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Abstract

Some fixed point theorems are obtained for weekly inward mappings which extend or generalize
those results by K. Fan, B. Halpern or S. Reich. Various formulations of inward and outward
concepts are also briefly discussed.

Subject classification (Amer. Math. Soc. (MOS) 1970): 47 H 10, 54 H 25.

1. Introduction
Recently K. Fan has established the following interesting result.

THEOREM A (Fan, 1969, Theorem 5, p. 237). Let K be a non-empty compact
convex subset of a real Hausdorff topological vector space E. Let f, g be two upper
demi-continuous mappings defined on K such that for each x €K, f(x) and g(x) are
non-empty subsets of E. Suppose that the following condition holds:

(1) For each x€ K, there exist three points ye K, ucf(x) and v e g(x) such that

u—v = Ay —x) for some A€ (0, ).
Then there exists a point xy€ K such that f(x,) and g(x,) cannot be strictly separated
by a closed hyperplane.

We recall that a mapping f from a topological space X into the class of all
non-empty subsets of a real Hausdorff topological vector space E is upper demi-
continuous on X if for each xe X and for any open half-space H in E (that is,
H = {ucE: p(u)<r} for some continuous linear functional ¢ on E, not identically
zero, and for some real number r) containing f(x), there exists a neighborhood ¥
of x such that f{(y)< H for all ye N. We also recall that two sets A and B contained
in E can be strictly separated by a closed hyperplane if and only if there exists a
continuous linear functional ¢ on E and a real number r such that ¢(x)>r for all
xe€A and ¢(y)<r for all ye B.

The second author is partially supported by National Research Council of Canada under
grant A-8096.

169

https://doi.org/10.1017/51446788700011666 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700011666

170 Cheng-Ming Lee and Kok-Keong Tan [21

Let E be a real HausdorfT topological vector space, and K a non-empty convex
subset of E. Let

8(K) = {y e K: there exists a point z€ K such that y+Az¢ K for all A>0},

and for each xe K,
Ig(x) = {x+AXy—x): yek, A>0},
Og(x) = {x+Ay—x): yeK, A<0}.

The set 8(K) is called the algebraic boundary of K (Fan, 1969, p. 236) while the sets
Ix(x) and Og(x) are the inward set and outward set of x with respect to K, respec-
tively (Halpern, 1970, p. 88).

If f: K— E is such that for each x€ X, f(x) is a non-empty closed convex subset
of E, then fis said to be weakly inward on K (respectively weakly outward on K)
if for each xe K, f(x)ncl(Ix(x))# D (respectively, f(x)n cl(Ox(x)# D).

Generalizing Browder’s fixed point theorem (Browder, 1968, Theorem 2, p. 286),
Halpern has proved the following result for weakly inward mappings:

THeOREM B (Halpern, 1770, Theorem 2, p. 88). Let K be a non-empty compact
convex subset of a real locally convex Hausdorff topological vector space E and f
be an upper semi-continuous mapping on K which is weakly inward on K. Then there
exists a point xy€ K such that x,cf(x,).

In order to extend Halpern’s Theorem B from upper semi-continuous mappings
to upper demi-continuous mappings (Reich, 1972, Corollary 2.2, p. 23), Reich
used the following result:

THeoreM C (Reich, 1972, Proposition 2.1, p. 22). Let K be a non-empty compact
convex set in a real Hausdorff topological vector space E. Let f,g be two upper
demi-continuous functions on K such that for each x € K, f(x) is a non-empty subset
of E and g(x) is a non-empty compact subset of E. If

J)acl(g(g(x)#D for every xeK,

then there exists a point x,€ K for which f(x,) and g(x,) cannot be strictly separated
by a closed hyperplane.

The above result is a “weakly inward” version of Fan’s Theorem A. It is,
however, only a partial extension of Theorem A. In this paper, we prove Theorem 1,
a “weakly inward” version of Theorem A which includes Theorem A and which
also improves Theorem C. Finally, we use Theorem 1 to obtain results, unifying
and generalizing Halpern’s Theorem B for weakly inward mappings and Theorem 3
(Halpern, 1970, p. 89), for weakly outward mappings. Remarks concerning various
formulations of inward and outward concepts are also briefly given.
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2. Main results and applications
The following result can be proved by applying the same argument in the first
part in the proof of Theorem 5 (Fan, 1969, p. 237). Consequently its proof is
omitted.

LEMMA 1. Let X be a compact Hausdorff space and let E be a real Hausdorff
topological vector space. Let f and g be two upper demi-continuous mappings defined
on X such that for each x € X, f(x) and g(x) are non-empty subsets of E that can be
strictly separated by a closed hyperplane. Then there exists a mapping ¥ of X into E’
(the dual of E) of the form ¥ (x) = X7, a(x)p;, where ay(x), ...,a,(x) are non-
negative real-valued continuous functions on X with 3% ; a x) =1 for all x€ X and
@1 ---s P EE’, such that for each xe€ X, [V (x)](w) <[Y(x)](v), for all uef(x) and
veg(x).

We now show that Theorem A remains true if the condition (1) is replaced by
the weaker condition (1).

THEOREM 1. Let X be a non-empty compact convex subset of a real Hausdorff
topological vector space E. Let f and g be two upper demi-continuous mappings
defined on K such that for each x€ X, f(x) and g(x) are non-empty subsets of E.
Suppose that the following condition holds:

(1)y; For each x€ X, there exist two points ucf(x) and veg(x) and two nets

Uy, Uy in E and a net y, in X such that u,—>u, v,~v and uy,— vy, = A (Yo —X)
Jor some net A, in (0, ).
Then there exists a point xy€ X such that f(x,) and g(x,) cannot be strictly separated
by a closed hyperplane.

PRrOOF. Suppose that the conclusion of the theorem is false. Then by Lemma 1,
there exists a mapping ¥ on X into E’ of the form ¥(x) = X2, ai(x) ¢;, where
ay(x), ...,2,(x) are non-negative real-valued continuous functions on X with
X2 ,a(x)=1for all xe X and ¥,, ..., ¥, € E’, such that for each x€ X,

X)) @) <[Y(x)1(v), for all ucf(x)and veg(x). ()]

Since [T (x)](y—x) = X2, a(x)¥y(y—x) is a continuous mapping of (x,y) on
Xx X, the set 4 = {(x,y)e Xx X: [¥(x)(y—x)>0} is closed in X x X. Clearly, for
each xe X, (x,x)eA and the set {ye X: (x,y)¢ A} is convex or empty. Thus by
Lemma 4 (Fan, 1961, p. 309) there exists a point x, € X such that {x,} x X< 4. Thus

Y (x)](y—x)=0 forallye X. 2

Let u, v, uy, v,, y, and A, be given as in (1), for x = x,. Since ¥(x,) is linear and
A, >0, from (2) we see that

[F )]l (ua—00) = A[F ()] (Ve — %) >0.
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Since W(x,) is continuous and u,->u and v,—> v, we have [¥'(x,)] (u—v) >0, which
contradicts (1). This proves the theorem.

With slight modification in the proof of the above theorem, we have the following
result:

THEOREM 2. Let X be a non-empty compact convex subset of a Hausdorff topo-
logical vector space, and let E be a real Hausdor[f topological vector space. Suppose
that G is a continuous convex mapping from X into E and that F is an upper demi-
continuous mapping defined on X such that for each xe€ X, F(x) is a non-empty
subset of E. Suppose that the following condition holds:

(2) For each x€ X, there exists a point uc F(x), a net y, in X, and a net u, in E

such that u,—>u and u,— G(x) = A (G(y,)— G(x)) for some net A, in (0,c0).
Then there exists a point xy€ X such that G(x,) and F(x,) cannot be strictly separated
by a closed hyperplane.

We shall now apply the theorems to obtain some fixed point theorems.

THEOREM 3. Let K be a non-empty compact convex subset of a real Hausdorff
topological vector space E. Let f,g be two demi-continuous mappings defined on K
such that for each x € K, f(x) and g(x) are non-empty subsets of E. Suppose that the
Jollowing conditions hold:

(3) For each x € 8(K), there exists a point uc€f(x), a net u, in E and a net z\, in K

such that uy,—u and u,— x = B (zL— x) for some net B in (0, c0).

(4) For each x € 8(K), there exists a point v Eg(x), a net v, in E and a net z% in K

such that vy,—v and v,—x = y (2% —Xx) for some net y, in (—0,0).
Then there exists a point xy€ K such that f(x,) and g(x,) can not be strictly separated
by a closed hyperplane.

REMARK 1. Similar to the inward case pointed out by Fan (1969, p. 236), it is
easily checked that the condition (3) holds if and only if f is weakly inward on K
and the condition (4) holds if and only if g is weakly outward on K. Also, the
condition (1), is equivalent to the condition obtained by replacing “x€ X by
“x€8(X)” in the condition (1),.

ProOOF oF THEOREM 3. (This is the same proof as in Theorem 8, Fan (1969),
p- 239.) For each x€ 8(K), let u, u,, v, v, et cetera be as given in (3) and (4), and
then let

B« 1, Yo
= L4 22, A, =8B,—V,
ya Ba Yo o ﬂa Vo o o Ba Ya

Then one sees that the condition (1), is satisfied for all x € 8(K), and hence by
Remark 1, the assertion of Theorem 3 follows from Theorem 1.
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REMARK 2. We will say that the mapping f'is weakly inward with respect to g on K
provided that (1), is satisfied. Then from the proof of Theorem 3, one sees that if
fis weakly inward on K and g is weakly outward on K, then f is weakly inward
with respect to g on K.

THEOREM 4. Let K be a non-empty compact convex subset of a real locally convex
Hausdorff topological vector space E. Let f, g be two upper demi-continuous mappings
defined on K such that for each x €K, f(x) and g(x) are closed and convex, and at
least one of them is compact. If f is weakly inward and g is weakly outward on K,
or more generally if f is weakly inward with respect to g on K, then there exists a
point xo€ K such that f(xg) 0 g(xy)# 9.

Proor. This follows from Theorem 1 and Theorem 3 and the fact that in the
space concerned, a closed convex set and a compact convex set without common
points can be strictly separated by a closed hyperplane.

REMARK 3. Taking either f or g in Theorem 4 to be the identity mapping on K,
one obtains results generalizing Halpern’s fixed point Theorems 2 and 3 (Halpern,
1970, pp. 88, 89).

REMARK 4. Let

Ig(g(x)) = {v+Ay—x): veg(x),ye K, A>0}.

Then one sees that the Fan’s condition (1) holds if and only if the following
condition holds:

(5) For each xeK, f(x)nIg(g(x))# 9.
However, the condition (1), is not equivalent to the condition:
(5)y For each xeKX, f(x)nclix(g(x))#9.

It is not known whether all the other conditions imposed on f, g, K and E in
Theorem 1 force the conditions (1),, and (5),, to be equivalent. However, the
following partial solution is immediate.

PROPOSITION. Let K be a convex subset of E and f,g be mappings from K into the
class of all non-empty subsets of E and suppose that g(x) is compact for each x€ K.
Then the conditions (1), and (5),, are equivalent.

REMARK 5. By the above proposition, we see that Theorem C is a corollary of

Theorem 1 here. Note that Theorem 1 is a true generalization of Theorem A, while
Theorem C is not.
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REMARK 6. Theorem 5 below is a direct consequence of Theorem 2. Noting that
both Theorems 2 and 5 also hold for “A, in (—c0,0)” instead of “A, in (0,400)",
one sees easily that Theorem 5 also generalized both Halpern’s fixed point theorems.

THEOREM 5. In addition to the assumption in Theorem 2, let E be locally convex
and for each x€ X, F(x) be closed and convex. Then there exists xy€ X such that
G(x) € F(x,).

REMARK 7. As another application of Theorem 2, we give the following result,
which is a variant of Theorem 4.

THEOREM 6. Let K be a non-empty compact convex subset of a real locally convex
Hausdor(f topological vector space E. Let f, g be two mappings defined on K such that
Jor each x € K, f(x) and g(x) are non-empty closed convex subjects of E. Let I be the
identity mapping on K. Suppose that the mapping I+ f—g is upper demi-continuous
and weakly inward on K. Then there exists x,€ K such that f(xg) N g(xe)# 9.

ProoF. Denote K = X, and write F = I+f—g and G = I. Then one shows that
all the assumptions in Theorem 2 are satisfied. Hence, there exists x, € K such that
xoand F(xg) = xy+f(x,) — g(x,) cannot be strictly separated by a closed hyperplane.
As xo+f(x) —g(xp) is closed and convex, one concludes that

Xo € Xg+f(x0) —g(xp), so that f(x) ng(xy)# Q.
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