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SOME FIXED-POINT THEOREMS ON AN ALMOST G-CONVEX
SUBSET OF A LOCALLY G-CONVEX SPACE AND ITS APPLICATIONS

Chi-Ming Chen

Abstract. In this paper, we first obtain the generalizations of the almost fixed
point theorems on the almost G-convex sets and the Himmelberg fixed point
theorems on a locally G-convex space. Next, we invoke non-convexity of
constraint regions in place of convexity and we obtain the new fixed point
theorems, ” Let X be an almost G-convex subset of a locally G-convex space
E. IfT eT™ - KKM(X,X) is compact and closed, then T has a fixed
point.”

1. INTRODUCTION AND PRELIMINARIES

In 1929, Knaster, Kuratoaski and Mazurkiewicz [5] proved the well-known
KKM theorem on n-simplex. In addition, in 1961, Ky Fan [3] generalized the
KKM theorem in the infinite dimensional topological vector space. Later, the KKM
theorem and related topics, for example, matching theorem, fixed point theorem,
coincidence theorem, economic equilibrium problem, minmax inequalities and so
on had been presented a grand occasions, (see, [2, 6-10]).

Along with the above development, many features of the concept of convex sets
are extended to some general convexities; for example, convex spaces of Lassonde,
C-spaces of Horvath, and others. These general convexities are all subsumed to the
concept of G-convex spaces.

In this paper, we first obtain an elementary proof of generalizations of Him-
melberg fixed point theorem on the G-convex spaces by applying the I' — K K M
theorem. Next, we invoke non-convexity of constraint regions in place of convexity
and we obtain the new fixed point theorems, ” Let X be an almost G-convex subset

Received May 10, 2004, revised July 6, 2005.

Communicated by Wen-Wei Lin.

2000 Mathematics Subject Classification: 47H10, 54C60, 54H25, 55M20.

Key words and phrases: Fixed point theorem, Almost G-convex sets, Locally G-convex space, I" —
K K M mapping, I' — K K M property, Matching theorem, Quasi-equilibrium.

Research supported by the NSC of R.O.C..

797



798 Chi-Ming Chen

of a locally G-convex space E. If T e I* — KKM (X, X) is compact and closed,
then 7" has a fixed point.”

We now introduce the notations used in this paper and recall some basic facts.

For a nonempty set X, 2% denotes the class of all nonempty subsets of X, and
(X) denotes the class of all nonempty finite subsets of X.

Throughout this paper, for a set-valued function 7' : X — 2", the following
notations are used:

(i) T(x) ={y € Y[y € T(x)},

(i) T(A) = UgeaT (z),
(iii) T7Y(y) = {z € X|y € T(x)}, and
(V) T71(B) = {z € X|T(2)N B # 6},

Let X and Y be two topological spaces, and let 7 : X — 2 be a set-valued
function. T is said to be upper semicontinuous if for each open subset G of Y, the
set {x € X : T(x) C G} is open in X. It is well known that if Y is a compact
Hausdorff space and T'(x) is closed for each = € X, then T" is upper semicontinuous
if and only if the graph {(z,y) € X xY :y € T(x)} of T is closed in X x Y.

T is said to be compact if the image 7'(X) of X under T is contained in a
compact subset of Y. T is said to be closed if its graph Gr = {(z,y) € X xY|y €
Tz,Vx € X} is a closed subset of X x Y.

A subset D of a topological space X is said to be compactly closed (resp. open)
in X if for any compact subset K of X the set D N K is closed (resp. open) in
K .Obviosly, D is compactly closed in X if and only if its complement D¢ = X\ D
is compactly open in X.

We denote A,, the standard n-simplex with vectors eg, e1, .. ., en, Where ¢; is
the (i + 1)-th unit vector in R+,

A generalized convex space [7] or a G-convex space (X, D;T") consists of a
topological space X, a nonempty subset D of X and a function T' : (D) — 2%
with nonempty values (in the sequel, we write I'(A) by T'A for each A € (D)),
such that

(i) for each A,B € (D), A C B impliesT"’A C I'B, and

(i) for each A € (D), with |[A| = n + 1, there exists a continuous function
$a: A, — TAsuchthat J € (A), implies ¢ 4(A|y—1) C T'J, where Ay
denotes the faces of A,, corresponding to J € (A).

For K C X,

(i) K is G-convex if for each A € (D), A C K impliesT"'A C K, and

(if) The G-convex hull of K, denoted by G—Co(K) is the set
N{B C X|B is a G-convex subset of X containing K }.
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Let (X, D;T") be a G-convex space. When D = X we denote (X, X;T") by X
and X called a G-convex space.

A uniformity [4] for a set X is a non-void family ¢/ of subsets of X x X such
that

(i) each member of &/ contains the diagonal €2,
(i) if U e, then U~ €U,
(i) if U e, then VoV C U for some V € U,
(iv) if U and V' are members of ¢/, then U NV € U, and
vifUelHandU CV C X x X, thenV € U.

The pair (X,U) is called a uniform space.

Let (X, D;T") be a G-convex space which has a uniformity ¢/ and ¢/ has an open
symmetric base family A/. Then a nonempty subset K of X is said to be almost
G-convex if for any finite subset B of K and for any V € N, there is a mapping
hpy : B — Ksuchthatx € V[hp y(z)]forallz € Band G—co(hp v(B)) C K.
We call hp  a G-convex-inducing mapping.

Remark 1.

(1.) In general, the G-convex-inducing mapping hpz v is not unique. If U €
with U C V, then it is clear that any hp : B — X can be regarded as an
hpy:B — X.

(2.) Let M = R? be the Euclidean topological space. Then the set B = {x =

(x1,22) € M : xf/g + x§/3 < 1} is a G-convex set, but the set B’ = {z =
(x1,22) € M : 0 < xf/g + x§/3 < 1} is an almost G-convex set, not a

G-convex set.

(3.) Our almost G-convex sets can be reduced to almost convex if X is a topo-
logical vector space.

Definition 1. [10] A G-convex space X is said to be a locally G-convex
space if X is a uniform topological space with uniformity ¢/ which has an open
base N' = {V;|i € I} of symmetric encourages such that for each V' € N/, the set
Viz] ={y € X|(z,y) € V} is a G-convex set for each = € X.

2. ALMOST FIXED-POINT THEOREMS FOR THE I'— K K M MAPs
First, we introduce a I'— K K M theorem for G-convex spaces. For a G-convex

space (X, D;T), amultimap 7 : D — 2X iscalled aT' — KK M map if ['(A) C
F(A) for each A € (D). The following is known [9].
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Theorem 1. Let (X, D;T) be a G-convex space and 7' : D — 2% a multimap
with closed [resp., open] values. Suppose that T is a I' — KK M map. Then
{T'(2)}.ep has the finite intersection property.

Apply the above theorem 1, we shall prove the almost fixed point theorem as
follows:

Theorem 2. Let X be an almost G-convex subset of a G-convex space E which
has a uniformity ¢/ and ¢/ has an open symmetric base family A/. Let V' € N such
that V[x] is G-convex for all x € X. If T : X — 2% is closed and T'(X) is
relatively compact, then 7" has a V-fixed point,that is; there is v € X such that

T(zv) N V]zv] # ¢.

Proof. LetU € N suchthat UoUoU C V. Since T'(X) is relatively compact,
X1 = T(X) is compact, there exists a finite subset {y1, 32, ..., y»} of X1 C X such
that X; c U, Uly;] € U, Uly;]. For each i € {1,2,...,n}, we can choose an
x; € X such that y; € Ulz;]. Then Xy C UX Uly] € U™, U o Ulx;]. Since
X is almost G-convex and B = {x1,z2,...,z,} C X, there exists a G-convex-
inducing hp y : B — X such that z; € U[hg y(z;)] for each i = 1,2, ...,n and
Z =G —co(hpy(B)) C X. Now, we define 7" : hp y(B) — 2% by

T/(hBVU(xz‘))Z{Z €Z: T(Z) C Xl\UoU[xi]}, foreach x; € B, i=1,2,....,n.

Since T is closed and X; = TX is compact, T is upper semi-continuous, and
so we have that T"(hp,u(x;)) is open in Z for each i = 1,2,...,n. Moreover,
N T (hpy(xi) = {2z € Z: T(2) C Xy ~UL,UoUlx]} = ¢, since TX C
U, U o Ulz;]. By Theorem 1, T’ is not a I' — K K M map, and then there exists
a finite subset S = {hBVU(xil),thU(xiQ), ...,hBVU(xik)} S <hB,U(B)> and an
zy € I'(S) C X such that z ¢ T'(S). That is, T'(zv) € X1 \ U o Ula;,]for all
je{1,2,. k}. Letz € T(zy) and z ¢ X1\ UoUlz;,] forall j € {1,2,...,k}.
Then z € UOU[.%Z‘].] C UOUOU[hBVU(xi].)] C V[hBVU(xi].)] for a“j S {1, 2, ..., ]{},
and hence (hpu(xi;),z) € V forall j € {1,2,....k}, hpu(z;;) € V]z] for all
Jj € {1,2,..,k}. Next, since V[z] is G-convex and zy € I'(S), we have that
xy € V[z], and hence (zv, z) € V, z € V]zy]. Therefore, T'(zy) NV]zy]| # ¢. ®

Corollary 1. Let X be an almost G-convex subset of a G-convex space E
which has a uniformity 2/ and &/ has an open symmetric base family A/. Let V e
such that V[x] is G-convex for all z € X. If T : X — 2% is compact and closed,
then 7" has a V-fixed pointthat is; there is x € X such that T'(xy )NV [zy] # ¢.

Corollary 2. Let X be an almost G-convex subset of a G-convex space E
which has a uniformity &/ and ¢/ has an open symmetric base family V. Let V € N/
such that V[z] is G-convex for all z € X. If T : X — 2% is closed, T(X) is
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totally bounded, then T has a V-fixed point,that is; there is z € X such that
T(zy) N Vizy] # ¢.

Proof. Since T'(X) is totally bounded and 7" is closed,we have that 7'(X) is
compact, and then we complete the proof. ]

From the almost fixed point theorem 2, we immediate get the fixed point theorem
on an almost G-convex subset of the locally G-convex spaces.

Theorem 3. Let X be an almost G-convex subset of a locally G-convex space
E. If T: X — 2% is compact and closed, then T has a fixed point in X.

Proof. Since E is a locally G-convex space, there exists a uniform structure
U, let N = {V;]i € I} be an open symmetric base family for the uniform structure
U such that for any U € N the set U[z] = {y € X|(z,y) € U} is open G-
convex for each « € X. Then for each V; € A, there exists zy, € X such that
Vilry,] N T(xy;) # ¢, by using corollary 1. Let . € Vj[xy,] N T(xy,), then
(rv;,yv;) € Gr and (my;,yy,) € V;. Since TX is compact in X, without loss
of generality, we may assume that {uy; };c; converges to y, that is there exists
Vo € N such that (yv,, ) € V; for all V; € N with V; € V. Let Vy e N
with Viy o Viy C V; C Vp, then we have (zv,,, yv,) € Vi and (yv,,, yo) € Vi, SO
(v, Y1) © (Wvys¥0) = (2vy,,%0) € Vo Vi C Vj, that is zy;, — yo. By T'is
closed, then (yo,v0) € Gr, and so yo € T(yp). We complete the proof. ]

Corollary 3. Let X be an almost G-convex subset of a locally G-convex space
E. If T:X — 2% is closed, and 7X is totally bounded in X, then T" has a fixed
point in X.

3. FixeD-POINT THEOREMS FOR MAPs IN I — K KM (X, Y)

Next, we introduce the new definition of the T'* — K K M property on an almost
G-convex subset of a G-convex space.

Definition 2. Let X be an almost G-convex subset of a G-convex space
E which has a uniformity ¢/ and ¢/ has an open symmetric base family A/, Y a
topological space. If T, F : X — 2" are two set-valued functions satisfying for any
A € (X)andforany V € N, there is a G-convex-inducing mapping ha v : A — X
such that

™) T(I'(hav(A))) C F(A),

then F is called a generalized I'* — K KM mapping with respect to 7. If the
set-valued function 7 : X — 2Y satisfies the requirement that for any generalized
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I'™ — KK M mapping F' with respect to 7" the family { F'(x)|z € X} has the finite
intersection property, then 7" is said to have the I'* — K K M property. The class I'* —
KKM(X,Y) isdefinedto be theset {T : X — 2¥|T has the I'* — K K M property}.

Lemma 1. Let X be an almost G-convex subset of a G-convex space E which
has a uniformity ¢/ and &/ has an open symmetric base family A/, Y and Z be two
topological spaces. If T e ' — KKM(X,Y), then fT e I — KKM (X, Z) for
all fecC(Y,Z2).

From the above Lemma 1, we get the main results of this section.

Theorem 4. Let X be an almost G-convex subset of a locally G-convex space
E. fTel™ - KKM(X,X) is compact and closed, then 7" has a fixed point.

Proof. Since F is a locally G-convex space, there exists a uniform structure 4,
and let NV = {V;|i € I'} be an open symmetric base family for the uniform structure
U such that for any U € NV, the set U[z] = {y € X|(z,y) € U} is open G-convex
for each x € X. Now we claim that for any V' € A/, there exists z;y € X such
that V[zy| N T(xzy) # ¢. Suppose it is not the case, then there is an V' € A/ such
that V[zy| N T(zy) = ¢ for all zy € X. Let V' € N such that V' o V' C V.
Let K = TX. Then K is compact and closed in X, since T is compact and X is
Hausdorff. Define F': X — 2% by

F(z) = K\V'[z]  foreachz € X.

Then we have

(1) F(x) is nonempty compact and closed, and
(2) F'is a generalized T'* — K KK M mapping with respect to 7.

(1) is obvious. To prove (2), we use the contradiction. Let A = {z1, z9,...,2,} €
(X). Suppose that F' is not a generalized I'* — KK M mapping with respect
to 7. Then there isa U € N such that for any G-convex-inducing mapping
hay : A—>X0nehasT( (hau(A))) € F(A). Let W = V' NnU. Then

T(T(haw(A)) ¢ F(A). Choose u e F(hA,W( )) and z € T(u) such that
z ¢ u;’le(xZ) S0 z € V’[xi] forall i =1,2,...,n. Since X is almost G-convex,
we have z € V’[wi] cV'o W[hA,W(wi)] C V[hA,W(xi)]. So (Z,hA,W(xz‘)) S
V, (haw(zi),z) € V and haw(x;) € V]z] forall i = 1,2,...,n, since V is
symmetric. Since V[z] is G-convex and u € I'(ha w(A)) C V[z], we have (u, z) €
Vand z € V[u]. So V]ul|NT(u) # ¢, a contradiction. So F' is a generalized
I' — KKM mapping with respect to 7. Since T' € T* — KKM(X, X) and
K is compact, SO NyexFx # ¢. Let & € NyexFx = NpexK\V'[z]. Then
¢ ¢ V'[¢], a contradiction. Therefore, we have proved that for each V; € N,
there is an xy, € X such that V;[zy,] N T(zv,) # ¢. Let yy, € Vi[zy,] N T (xy;),
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then (xv;,yv;) € Gr and (xv;,yy;) € Vi. Since T is compact, without loss of
generality, we may assume that {yy; };c; converges to o, that is there exists Vy € A/
such that (yv,,y) € Vj for all V; € N with V; € V,. Let Vy € N with
Vi oVy C Vj C Vp, then we have (zv,,yv,) € Vu and (yv,,y0) € Vi, SO
(xVU, yVU) o (yVU, yo) =($VU, yo) eVyoVyC Vj, that is Tvy; —Yo- By T is closed,
then (vo, v0) € Gr, SO Yo € T(yo). We have completed the important proof. ]

We introduce the following concepts to establish the remainder results of this
section.

Definition 3. Let (X, %) and (Y, V) be two uniform spaces, and let A: X —
2Y be a set-valued function. A is upper semi-continuous at « € X if and only if
for any V € V there exists a U € U such that A(U|z]) C V[A(z)]. A is said to be
upper semi-continuous on X if A is upper semi-continuous at = for each z in X.
Moreover, A is said to be upper semi-continuous if for any V' € V), there exists a
UelUsuchthat AcU C V.

Definition 4. Let (X, U), (Y, V) be two uniform spaces, U € U4, V € V, and
let A: X — 2" be a set-valued function. A single-valued function s : X — Y is
said to be a U — V-selection of A if s(x) € V[A(U[z])] for any = € X.

Definition 5. Let (X,U) and (Y,V) be two uniform spaces. A set-valued
function A : X — 2Y is said to be approachable if it has a continuous U — V-
selection forany U € U/ and V € V, that is, for any U € I/ and V' € V there exists
a continuous U — V-selection s : X — Y of A such that s(x) € V[A(U][x])] for
all x € X.

Let X and Y be uniform spaces. The classes of approachable maps are defined
as follows.

(i) Ao(X,Y)={A:X — 2V |Ais approachable},

(i) A(X,Y) ={A e Ap|Ais u.s.c. with compact-values}, and

(iii) A(X,Y)={A=A,,0A4,,_10---0A1]|A; € AX,Y)fori=1,2,...,m}.
Applying Theorem 3.13 [1], we have the following:
Theorem 5. Let (X,U) and (Y, V) be uniform spaces and X be compact. If

Gr is a closed subset of X x Y, then the following statements are equivalent:
(1) GeNGr # ¢, foreach f € C(X,Y),
(ii) Gangr # ¢, foreach A € A.(X,Y).

We now apply the above theorem 5 to establish the following proposition 1.
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Proposition 1. Let X be an almost G-convex subset of a locally G-convex
space E and Y a compact subset of a uniform space. Suppose that T € T'* —
KKM(X,Y)is closed. Then for any H € A.(Y, X ), TH has a fixed pointin Y.

4. APPLICATIONS

We now establish the following T'* — K K M -type theorems, which is equivalent
to the matching theorem following it.

Theorem 6. Let X be an almost G-convex subset of a GG-convex space E
which has a uniformity ¢/ and ¢/ has an open base family A/, and Y a Hausdorff
space. If T, F : X — 2Y are two set-valued functions satisfies the following:

(1) TeI*— KKM(X,Y) such that T'(I'(X)) is compact in Y,
(éi) for any x € X, Fx is compactly closed in Y,
(¢i7) F' is a generalized I'* — K K' M mapping with respect to 7.

Then T(I'( X)) N (N{Fx :x € X}) # ¢.

As a consequence of the above theorem 6, we obtain the following generalization
of the Ky Fan matching theorem.

Theorem 7. Let X be an almost G-convex subset of a G-convex space E
which has a uniformity ¢/ and ¢/ has an open base family A/, and Y a Hausdorff
space. Suppose that 7, H : X — 2Y are two set-valued functions satisfies the
following:

(i) Te™— KKM(X,Y) such that T(I'(X)) is compact in Y,
(ii) for any x € X, H(x) is compactly open in Y,
(#ii) T(T(X)) ¢ H(X).

Then there is M € (X)) such that T(T'(X))) N (N{H (z) : x € M }) # ¢.
From Theorem 4 we have the following quasi-equilibrium theorem.

Theorem 8. Let X be an almost G-convex subset of a locally G-convex space,
and f: X x X — R an upper semicontinuous function. Suppose H : X — 2X is
compact and closed, and suppose that

(i) the function M defined on X by M(z) = mazr yep ) f(z,y) for z € X, is
lower semicontinuous, and

(i7) the multifunction T : X — 2% defined by T'(x) = {y € H(z) : f(x,y) =
M(z)} ,isin* — KKM(X, X).
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Then there is an 2o € X such that o € H(z) and f(xo,zo) = M(z0).

[EY
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