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Abstract

A flat spot in a Banach space X is an element x € Sy = {x € X: || x|| = 1} with the property
that the infimum m(x) of the lengths of all curves in Sy joining x to —x is 2. Flat spots occur
in every non-superreflexive space when suitably renormed. A study is made of the geometric
implications of the existence of flat spots. Connections with other notions such as differentia-
bility, decomposition constants and Kadec-Klee norms are explored and some renorming
results for non-superreflexive spaces are proved.

Subject classification (Amer. Math. Soc. (MOS) 1970): 46 B 99.

Introduction and summary

Let X be a Banach space and let Bx and Sx denote its unit ball and unit sphere,
respectively. Schiffer (1967) introduced a geometric parameter called the girth of
Bx and defined as follows. For each x € Sx let m(x) be the infimum of the lengths
of all curves in Sy with initial point x and endpoint —x and let

m(X) = inf{m(x): xeSx}.

By reflecting through the origin each curve from x to — x, one sees that the number
2m(X) can be regarded as the infimum of the lengths of all centrally symmetric
closed curves in Sy. It is therefore called the girth of By. Always 2<m(X)<4
(see Schiiffer (1967)) and m(X)>2 if and only if X is superreflexive (James and
Schiffer (1972)).

If for some X both infima involved in the definition of m(X) are attained and
equal 2, that is if there exists a so-called girth curve in Sx joining two antipodal
points and with length 2, this has various geometric consequences which justify
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calling such a space flat (Harrell and Karlovitz (1974)). Flat spaces have non-
separable flat duals (Karlovitz (1973)) and cannot be isomorphically embedded
into any separable dual space (Harrell and Karlovitz (1974)). Examples are
C[0,1], L*[0, 1], L=[0, 1], I=. If only m(x) = 2 for some x € S x (where the infimum
may or may not be attained), then x is called a flar spor (Schiffer (1976)). Until
recently almost nothing was known about flat spots, not even their existence,
except in flat spaces (Schiffer (1976)). In van Dulst and Schéffer (1979) the first
examples were given of flat spots in non-flat Banach spaces. Subsequently, Pach
(1979) proved that any non-superreflexive Banach space can be equivalently
renormed so that it has a flat spot. Since m(X) > 2 for superreflexive spaces X, this
completely solves the isomorphic existence problem for flat spots.

In Section 1 we formally state Pach’s result for later reference and, for motivation,
present probably the simplest example of a non-trivial flat spot. In Section 2 we
study the geometry of the unit sphere at a flat spot. More generally, we investigate
the geometric implications of the assumption ‘m(x) close to 2’. It is shown that in
this case there exist two-dimensional subspaces whose unit spheres approximate
squares with x as a vertex and with one edge containing x uniformly close to all
hyperplanes supporting the unit ball at x. We also give estimates for the local
moduli of convexity and smoothness at x in terms of m(x). In the limit case
m(x) = 2 both moduli are as bad as can be. It follows in particular that if x is a
flat spot then the norm is not Fréchet differentiable and not locally uniformly
convex at x, and x fails to be a strongly exposed point. We end Section 2 with an
investigation of the dual of a space with a flat spot.

Complementing these results, we identify in Section 3 two more properties of
Banach spaces which rule out the existence of flat spots. One has to do with the
existence of certain projections in the dual space and the other is the Kadec—Klee
property of the norm. Joined with Pach’s theorem, our results show the existence
of ‘bad’ renormings for non-superreflexive spaces. We conclude with some remarks
on open problems.

1. Existence of flat spots in non-flat Banach spaces

ProrosiTioN 1.1 (Pach (1979)). On every non-superreflexive Banach space
(X,||-|I) there exists an equivalent norm ||\.||| such that (X,\|-|||) has a flat spot.

The proof of this result is rather complicated and will appear elsewhere. The
simplest example of a space for which this renorming (to obtain a flat spot) can be
carried out explicitly is ¢, = co(IN). Observe that ¢, is not isomorphic to a flat space,
since its dual is separable (Karlovitz (1973)). We now reproduce this example from
van Dulst and Schiffer (1979). As usual, we denote the space I°(I') by /% if
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I'={1,2,...,n} (neN). Also, when more than one space is involved, we use its
name as a subscript, for example mx(x), my(x). Let us note the trivial inequality
mx(x) <my(x) for every xe Sy, where Y is a subspace of X.

ExampLE. 1. Let T' be the set of all rational numbers in [—1,1] and define
qel®() by q(y): =y for all yeI". We consider the subspace X: = ¢(I")+Rgq of
I™(T). X is obviously isomorphic to ¢cy(N), since I' is countably infinite. Further-
more, ||g|| = 1. We shall prove that q is a flat spot of X.

2. Let neN be fixed for the time being. We define a map T,,: I3, > I°(T') by

x(j) ify=1=-2(-D/n (G=1.,n+1),
Tu0)(): = , _ ,
x(D)y ifyel\{1-2(j—D/n:j=1,...,n+1}

for xel®,,. It is plain that T, is linear and isometric. We denote its range by
X,. Clearly T, x—x(1)q has finite support for every x€ly,,; therefore X, is a
subspace of X. Define py€ S, , » by

p): =1=2(j=D/n (=1,....,n4+1).

It follows that (T,, py) () = ¥ for all y€T', so that T,,p, = g.
3. We claim that m» (po) <2(1+1/n). Indeed, consider the polygon in /3,
joining p, to —p, and with consecutive vertices

2 4 4 2
o= (1, 1=2,1=2, ., —143, 142, 1
Po (’ n n ta ta )

2 6 4 2
P = (1, 1, 1—'—1, ceey —l+;, —1+;l‘, —1+E)

2 8 6 4
P2 = (1_;1" 19 1, eoey _l+;’ —1+7_l, _1+_;)

2 4 6 2
Pn- = (—l+;, —1+;, —1+;, ceey 1—;, 1, 1)

2 4 4 2
Pny1i =—Dp= (_1’ _1+;, '—1+;3 ceey 1_;1'9 l_;s 1)-

Clearly |[p;]|=1(@=0,...,n+1). Furthermore, since p; (i) = p,(i) =1 for all
i=1,...,n+1, each segment [p; ,,p;], and therefore the entire polygon, lies in
Spe,,- Obviously, ||p;—p; 4|l = 2/n for all i =1,...,n+1, so that the polygon has
length (n+1)(2/n) = 2(1+ 1/n). This proves our claim.
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4. Finally, since T, is an isometry from /%,, onto X,,, we now conclude that

mx(q) <mx(q) = mx (T, po) = My, , (o) <21 +1/n).

Thus 2<mx(g)<2(1+1/n). Since neN was arbitrary, it follows that mx(q) = 2,
so that g is a flat spot of X.

2. The geometry of the unit sphere at flat spots

In this section, X will denote a normed linear space. For any x€ Sy, we define
the local moduli of convexity 8(x, .) and of smoothness p(x, .) by

8(x,7) = inf{l —}|[x+y[|: y€Sx, |x~p[l27} (0<7<2),
px,7) = sup{}l|x+yll+3llx—yll-1: [yl = 7} (=>0).

X is called uniformly non-square if there exists 2 8> 0 such that there do not exist
X, y€Sx with
3x+y|>1-8 and 3f|x—p|>1-8.

x €Sy is called a strongly exposed point of By if there exists a support functional
x* at x, that is || x*|| = {x,x*) = 1, such that {x,,x*>—~1, x,€Bx(n=1,2,...)
implies || x,, — x||>0.

We begin now by deriving some inequalities of which the results in this section
will be easy consequences. Let xSy and let a curve be given in Sx with initial
point x and endpoint —x and with length 2+¢, where £>0. Suppose that
x.: [0,2+¢&]—> Sy is its standard representation in terms of arc length. Then

M x0) =x=-x2+¢)

and

¥)) [[x(s+hm)—x(s)]|<h,

whenever 0<s<s+h<2+¢. Let x¥: [0,2+&] > Sx. be such that
3) {x (1), x*(t)> =1 forall0<r<2+e¢

In other words, x*(z) is an arbitrary support functional at x(?), 0<t<2+e.
We claim that, for any 0<¢, s<2+e¢,

4 1—|s—t]<<{x8), xX¥(t)> <1 —|s—t]+e.
Indeed, by (2) and (3),
(% [ <xe(s), x¥ (@)D — 1] = | {x (8D, x¥(1)) — {x (), x X)) |

<lxLs)—x Dl <|s—1l,
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and, using also (1),
(6)  {xLs),x¥(A))+1 = {x5), x}(#)) +<{x8), xF (1))

” xc(s)_xe(o)"
+|x2+8)—xO|<s+(2+e—1)

" xe(s) - xe(2 + 8) "
+]|x 0 —x (]| <Q+e—5)+2.

<l xo)+xL0ll<

From (5) and (6), (4) easily follows.
Next, for any 0<7<2+¢, let us define

Lo XD=x(0)
“xO-x O

Then || x.4|| = 1 and by (3), (4) and (2) we have
{xe(#), X3 (1)) —<x0), x}(1)> _ 1—=<x(0), x2(2))

M a2t = %O =%0)]] = Tx®-x O]
> 1-(l~t+¢) — _t_—_s’
t t
and
_ x(0), x¥(0)) — <x[0), x¥(0)> _ {x (1), x}F(O0)>—1
® GO =TT o=0l  RO-x0

(I-t+e)—1 —t+e

<
= t t

From these inequalities we derive

LeEMMA 2.1. Let x€ Sx, £>0, and suppose that x_: [0,2+ &} Sx is the standard
representation in terms of arc length of a curve with initial point x and endpoint — x.
Then, with x4 defined as above, we have

® " X+ 'Zc,(ze)*"_l_" x_);a,(zc)i " >2- (28)*,
() (=X e x*> 21— () for all support functionals x* at x,
(iii) p(x,7)=7—~Qre) for all 720,
(iv) 8(x,7)<et for all 0 T<2— ¢k,

Proor. By (1), (3) and (8), we have, whenever 7>0 and 0<t<2+z¢,
® = 7xell = [ %0 — 7 | > (2 (0) — 7 X O))

= i_T<xe,lsxr(0)>>1—7(_tt+e) = 1+T_7787
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and, by (1), (4) and (7),

(10) [l + e || = [ 200) + x| > <X (0), XF (O + 7<xepp xFA)D

>(1—t)+7("7”') = 1+T—z—ftf.

Substituting * = 1 and ¢t = (2e)! in (9) and (10) easily yields (i). More generally,
(9) and (10) imply that, whenever 7>0 and 0 <r<2+¢,

p(x, 1')?%'lX+'rx€,,||+‘%||x——fx€,,"—l>r—§t—-778.
Hence, for all 7>0,

plx,7)=7— inf (1—8 + J‘et) = 7—(27e)},
oci<aten §

which is (iii). Next, by (8) we have, for all 0<t<2+¢, {—x., x¥(0))>(t—¢)/t.

Since x*(0) is an arbitrary support functional at x = x,(0), substitution of ¢ = (2¢)

gives (ii). Finally, to prove (iv), note that, by (9), || x—x.a||>2— €}, and, by (10),

|+ X.e || =2—2et; so 8(x,2—e¥)<1—}f|x+x, ]| <1—32—2¢t) = ¢t. From this

(iv) follows, since 8(x, .) is a non-decreasing function.

REMARK 2.2. (i) means that the unit sphere of the two-dimensional subspace
spnaned by the unit vectors x and x, (; resembles a square with vertices *x,
* X, 204 if € is small. (Compare Schiffer (1976), Theorem 17H for a similar result.)
(i) means that, moreover, the edge joining x and — X, () lies uniformly close to
all support hyperplanes at x, if ¢ is small.

ProrosITION 2.3. If X is a flat spot in X, then
(i) for every n>0 there exists a y€ Sx such that

Hix+yll+3lx-ylz2-2,

and such that, in addition,
(i) <y,x*>>1— for all support functionals x* at x,
(iii) p(x,7) =7 for all >0,
@) 8(x,7)=0forall0<7<2.
In particular, the norm is not Fréchet differentiable at x, is not locally uniformly
convex at x, and x fails to be a strongly exposed point of Bx.

ProoOF. (i) and (ii) immediately follow from the corresponding properties in
Lemma 2.1, by taking y = x, «); for sufficiently small £>0. Moreover, taking the
limit for £é—-0 in (iij) and (iv) of Lemma 2.1, we get p(x,7)>(r>0) and
3(x,7)<0(0<7<2). Since the reverse inequalities always hold, this proves (iii)
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and (iv). As for the remaining statements, recall that ||.|| is Fréchet differentiable
at x if and only if lim p(x, 7)/7 = 0. Finally, the fact that x is not strongly exposed
70

is obvious, since, by (i) and (ii), for any support functional x* at x and any % >0,
the set {yeSx: (y,x*>>1—n} has diameter 2.

REMARK 2.4. (2) It follows in particular from Lemma 2.1(i), by taking &
arbitrarily small, that if m(X) = 2, X fails to be uniformly non-square and a
Sortiori uniformly convex. It is known that X is not even isomorphic to a uniformly
non-square space if m(X) = 2. This deep result is due to Schiffer, James and
Enflo (see James and Schiffer (1972), Enflo (1972), James (1972)). The pleasant
feature in the present discussion is that, even if m(X) is greater than but close to 2,
we are able to locate ‘squares’ precisely, working with curves whose lengths
approximate the girth of the unit ball. And also, of course, if the girth is achieved
‘locally’, that is if xeSx is a flat spot, then ‘good’ squares can be found with
vertex in x and ‘almost’ tangent to all support hyperplanes.

Observe also that Proposition 2.3 never holds with n = 0. Indeed, if

Ix+yll=llx—y]=1
for some ye Sy, then the subspace spanned by x and y has norm

| oox+By|| =[] +] B,

and so there exists a support functional x* at x with {(y, x*> = 0, contradicting (ii).

(b) If X* is WCG, then X is an SDS (Namioka and Phelps (1975)). Therefore,
by Proposition 2.3, {xe Sx: m(x) = 2} is nowhere dense in Sx. For an atomless
measure pu the space X = LYu) has the property that m(x) =2 for all xeSx
(Schiffer (1971)). This shows that a flat spot may very well be smooth. In fact,
if LX) is separable, it is a WDS (Asplund (1968)). Let us finally observe (Schiiffer
(1976)) that every WCG space has an equivalent norm for which no flat spots
exist. This is a consequence of Proposition 2.3 since every WCG space has an
equivalent locally uniformly convex norm (Troyanski (1971)).

Next we show that if m(x) = 2 for some x € Sx, then the geometric situation at
x described in Proposition 2.3 also largely holds in X * at any support functional
x* at x.

PROPOSITION 2.5. Let x be a flat spot in X. Then
(i) for every >0 there exists a y* € Sx. such that
Hlx*+y* |+ 4| x*—y*| > 29,
for all support functionals x* at x and such that, in addition,

(i) <x,y*>>1-n,
(ii)) p(x*,7) =7 for all 720, and
@iv) 8(x*,7) =0 for all 0< v <2, for all support functionals x* at x.

https://doi.org/10.1017/51446788700012404 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700012404

296 D. van Dulst [8]

ProOF. By Proposition 2.3 there exists for any #,>0 a yeSx such that
I x+y||+3|lx—y||>2—n, and {—y,x*>>1—=, for all support functionals x*
at x.

Clearly the first inequality implies ||x+y||>2—2n,. Let y*€Sx. be a support
functional at (x+y)/||x+y]||, that is {x+y,y*> = |[x+y|. Then, for any >0,
and any support functional x* at x,

an ll% + 7p* |+l x* = 7p* || = < X*+7p*> + <~y X*—7y*)
= x*+ =y, x*>+7{x+y,y*)
> 1+ (=m)+r]x+y]
> 14+ (1 —n)+7(2—2ny)

=2+42r—ny(14+27).

Moreover,

(12) Cop*) =[x +x|- < y*>22-2m)—1=1-2,
Since (11) with 7 = 1 easily yields || x* + y*||>2—37,, we have
13) 8(x*,2=3n) <1 -} x*+y*||<1-3Q2—37n) = &,

(i) now follows from (11) with = =1 and %, sufficiently small, and similarly (ii)
follows from (12). (iii) and (iv) are obtained from (11) and (13) by letting 7, tend
to 0.

REMARK 2.6. Observe that, in contrast to Proposition 2.3, the squares with
vertices +x*, + y* in this proof have an edge close to the support hyperplane at
x* defined by x, but not necessarily to all support hyperplanes at x*. Also note
that x* need not be a flat spot in X *. Indeed, if x is the function identically 1 in
X = L0,1] and if x* is the same function in X * = L=[0, 1], then

{x,x*y =||x||=||x*||=1, m(x)=2 and m(x*)=4,

as is easily verified (Schiffer (1976)). It can in fact be shown (van Dulst and
Schiffer (1979)) that, in contrast to the situation for flat spaces, there exists a
space with a flat spot whose dual is separable and has no flat spots.

In conjunction with Proposition 1.1 the results obtained so far in this section
show that even for reflexive X the geometry of Sx can be quite pathological.
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PROPOSITION 2.7. Any non-superreflexive Banach space X for which By, is
w¥-sequentially compact can be equivalently renormed so that there exist elements
x¥eSx.(n=1,2,...), x5 €Sx. satisfying the following conditions:

@) w* — limx¥ = x¥,
n-o0
&) lim || xt —x§ || =2,
n->e
(iii) lim ||x’,';—x,’f,|| =2.

n,m->00; n#m

Proor. Using Proposition 1.1 choose an equivalent norm so that X has a flat
spot x. For each neN, pick ¢, >0 such that (2¢,)! <n—. With the notations used
above, put x, = x__ .s (n = 1,2,...). Then, by Lemma 2.1,

14 Hlx+xall+ 3l x—xul| 2257
and for all x* e Sx. satisfying {x,x*)> = 1 we have
(15) {=Xp, x*> >1-2n"1.

Now choose x¥ € Sx. such that {x+x,,x*> = || x+x,]||. The proof of Proposition
2.5 then shows that for all x* € Sy, with {x,x*> =1 we have

(16) [|x*—x%||>2-3n"1
and
a7 (X, x*>21-2n71,

By passing to a subsequence we may assume that {x¥*} is w*-convergent, with limit
x§, say. By (17), {x,x§> =1 and so, by (16), ||x¥ —x*||>2-3n1(n=1,2,..).
Thus (i) and (ii) hold. It is easily verified that by passing to yet another subsequence
and using (i) and (ii), also (iii) can be realized.

3. Some Banach spaces having no flat spots

The next result is most easily stated in terms of a parameter (see Karlovitz (1976))
which we now introduce. If X is a Banach space and x* € Sx., we define A(x*) to
be the infimum of the positive numbers o for which there exists a w*-closed sub-
space M < X * with codim M < oo such that the projection from spx*@® M onto
M with kernel sp x* has norm <a. In formula,

A(x*) = inf{a>0: IM< X*, M w*-closed, codim M <o, and
[|»*+Bx*||> a2 y*| for all y* & M and all scalars B}.
We also set A(X *) = sup{A(x*): x*€Sx.}.
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Observe that A(X *)<2 for all X. Indeed, let x¥ € Sx. and £>0 be arbitrary.
By subreflexivity (Bishop and Phelps (1961)), there exists a yf €Sx. and a y,€Sx

such that <y, y¥> =1 and ||y —x¥|<e. Put M =(spyy)*. Fix y*e€Sy. Then
we have, whenever |8]|>14,

I +Bx 1= (1> +By3 |- 1Bl 1 x§ —y5 2] <vos y*+BrE> || Bl e
=|B|—|Ble=¥1-¢),
and, whenever | B| <4,

ly*+Bx3 12l y*1-18] = 1-[B|= 4.

Thus A(x¥) <2, since ¢>0 was arbitrary.

PROPOSITION 3.1. Let X be a normed linear space with a flat spot x,. Then

A(xF) = 2 for some support functional x¥ at x,. Hence M(X ¥) <2 implies that X has
no flat spots.

PrROOF. By Proposition 2.3 there exists a sequence {x,}<Sx satisfying
(18) Hxo+ X, ||+ 3| Xo—xnl[Z2—01 (n=1,2,..)
and
(19) {—=x,,x*>21—n"t for all support functionals x* at x, (n=1,2,...).
Let x} € Sx. be such that
(ooF X XX = || xg+x,]] (r=1,2,...).

The proof of Proposition 2.5 then shows that for all support functionals x* at x,

we have

(20) e+ x|+ 3]l x*—xX]|22=3n2 (n=1,2,...),
as well as

1) gy xX>21-2n"1 (n=1,2,...).

Let x¥ € Bx. be a w* limit point of {x}}. Clearly, by (21), {xo, x> = 1; s0 x¥ is
a support functional at x,. In particular, by (20),

e Bl 42l - Bl £ 3353230 (@= 12,000,

We claim that A(xF)=2. Indeed, assume for contradiction that A(x3)<2,
Then there exists a w*-closed subspace M < X * with codim M <o such that the
projection P from sp x§ @ M onto M with kernel spx¥ has norm ||P|| =2-¢<2.
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Choose a finite biorthogonal system y,,...,y, € X, y¥, ..., y¥ € X* such that

M= (sp{yl, -"’yn})L'

Then any x* € X * can be uniquely written as
"
(23) x* = Ny, x*>y¥+2%, with z*e M.
i=1

Now consider the sequence {}(x¥—x*)}. By (22), lim, .| 3(x¥—x¥)|= 1.
Since also 0 is a w*-limit point, it follows from (23) that there exists an neN and
a z} € M such that

29 lzX]l=1 and |z%—3(x¥—xH|<1ie.

From || P|| = 2—¢ and z}¥ € M we deduce the existence of an x}%* € X ** satisfying
25 {2 x¥*y =1, (x¥F x**> =0 and |[x**[<2--.

In particular, by (24),

3 e xn®0 | = 1RO — 2, x5 ¥ |2 <2l 32 *) =l 25 — 36§ — x| [ <3|
z1-}e2—¢e)>1—1}e.

Hence | (x¥, x¥*)|>2—¢, contradicting || x**||<2—e. This completes the proof.

COROLLARY 3.2. Let X be a Banach space with a shrinking finite-dimensional
Schauder decomposition (FDD) {X,}, with associated sequence of projections
(P} (Po(ZLyx) = X2, x,x;€Xy). If liminf, || I—P,||<2, then X has no flat
spots. In particular, X has no flat spots if it has an unconditional shrinking FDD
with unconditional decomposition constant<2.

Proor. The last statement is an obvious consequence of the first. To prove the
first, let x* € Sx, be arbitrary. By passing to a subsequence if necessary, we may
suppose that || I— P,||<2— ¢ for all neN and some £>0. Since {X,} is shrinking,
lim, || x*—P* x*|| = 0. Combining this with [|[I-P%||<2—e(n=1,2,...), we
readily deduce that for sufficiently large » the projection from spx*@(I—P¥) X *
onto the w*-closed finite-codimensional subspace (I—P¥) X* with kernel sp x*
hasnorm <2 — }¢. Thus A(X *) <2 — }¢, and the conclusion follows from Proposition
3.1.

REMARK 3.3. (a) An interesting particular case is the Tsirelson space T (Tsirelson

(1974), Figiel and Johnson (1974)). It is reflexive, but contains no infinite-
dimensional superreflexive subspaces, that is m(Y) = 2 for all infinite-dimensional
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Y<T. Nevertheless T has no flat spots by Corollary 3.2, since it has an uncon-
ditionally monotone basis.

(b) Arguments similar to the ones used to prove Proposition 3.1 will show that
if some x*€ Sy, attaining its norm is a flat spot in X *, then either Bx. is not
strictly convex at x* or A(x*) = 2. We do not give details.

In conjunction with Proposition 1.1, Corollary 3.2 yields the following renorming
result, which seems to be new even for spaces with bases.

PROPOSITION 3.4. Let X be a non-superreflexive Banach space with a shrinking
FDD. Then there exists on X an equivalent norm such that, with respect to this new
norm, liminf, o ||I—P,||>2 for every shrinking FDD with associated sequence of
projections {P,}.

Our final result exhibits yet another property which, under the mild assumption
that X is WCG, rules our the existence of flat spots in both X and X *. A norm on
a Banach space X is called a Kadec-Klee norm (KK norm) if on Sy, w*-sequential

convergence implies norm-convergence, or, more precisely, if x* 5 x* and
[| x*|| = ||x*|| imply || x* — x*|}—0. It is well known that every Banach space with a
separable dual has an equivalent KK norm (Kadec (1952), Klee (1960/61)). The
same result holds if X and X * are both WCG since by John and Zizler (1972), X
then has an equivalent norm whose dual norm is locally uniformly convex. Sucha
norm is obviously KK. Note, however, that in general a KK norm and its dual
do not have even the weakest smoothness and rotundity properties. (Consider, for
example, the natural norms on ¢, and its dual /1.)

PROPOSITION 3.5, Let X be a Banach space with a KK norm and suppose that
Bx. is w¥-sequentially compact. Then the following hold.

(i) X has no flat spots.

(ii) If X * has a flat spot, then X * is flat.

(iii) If X is WCG, then X * fails to be flat; so X * has no flat spots.

Thus, if X is a WCG space with a KK norm, then neither X nor X * has flat spots.

ProOF. The last statement follows from (i), (i) and (iii) if one recalls the fact that
for a WCG space X By, is an Eberlein compact in its w*-topology (Amir and
Lindenstrauss (1968), Lindenstrauss (1972)) and therefore w*-sequentially compact.

(i) Suppose x is a flat spot in X. The proof of Proposition 3.1 then shows that
there exists a support functional x* at x and a sequence {x*}< Sy, such that
x¥ —2> x* and || x% — x*||> 2. This contradicts the KK property.

(ii) Suppose x* is a flat spot in X *. We show that then X * must be flat. For
eachneN, let y,, be a curve in Sx. joining x* to —x* and with length I(y,) <2+n71.
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Let x**e X ** be any support functional at x*. Furthermore, let A be a dense
countable subset of the interval (—1,1). For each neN and «€4 we choose a
point x} €y, n{y*: {y* x**) = o}. Since Bx. is w*-sequentially compact we
may, by applying a diagonal procedure, assume that for each « €4 the sequence
{x3 J%-; wH-converges, say to x3.

We claim that lim,, o || x¥ —x% || = O, for each a€ 4. Indeed, the inequalities

(26) x* — x2| < limnf]|x% — 8.,
n->o0

@) llx*-+ x4 | <liminfl|x* + £,
n->e

which follow from the w*-lower semicontinuity of the dual norm, together with
(28) 2<||x*—x¥ ||+l x*+ xE | <Uya) <24+n71

and
2<|x* = xg [+l + 2,
imply that, for all a€ A,

@) Ix*xxg| = lim [x*2x, || and [lx*—xF([+]x*+ 3] = 2.
n->w

Also, for all neN and a€ A4,

[[x*—x* ||=<x*—x¥ ,x**) = 1—a

2 | n,a?

and
x*+x% |f= Ce*+xk, x**) = 1+

Using (29) we conclude that, for all a€ A4,
[x*—x%[| = Lim [[x*—x%, | =1-a
n->w

and
[|x*+x¥|| = lim || x*+x% || = 1 +a.
n->owC

The assumption that the norm is KK now yields lim,, || x¥ —x} .|| = 0, for all
a€ A, which proves our claim.
To finish the proof, note that /(y,)<2+n-1 implies that for all o), 4 and
neN,
oy — | <[ %5 oy = X0 [| < for — 0| +177,
and therefore
% —xall = [ —oal.

The unique continuous extension of this Lipschitz continuous map abx} to
[—1,1] now defines a curve y in Sy, joining the antipodal points x* = x} and
—x* = x*,, obviously with /(y) = 2, so that flatness has been proved.
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(iit) It remains to prove now that X * cannot be flat if X is WCG. The proof is
by transfinite induction on the density character of X. Let us first observe that X
has an equivalent Fréchet differentiable norm and therefore satisfies all properties
of John and Zizler (1974), Theorem 1. Indeed, by Amir and Lindenstrauss (1968)
there exists a w*-to-w continuous linear injection T: X * > c,(T"), for some set T'.
If p is Day’s norm on ¢,(T") (see Rainwater (1969)) then ||.|l, =||.]|+27(.) on X *
is not only a strictly convex dual norm, so that it arises from a smooth norm
l|.ll. on X, but also this smooth norm ||.||; on X is KK, as one easily checks. Hence
||l]l,» being a smooth KK norm, is Fréchet differentiable. Thus, by John and
Zizler (1974), Theorem 1 there exists on X a ‘long sequence’ of projections
{P,: w<a<pu} (u is the first ordinal of cardinality dens X) such that

(1) P, = identity, || P,|| = 1 for o<a<y,

(2) P,Py=PyP, = Ppip(ap for w<ae, By,

(3) dens P, X< & (= cardinality of a) for wa<y,

(4) for any fixed xe X the map a— P, x is continuous for the order topology

and the norm topology, respectively,

(5) the dual projections P* have the analogous properties (1)*—(4)*.

Now, if dens X =,, then, by (3)*, densX* =N,; so X* cannot be flat
(Karlovitz (1973)). Next, let I be some cardinal >, and let us suppose that it
has been proved for every WCG X with a KK norm and with dens X <R, that
X * is not flat. Let X be a WCG space with a KK norm and with dens X = IR.
Let u be the first ordinal of cardinality It and let {P,: w < a < pu} be a long sequence
of projections in X as above. Supposing that X * is flat, let ¥ < X * be the (separable)
closed linear span of a girth curve in Sx.. It is then easily derived from (4)* that
YcP¥ X* for some a<p. Also P* X* is isometrically and w*-to-w* isomorphic
to (P, X)* by the restriction map. Therefore P, X is a space with a KK norm and
also, of course, WCG. Since dens P, X <t the induction hypothesis now implies
that P* X *~ (P, X)*is not flat, contradicting Y< P* X *. This completes the proof.

CoROLLARY 3.6. Let X =(ZTr@ X ) (1<p<0), or X=(Zr® X, e
where I is an arbitrary set, and each X, (y€T) is a WCG space with a KK norm.
Then neither X nor X * has flat spots.

ProoF. It is known (Lindenstrauss (1972)) that X is WCG. Also, since the
natural norms on /7(I") (1 <p<o0) and ¢,(T") are KK, it is easily verified that the
norm of X is KK in all cases, se that Proposition 3.5 is applicable.

REMARK 3.7. Corollary 3.6 applies in particular for all choices of finite-
dimensional X,,. (Except for (Xr@® X)) = (Zr® X 3)eyr)* the conclusion then
also follows from an obvious modification of Corollary 3.2.) Even in this relatively
simple case no direct proof seems available. At any rate the usual arguments do
not work (see, for example, Schiffer (1971), Theorem 7).
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4. Concluding remarks and open problems

Our study of flat spots, together with Proposition 1.1, has yielded two renorming
results for certain non-superreflexive spaces, stated without reference to flat spots,
namely Propositions 2.7 and 3.4. The question arises whether they characterize
the non-superreflexive spaces among the spaces considered in these propositions.
More explicitly, the following problems need solving.

PrOBLEM 1. Suppose X is a superreflexive Banach space and that {x,}< Sy is
a weakly convergent sequence, with limit x,€.Sx. Does it follow that

limsup||xo—x, || <2?
n->0

PrOBLEM 2. Suppose X is a superreflexive Banach space having an FDD with
associated sequence of projections {P,}. Does it follow that liminf, || /—P,[ <2
(hence limsup,,_,,||7— P, || <2) for some such F.D.D.?

A final remark concerns Proposition 3.5 (we thank the referee for making this
observation). Sometimes the KK norm property for X is defined differently by
requiring that on Sy, w*-convergence for nets implies norm convergence. It is
shown in Namioka and Phelps (1975) that spaces X with a KK norm in this
stronger sense are SDS (or Asplund spaces) and in Stegall (1979) that for the latter
Bx. is w*-sequentially compact. Thus, if one adopts this stronger definition of a
KK norm, the assumption that By, is w*-sequentially compact is not needed in
Proposition 3.5. We do not know if (iii) holds without the assumption that X is
WCG.
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