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ON VECTOR EQUILIBRIUM PROBLEM WITH MULTIFUNCTIONS
Gue Myung Lee and In Ja Bu

Abstract. In this paper, a vector equilibrium problem (VEP) with multifunc-
tions is considered. Using the asymptotic cone of the solution set of (VEP),
we give conditions under which the solution set is nonempty and compact, and
then extend it to a random vector equilibrium problem with multifunctions.

1. INTRODUCTION

Let X be a nonempty convex and closed subset of R™ and ¥ = R™. Let
F: X x X — 2Y be a multifunction and C : X — 2¥ a multifucnction such that
C(z) is a convex cone in Y with intC(z) # 0 and C(z) # Y forall z € X. In
this paper, we consider the following vector equilibrium problem:

(VEP) Find z € X such that
F(z,z) Y\ (—intC(z)) for any =z € X.

We denote the solution set of (VEP) by E,,. When C(z) is a constant convex
cone for any x € X, the above problem (VEP) is reduced to the one studied in [1,
3, 8, 14]. If the above F' is single-valued, then the problem (VEP) becomes the one
studied in [7, 12].

Recently, using asymptotic analysis, F. Flores-Bazan and F. Flores-Bazan [7]
obtained characterizations of nonemptiness and compactness of the solution set for
(VEP) when F is single-valued. Ansari and Flores-Bazan [1] extended the results
in [7] to (VEP) when C(z) is a constant cone.

In this paper, following the ideas in [7] and using asymptotic cones, we give
conditions under which the solution set of (VEP) is nonempty and compact. Also,
following the ideas in Kalmoun [9, 10], we extend the conditions to a random vector
equilibrium problem.
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2. NoNEMPTINESS AND COMPACTNESS OF SOLUTION SET

In this section, we extend Lemma 3.2, Theorem 3.7 and Theorem 3.13 in [7]
to the vector equilibrium problem (VEP) with multifunctions so that we can obtain
conditions under which the solution set of (VEP) is nonempty and compact. Our
approach follows ideas of [7] in which vector equilibrium problems with single-
valued functions were considered.

We now recall some known definitions:

Definition 2.1. Let X be a nonempty convex subset of R™ and Y = R™. Let
G : X — 2" be a multifunction and C a convex cone in Y with C # Y.

(1) ([15)) G is called upper (lower) C—convex on X if for any x1, 20 € X, t €
[0,1],
tG(z1) + (1 = t)G(z2) C Gtz + (1 — t)xs) + C
(G(tz1 + (1 —t)z2) C tG(x1) 4+ (1 — t)G(x2) — C, respectively)
holds. If G is both upper C-convex and lower C-convex, we say that G is
C-convex.

(2) ([13]) G is said to be upper (lower) C-lower semicontinuous at z € X if for
any open set V' in R™ with G(Z) NV # (), there exists a neighborhood U of
Z suchthat forany z e UN X

Glx)Nn(V+C)#0
(G(z) N (V = C) # 0, respectively).

If G is upper (lower) C-lower semicontinuous at every x € X, then G is called
upper (resp. lower) C-lower semicontinuous on X.

If G is both upper C-lower semicontinuous on X and lower C-lower semicon-
tinuous on X, then G is said to be C-lower semicontinuous on X.

Example 2.1.  Define a multifunction G : R — 2% by for any = € R,
G(z) = [2%, 00). Then G is R, -convex.

Definition 2.2 [6]. Let K be a closed set in R™. Then we define the asymptotic
cone of K as the closed set

K*={xzeR"|3t, 10, z, €K, thr, — x}.
It is known that K is bounded if and only if K> = {0}.

We give assumptions which will be used for next theorems.
Let X be a nonempty convex and closed subset of R” and Y = R™.
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(Hp) Let C' : X — 2Y be a multifunction such that C(x) is a nonempty convex
cone in Y with intC(x) # () and C(z) #Y for all z € X.

(H1) F:X x X — 2" be a multifunction satisfying the following conditions:

(A4y) forall z € X, F(z,x) C [C(x) N (—=C(x))].
(Ag) forall z,ye X, F(z,y) CY\ (—intC(x)) implies F(y, x) CY\intC(y).

(Ag) forall z € X, y — F(z,y) is C(x)-convex and upper C(x)-lower semi-
continuous on X.

(Ay) for all z,y€ X, the set { €[z, y]: F(&,y) C Y\ (—intC(&))} is closed.
Here [x, y] stands for the closed line segment joining x and y.

We give an existence theorem for the problem (VEP) in compact setting: its
proof can be done by using methods in [2, 4, 11] and so we omit its proof.

Theorem 2.1. Let X be a nonempty convex and compact subset of R™ and Y =
R™. Let C': X — 2 be a multifunction satisfying (Ho) and let F: X x X — 2Y
be a multifunction satisfying (H ;). Then E,, is nonempty and closed.

In order to give conditions for the soution set E,, of the problem (VEP) in
noncompact setting to be nonempty and compact, we consider the asymptotic cone
E,* of E, and its related set Ry defined as follows:

Ry = Nex{v € X®: F(y, 2+ Av) CY \intC(y)
YA >0, Vz € X with F(y,2z) C —C(y)}.

First we give relationships between E,,°° and Ry.

Proposition 2.1. Let X be a nonempty convex and closed subset of R™ and
Y =R™. LetC : X — 2Y be a multifunction satisfying (H o) and F' : X x X — 2V
a multifunction satisfying (A2) and (As). Then E,,*° C Ry. If, in addition, (A4)
holds and there exists z* € X such that

F(y,z") Cc —C(y) forall y € X,
then £,°° = Ry.

Proof. Let v € (E,)*>. Then there exists ¢, | 0, v, € E, such that
t,v, — v. Let y be any fixed in X. Since v, € FE,,, we have

F(vp,y) CY \ (—intC(vy,)) for all n € N.
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By (A2), we have
F(y,v,) C Y\ intC(y) for all n € N.

Take any z € X satisfying F'(y,z) C —C(y). Let A > 0 be any fixed. For n
sufficiently large, by the lower C(y)-convexity of F(y,-),

F(y, (1= Mn)z + Mnvn)) C (1= Mtn)F(y, 2) + MaF(y,vn) — C(y)
C —C(y) + [Y \ intC(y)] - C(y)
C Y\ intC(y).

Since (1—At,)z+ Aty v, — z+Av and F(y, -) is upper C(y)-lower semicontinuous,
F(y,z+ M) C Y \ intC(y). Thus v € Ry. Hence (E,)>® C Ry

Assume that there exists * € X such that F'(y, z*) C —C(y) forally € X. Let
v € Rg. Thenv € X forally € X and F(y, z*+\v) C Y \intC(y) forall A > 0.
Lety € X and A > 0 be any fixed. Consider y; := ty+(1—t)(z*+\v), t € (0,1).
Since z* € X and v € X*°, y, € X. Since F(yy, -) is upper C(y;)-convex,

tF (e, y) + (1 =) F(ys, 2" + Av) C F(ye, ye) + Clyt)

Since F(yi, y1) € C(yr), F(ye, 2"+ v) C Y\intC(y) and C(yy)+Y \(—intC(y)) C
Y\ (—intC(y)), we have

Flye,y) C Y\ (—intC(y)).
Since y; converges to z* + A\v as ¢t — 0+, it follows from (A4) that
F(z* + Av,y) C Y\ (—intC(z* + \v)).
Thus for all A>0, z*+\v e E,,. Hence ve(E, ). Consequently, £,°=Ry. =

Now we give conditions assuring the nonemptiness and compactness of the
solution set E,, of the problem (VEP).

Theorem 2.2. Let X be a nonempty convex and closed subset of R™ and
Y =R™ LetC: X — 2Y be a multifunction satisfying (Ho) and F : X x X — 2Y
a multifunction satisfying (H1). If Ry = {0}, E, is nonempty and compact.
Moreover, if there exists z* € X such that

F(y,z") c —C(y) forall y € X,

then £, is nonempty and compact if and only if Ry = {0}.
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Proof. For every n € N, such that X,, := {z € X : ||z|| < n}. Then we may
suppose that X, # () for all n € N. Also, X, is a nonempty convex and compact
subset of R™. By Theorem 2.1, for all n € N, there exists z,, € X, such that

(2.1) F(zn,y) CY \ (—intC(xy,)) for any y € X,,.

Suppose to the contrary that {x,} is not bounded. Then, up to a subsequence,
||z || — oo and e — v for some v € X. Thenv € X*° and v #0. Lety € X
be any fixed. Then it is clear that F'(x,,y) C Y \ (—intC(z,)) for n sufficiently
large. By assumption (Az), we have

for n sufficiently large. Take z € X such that
Fy,z) € =C(y).

By the lower C(y)-convexity of F'(y,-), for any A > 0 and n sufficiently large,

F(y, (1= 292+ @yen) © (1= 21F©, 2) + 2F o) - C)
C —Cly) + [V \ intC(y)] - C(y)
C Y\ intC(y).

Since (1 — m)z + m% — z+ Av and F\(y,-) is upper C(x)-lower semicon-
tinuous, F(y,z + Av) C Y \ intC(y). Hence v € Ry. However, it contradicts
the assumption that Ry = {0}. Thus {z,} is bounded. Therefore, up to a sub-
sequence, z,, — = for some z € X. Let = be any fixed in X. Then it follows
from (2.1) that for n sufficiently large, F(z,,z) C Y \ (—intC(z,)), and hence,
by (Az), F(x,z,) C Y \ intC(z). Since F(z,-) is upper C(x)-lower semicon-
tinuous, F(xz,z) C Y \ intC(x). We argue exactly as in proof of Proposition
2.1 to obtain that F'(z,z) C Y \ (—intC(z)) for any x € X. Hence z € E,,.
Thus E,, is nonempty. By Proposition 2.1, (E,)>* C Ry. So, by assumption,
(Ew)> = {0} and hence E,, is bounded. Now we will prove that E,, is closed.
Let {z,} be a sequence in E,, converging to some z € X. Then for all n € N
and all y € X, F(zy,,y) C Y \ (—intC(z,)). Thus, by (As), for all n € N and
all y € X, F(y,z,) C Y \ intC(y). Since F is upper C(y)-lower semicontin-
uous, F(y,z) C Y \ intC(y) for all y € X. By same argument as in proof of
Proposition 2.1, F(z,y) C Y \ (—intC(z)). Thus z € E,, and hence E,, is closed.
Consequently, E,, is nonempty and compact.

Conversely, assume that E,, is nonempty and compact, and that there exists
x* € X such that F(y,z*) ¢ —C(y) for all y € X. Let v € Ry. Then for all
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ye Xandall A >0, F(y,z*+ Xv) C Y\ intC(y). By same argument as in proof
of Proposition 2.1, we have, for all y € X and all A > 0,

F(z* + Av,y) CY \ (—intC(z* + \v)).

Thus for all A>0, z*+ A ve E,,. Since E,, is bounded, v=0. Hence Ry={0}. m

3. RanDOM VECTOR EQUILIBRIUM PROBLEM WITH MULTIFUNCTIONS

In this section, we will extend the first part of Theorem 2.2 to a random vector
equilibrium problem with multifunctions. Our approach follows ideas of [9, 10]
in which random vector equilibrium problems with single-valued functions were
considered.

Let (©2,.4) be a measurable space where A is a o-algebra of subsets of 2. Let
E be a topological space and let 5(€) be the o-algebra of all Borel sets of E. Let
A®B(E) be o-algebra generated by all subsets of the form of A x B, where A € A
and B € B(E).

Definition 3.1 [5]. Let (£2,.4) be a measurable space and Y is a complete
separable metric space. Consider a multifunction F : Q — 27V,

(1) If there exists a measurable function f : Q — Y such that f(w) € F(w) for
all w € Q, then F is said to have a measurable selection f.

(2) If there is a countable family of measurable selections (f;) such that (f;(w))
is dense in F(w), i.e., F(w) = U;j>1 fi(w), for each w € Q, then F' is said to
have a Castaing representation.

Lemma 3.1 [5]. Assume that (£2,.4) is a complete measurable space and Y
is a complete separable metric space. If F' : Q — 2Y is a multifunction such
that GrF € A ® B(Y), where GrF is the graph of F', then F' has a Castaing
representation.

Let (2,4, u) be a complete o-finite measurable space and X a convex and
closed subset of R™. Let Y = R™. Let C : Q x X — 2 be a multifunction such
that for any (w,z) € Q x X, C(w, ) is a convex cone in Y with intC(w, z) # ()
and C(w,r) #Y. Let F: Q x X x X — 2Y be a multifunction.

Now we consider the following random vector equilibrium problem (RVEP):

(RVEP) Find a function ~ : 2 — X such that
Flw,7(w),y) CY \ —intC(w,vy(w)) for any (w,y) € Q@ x X.

As in [10], for each w € 2, ~(w) is called a deterministic solution of (RVEP) and
the function ~ is said to be a random solution of (RVEP) when it is measurable.
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We obtain the random version of the first part of Theorem 2.2 as follows:

Theorem 3.1. Let (2, A, 1) be a complete o-finite measurable space and X a
nonempty convex and closed subset of R™. Let Y = R™. Let C: Q x X — 2V
be a multifunction such that for any (w,z) € Q@ x X, C(w,x) is a convex cone
in Y with intC(w,z) # () and C(w,z) # Y. Suppose that the multifunction
F:Qx X x X — 2Y satisfies the following conditions:

(RFy) forany y € X,
{(w,2) e x X : F(w,z,y) CY \ (—intC(w, z))} € A® B(X).
(RFg) forallwe Q,z € X,
Flw,z,z) C [C(w,z) N (—C(w, x))].
(RF3) forallwe Q,z,y€ X,
F(w,z,y) C Y\ (—intC(w, z)) implies F(w,y,xz) C Y \ intC(w,y).
(RFy) forallwe Qze X, y— Flw,z,y) is
C(w, x)-convex and C(w, z)-lower semicontinuous on X.
(RF5) forallw e Q,z,y € X, the set
{¢ ez, y]: Fw,&y) CY\ (—intC(w,§))} is closed.
(RFg) for each w € Q,
Ry == Nyex{v e X*°: F(w,y,z+ Av) CY \ intC(w,y)
VA >0, Vz € X with F(w,y,2) C —C(y)} = {0}.
Then there exists a countable family of measurable functions {~;};>;1 : @ — X
such that
(1) Flw,vi(w),y) C Y\ (—intC(w,vi(w))) for any (w,y) € @ x X;
(2) Us17i(w) = {z € X : F(w,z,y) C Y \ (—intC(w,z)) forall ye X} for
any w € ; and
(3) Ui>17i(w) is compact for any w € Q.

Proof. By Theorem 2.2, for each w € ), there exists x,, € X such that
F(w,zy,y) CY \ (—intC(w, x,,)) forany y € X.
Since X is separable, there exists a sequence {y,} in X such that
fyrpe, -} =X
Define a multifunction S : Q@ — X by for any w € €,

S(w)=Nyex{r e X : F(w,z,y) CY \ (—intC(w, z))}.
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Then it follows from Theorem 2.2 that for each w € €, S(w) is nonempty and
compact. Now we will prove that

({z € X : Flw,z,yn) CY\ (—intC(w,x))} C S(w).

n=1

Indeed, suppose to the contrary that

(3.1) e[z €X: Flwz,y) CY\ (—intC(w,z))}

n=1

but z ¢ S(w). Since = ¢ S(w), there exists y € X such that
F(wv €T, y) n (—th(w, II,')) 7é 0.

Moreover, there exists a subsequence {yy, } of {y,} such that y,, — y. Since
F(w, z,-) is lower C(w, z)-lower semicontinuous, F(w, z, yn, ) N (—intC(w, x)) #
() for k sufficiently large. This contradicts (3.1). Thus GrS = (,_;{(w,z) € 2 x
X : Flw,z,y,) CY\ (—intC(w,x))}. By assumption (RF;), GrS € A® B(X),
GrS is the graph of the multifunction S. By Lemma 3.1, the multifunction S has a
Castaing representation, i.e., there exists a countable family of measurable selections
{~i}i>1 of S such that for any w € Q, S(w) = U;>17i(w). Hence the conclusions
of Theorem 3.1 hold. ]

Additional Note:

During the revision of this paper, the authors became aware that Ansari and
Flores-Bazan [1] also considered the problem (VEP) in Banach space setting where
C(z) is a constant cone. They obtained several necessary and/or sufficient condi-
tions for the solution set to be nonempty and compact.
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