 0. It is shown that such a space has the w—fpp.
The method of proof is a Banach lattice extension of that used in [16] to show that a
space with a l-unconditional basis has the w—fpp. None of these proofs however appear
adaptable so as to work for mappings of type (c), too much use being made of the
nonexpansive nature of the maps.
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