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Abstract. We prove that if X is a strictly convex reflexive Banach space, C' is a bounded,
closed, convex subset of X with finite extreme points, then all the points in C except extreme
points can be non-diametral points, hence C' has normal structure, every non-expansive self-
mapping T on C has a fixed point. Also, if C' has countable extreme points, then C is
compact, every non-expansive self- mapping 7 on C has a fixed point. Further-more, if T is

also surjective, we show which points are fixed points of T'.

1. INTRODUCTION

The concept of normal structure was introduced by Brodskii and Milman
[1]. By using this concept “normal structure”, Kirk [2] in 1965 proved that if
a Banach space X has normal structure, then it has fixed point property (FPP
for short). Also in [2], Kirk raised a question: if normal structure is essential
for FPP? This question was given a negative answer by W.L. Bynum [3] in
1972. In 1965, F. Browder [4] proved uniformly convex Banach spaces have
normal structure, hence uniformly convex Banach spaces have FPP. Then
people wanted to known if FPP was enjoyed by wider spaces: Banach spaces.
This question was also given a negative answer by a counter example L1, this
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example was given by Alspach [5] in 1981. But Maurey [6] proved that every
reflexive subset of L has the FPP. Then people wanted to know if every strictly
convex reflexive Banach space further-more every reflexive Banach space has
FPP. However, these questions are still open till now.

Since Browder [4] proved the FPP was enjoyed by uniformly convex Banach
spaces, many people have shown that this property is also enjoyed by Banach
spaces which are wider than uniformly convex Banach spaces. Jests Garcia-
Falset and other authors [7] proved that uniformly nonsquare Banach spaces,
which are wider than uniformly convex Banach spaces, enjoy FPP for non-
expansive self-mappings in 2006. Dowling and other authors [8] proved that
E-convex Banach spaces, which are wider than uniformly nonsquare Banach
spaces, enjoy FPP for non-expansive self-mappings in 2008. However, whether
two more wider spaces than above mentioned spaces: super-reflexive Banach
spaces or reflexive Banach spaces enjoy FPP for non-expansive self-mappings
remains unknown. There is also a regret that we do not know whether strictly
convex Banach spaces have FPP for non-expansive self-mappings on every
bounded, closed, convex subset.

In this paper, We prove that if X is a strictly convex reflexive Banach space,
C' is a bounded, closed, convex subset of X with finite extreme points, then
all the points in C' except extreme points can be non-diametral points, hence
C' has normal structure, every non-expansive self-mapping 7" on C has a fixed
point. Also, if C' has countable extreme points, then C' is compact, every non-
expansive self-mapping T on C' has a fixed point. Further-more, if T is also
surjective, we show which points are fixed points of T'. To fulfill our proof, we
use the basic tool: non-diametral point and normal structure.

2. DEFINITIONS

Suppose (M, d) is a metric space, a mapping T defined from M to M is
said to be non-expansive if d(T'z,Ty) < d(x;y) for every z,y € M. A Banach
space X has FPP if, for every nonempty, closed, bounded convex subset C' of
X, every non-expansive self-mapping on C has a fixed point.

Definition 2.1. ([9]) Suppose K is a convex set, a point z of K is called an
extreme point if z can not be written as a convex combination Ay+(1—X)z,0 <
A < 1, of two distinct points y, z of K. All the extreme points of K will be
denoted by extK.

Definition 2.2. ([10]) Suppose X is a Banach space, if for each bounded,
closed, convex subset A, we have A = ¢o(extA), then X is said to have Krein-
Milman Property(KMP for short). Every reflexive Banach space has KMP.
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Definition 2.3. ([3]) Let C be a bounded subset of a Banach space X. The
diameter of C, diam C, is sup{[|z — y|| : z,y € C}. A member z of C'is a
non-diametral point provided that diam C' > sup{||z — u|l : v € C} and a
diametral point of C' is a point x for which the previous inequality is replaced
by equality.

Remark 2.4. In this paper, we use strong diametral points to denote for the
points x,y € C, such that ||z — y|| =diam C.

Definition 2.5. ([1]) Suppose X is a Banach space, a convex set K C X is
said to have normal structure if for each bounded convex subset H of K which
contains more than one point, there is some x € Hwhich is not a diametral
point of H. X has normal structure if each bounded convex subset of X with
positive diameter has a non-diametral point.

3. MAIN RESULTS

Lemma 3.1. Suppose (X, || - ||) is a strictly convex reflexive Banach space,
C is a bounded, closed, convex subset of X with countable extreme points
XT1,X2,Tn, . If strong diametral points of C exist, then strong diametral
points can only be got in extreme points, that is if diam C = ||z —y||,z,y € C,
then x,y must be extreme points.

Proof. We prove this lemma in terms of two cases.

Case 1. C has two or three extreme points.

If C has two extreme points z1,x9, then C = @o(z1,z2). If diamC =
||x — y||,z is an extreme ponit, y is not an extreme point in C. We can let
x=ux1,y =M1+ (1 — A)x2, 0 < XA <1, then

[z =yl = llzr — Adzp = (1 = N
= (I = A)flz1 — 22|
< |lx1 — 22| < diamC.

If diamC = ||z — y||, =,y are not extreme points in C. We can let z =
pxry + (1 — p)xe, y =vey + (1 —v)xe, 0 < p,v < 1, then

lz =yl = [lpzr + (1 = p)ze —vay — (1 —v)as
= | —=vllz1 — 2o
< |lz1 — z2|| < diamC.

If C has three extreme points x1, x2, 3, by C' has KMP, then C' = ¢o(x1, x2, x3).
All the points in C' are in a triangle with three vertexes x1, x2, x3. If diamC =
||z — y||, z is an extreme point, y is not an extreme point in C. Then we will
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show diamC > ||z —y||. In fact, we can let x = z1, by X is strictly convex, we
only need to show diamC > ||z1 —y||, where y € {Az2+(1-N)z3: 0 < A < 1}.
Suppose y = Aoz + (1 — Ag)z3,0 < A9 < 1, then we have

lz1 =yl =[z1 — Aow2 — (1 — Ao)xs]|
< o1 — 2| + (1 = Ao) |1 — 23|
< max{||z; — 22|, |21 — 23]}

If [[1 — 22|l # [Jz1 — @3], we have [[z1 — yl < max{[|z1 — z2|, [|z1 — =3/}
< diamC'. If ||x1 — z3|| = ||z1 —x3]|, we have ||z1 —y|| < ||x1 —z2|| = ||x1 —23]|.
Since X is strictly convex, then ||z1 —y|| < ||z1 — z2|| < diamC.

Next, we will show diamC > |z — y||, where z,y € C and z,y are not
extreme points. Obviously, if

3 3
x,ye{z:z:Z)\ixi, 0< A\ <1, Z)‘izl}’
=1

=1

we can get two points 2¥,y" in C, such that ||z — y|| < [|2° — 3°|| < diamC.
If there exists a member in {z,y} such that this member belongs to a lateral
of the triangle with three vertexes x1,zs, 3. We can let this member be y,
suppose y = Az1 + (1 — \)z3, then

o=yl = l}o = Ao + (1 — A
<Mz =21 + (1= N[z — 3
< max{||z — 21|, [|z — 23]/}

If || — x1]| # ||z — 23], then ||z — y|| < max{||x — z1]], ||z — x3]|} < diamC. If
|z —21]| = ||z — 23]|, then ||z —y[| < ||z — z1]| = ||z — x3||. Since X is strictly
convex, we have [z — y[| < ||z — 21| < diamC.

Case 2. C has countable but more than three extreme points.

For every x,y € C, and x,y are not all the extreme points, x,y must
belong to a triangle with three vertexes of extreme points. By casel, we have
|z —yl < diamC.

By Case 1, Case 2 and the existence of the strong diametral points, if
diamC = ||z —y||, then x,y must be extreme points. So our proof is complete.
O

Lemma 3.2. Suppose X is a strictly convex reflexive Banach space, C is a
bounded, closed, convex subset of X with countable extreme points. The strong
diametral points set of C is A. Then for every a € A, every surjective non-
expansive self-mapping T on C, we have Ta € A.



The fixed point property of strictly convex reflexive Banach spaces 301

Proof. Suppose the extreme points set of C' is B, by Lemma 3.1, we have
A C B. For each a € A, by T is surjective, there must exist a y € C, such
that Ty = a. Denote M = {y : Ty = a,a € A}. Since T is non-expansive,
we can claim each point in M is a strong diametral point. In fact, for each
x € A, there exists a y € A, such that ||z — y|| = diamC. There also exists
two members z°,y° € O, such that T2° = 2, Ty° = y. If 2° is not a strong
diametral point, then

1Tz = Ty°|| = ||l — g
< l2® = °ll.

But z,y are strong diametral points, so ||z — y|| > ||#° — %], which is a
contradiction. Thus M C A.

Meantime, by not knowing whether 7' is 1-1, only knowing T is surjective,
then A € M. Thus M = A and for each a € A,Ta € A. So our proof is
complete. O

Remark 3.3. In fact, T |4 is bijective. Since TA = A, the members in T A
and A are same, so 1" is 1-1. Since 7' is also surjective, then T is bijective.

Lemma 3.4. ([2]) Suppose K is a nonempty, bounded, closed and convex
subset of a reflexive Banach space X, and suppose that K has normal structure.
If ¢ is a mapping of K into itself which does not increase distances, then ¢
has a fized point.

Theorem 3.5. Suppose (X, || -||) is a reflexive Banach space, C' is a bounded,
closed, convex subset of X with two extreme points. Then, for every surjective
non-expansive self-mapping T on C, then x1,x9, or % s a fixed point.

Proof. Suppose the two extreme points of C' are x1,z2. Then C' = ¢o(z1, x2).
By the assumption and Lemma 3.2, Tx; = x5, 1 <4,j < 2. If i = j, then both

x1 and xo are fixed points. If ¢ # j, that is Tx1 = xo, Txe = x1, then 1 —;—xz
is a fixed point.
In fact,
1 + 22 r1 + 2
T = T(2)) = oo — (L2
xr1 + T2 xr1 — T2
< — = .
< flan - T2 = 22
So
xr1 + T2 xr1 — T2
T( ) € B(xa, || 1),
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where B(z2, || S ||) stands for a ball centered at x2 with a radius || "
Meantime T(F2) ¢ B(ay, |2 —2|). S0
T+ 2 T T
1 2 1— T2
T(=5—) € () Blaw |=5—I)nC.
i=1
Thus, by C has two extreme points, then
2
r1 — T2 Tr1 + T2
() Bas, | HNnc= :
! 2 2
=1
So T(:qu ;L$2) S ;mz, our proof is complete. O

Theorem 3.6. Suppose X is a strictly convex reflexive Banach space, C is
a bounded, closed, convex subset of X with countable extreme points x1,--- ,

Tn, . 1T is a surjective non-expansive self-mapping on C. We have
(i) if ||ziy — xjo|| = max{||z; — x;| : z; and x; are extreme points of C'},
then w must be a fized point of T on C;
(i) if |zip — zjo || = ||Tig — @4ol| = max{||x; — x;|| : x; and z; are extreme
points of C'}, then x;, must be a fixed point of T on C;
(ili) when the dimension of X < 3, if ||xiy — zj|| = ||Tjo — @40 || = ||zt —
zio|| = max{||z; — z;|| : x; and xz; are extreme points of C}, then
Tig + Tjo + Tty .
B E— must be a fized point of T on C.
Proof. (i) Since ||z, —xj, || = max{||z;—z;|}, ziy, z;, must be strong diametral

points. By T is surjective and Lemma 3.2, we have T'x;, = x;,, T'vj, = xj, or
T(I}Z‘O = Tjp, ijo = Tiq-

If Ty = xj,, Txj, = xiy, then T(wi0 + wjo) _ Tio Mo 14 fact
Tz, = TR )| = g, — (P
< oy — Do T T Ty
So, T(@) € B(xj,, H@H) Similarly, we can get T(@)
Blaiy, |52 ). o,
(T2 L0 € Blay,, 1702 ) 0 B, | T2 ) N
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Since X is strictly convex,
Tin — T T i+ o
B(zj,, II%H) N B(zi,, ||“)T %

It Tw;, = i, Txj, = xj,, using the same method as above, we can get

_Thnc =

T(xio + ij) _ Tig + Zjo )
2 2
(i) If |zio — 4o || = ||io — 24| = max{|lz; — x;||}, then the strong diametral

points of C' are @y, Ty, Ty, Suppose A = {x;,,xj,, s, }. By Lemma 3.2, for
each a € A, we have T'a € A, and T |4 is bijective. So, if T'z;, = x;,, then
there are two cases for T' | 4.

Case 1. Tz, = xj,, Txjy, = Tiy, TT4y = T4

Case 2. Tx;, = xj,, Txj, = Tiy, T4y = T4,.
In both Case 1 and Case 2, we have

Hijo - Txto” = tho - xio”
< ijo - xtoH‘

But in our assumption, ||zy, — ;| = max{||z; — z;||} > ||z, — xj,||, which
is a contradiction. So T'w;, = x4, or T'x;, = x;,. using the same method as
above, we can get T'z;, # xt,. So T'x;, = ;.

(ili) In this assumption, strong diametral points set A = {;,, 2y, T4 }. By
Lemma 3.2, there exists three cases for T' |4.
Case 1. TJ?Z' = Ty, 1= io, jo, to.
Case 2. Tx; = xj, Txj = xy, Txp = 24,1, j,k € {io, jo, to}, 1 # j # k.
Case 3. Tv; = x;, Twj = xy, Tay = x5, 1, j, k € {io, jo, to}, @ # J # k.
But in any cases, by T is non-expansive, we have

Tig + Tjo + Tty Tip + Tjo + Ty

|T2x; — T( 3 =1z — T(—3 i
< zi — WH’
i,7 € {io, jo, to}. Since |[ziy — x50l = [|2jy — 24l| = |1, — 4[|, then

3
is a constant, denote this constant as R. Thus, we have

|z —

Tig + Tjo + Ty

T( ) € B(xiy, R) N B(xj,, R) N B(xy,, R).

By X is strictly convex and dimension X < 3, then
Tig + Tjy + Tty

B({L‘iO,R)ﬂB(l‘jo,R)ﬁB(ﬂ?to,R): 3
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and
Tijo + Tjy + xtO) _ Ty + Tjy + Ty
3 N 3 ’
Hence, the proof is complete. O

T(

Theorem 3.7. Suppose X is a strictly convex reflexive Banach space. C is
a bounded, closed, convex subset of X with finite extreme points. Then every
point between two extreme points in C is a non-diametral point. Hence C has
normal structure, every non-expansive self-mapping on C has a fired point.

Proof. If C' has two extreme points: w1, x2, then, diamC > ||z1 — 3], and
for every x = Ax1 4+ (1 = N)ag, 0 < A< 1,z € Cand y = pxy + (1 — p)z2,
0<u<l1,yeC,, wehave

ly =zl = llpzr + (1 — p)ze — Az — (1= Nz |
= [A = pllzr = ]

< |lw1 — 22|

So, y = px;+ (1 —p)ze, 0 < u < 1,y € C is a non-diametral point, by y is an
arbitrary point between two extreme points in C, so when C' has two extreme
points, every point between two extreme points in C' is a non-diametral point.

If C has n extreme points 1, - -+ , &, n € N, n > 2, then C = ¢o(z1,- -+ ,xp).
For each x € C, where x is a point between two extreme points, denoteR =
max{||x — ;]| : 1 < i < n,i € N}. Take x as the center of the ball, r is the
radius makes a ball B(x, R). We will prove x is a non-diametral point of C.

In fact, suppose max{||z — z;|| : 1 < i < n,i € N}= ||z — 2, || and = =
A+ (1=Nzs, 0 <A< 1,1<¢t s<mn,t+#s,tseN If z,, =z then for
each y € C, x,y must belong to a triangle with three vertexes of three extreme
points, if y is an inner point of the triangle or a point between two extreme
points, by X is strictly convex and the proof of Lemma 3.2, then there must
exist an extreme point z € {x1, 22, - ,2,}, such that ||z —y|| < ||z —z||. Ify
is an extreme point, then we can let z = y. So we have

[z =yl < |z = 2 || = |2 — 24|
= [[Aze + (1 — Nz — x|
= (1= A)|lzt — ]|

< |t — zs]| < diamC.

If 2,,, = x5, we can also get ||z —y|| < diamC. So, x is a non-diametral point,
when Zp,, = Tt Or Ty, = Ts.
If £, # ¢, Ty # s, then in triangle Az, zixs, we have
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[ =zl = [[Aze + (1 = Mg — 2 |

= [[Azt + (1 = N)zs — ATy — (1 — XNz, ||

(%)
< AMlze = Zmo || + (1= Mlzs = me |

< max{[z — 2, |25 = Zmoll}-
T£ 21— moll # 12 = moll, then () 3 | — moll < max{llzs — 2ol [z, —
gl } I |2t—Zmg || = |2s—Zm, ||, by X is strictly convex, we have ||x—zp, || <
|zt — Tme |- Thus, for each y € C, by (), we have

2 = yll < [lz = 2m || < max{{|z: = zm, ||, 25 = mo [} < diamC.
Thus, x is a non-diametral point. Hence C' has normal structure, by Lemma

3.4 [2], every non-expansive self-mapping on C has a fixed point. Our proof is
complete. O

Corollary 3.8. Suppose X is a strictly conver reflexive Banach space, C is a
bounded, closed, convex subset of X with finite extreme points x1,xa, -+ , Tn.
Then all the points in C except extreme points can be non-diametral points.

Proof. In Theorem 3.7, we proved all the points between two extreme points
are non-diametral points. Now, we will prove if z € C is not an extreme point
or a point between two extreme points, then z is a non-diametral point.
In fact, for every n € N, n > 3, suppose the extreme points are x1, o, - - , Tp,
and
max{||lz —x;|| : 1 <i<mn, €N}
=z —2ml, 1<mo<n, mgoeN.
Then for every y € C', by Lemma 3.2, we have
|z — y|| < max{||z — 2] : 1 <i<n,ieN}= |z —zm-
By z is not an extreme point or a point between two extreme points, there
exists a z € C such that z = Az, + (1 — A)z, 0 < A < 1. Then
[z = yll = [[Azm, + (1 = A)z —y|
< [ AZmg + (1 = A)z — 2 |
< |lz = Zm|
< diamC.
So x is a non-diametral point when C' has extreme points x1, 2, - ,Zp, n € N,
n > 3. If C has two extreme points, then the points in C' between two extreme
points are non-diametral points. Hence when C has n,n € N extreme points,

all the points in C' except extreme points are non-diametral points. Our proof
is complete. O
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Theorem 3.9. Suppose X 1is a strictly convex reflexive Banach space, C' is
a bounded, closed, convexr subset of X with countable extreme points x1,--- ,
ZTn, -+ . Then X has FPP for every non-expansive self-mapping T' on C.

Proof. Since C'is a bounded, closed, convex subset of a reflexive Banach space
X, then X has KMP and C = ¢o(extC). By C = co(extC) and extC is
countable, we can get C is a compact subset of X. Every non-expansive
self-mapping T on a compact set C' has a fixed point, so X has FPP for
non-expansive self-mappings on C, then our proof is complete. O
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