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1 Introduction

Set-valued equilibrium problems are increasingly drawing the attention of many
authors since they not only generalize the single-valued equilibrium problems, but also
serve as unified models to study multivalued variational inequalities. These inequal-
ities include as a special case Browder variational inclusions which appear in the
literature as a generalization of Browder—Hartman—Stampacchia variational inequal-
ities and have many applications, including applications to the surjectivity of set
valued-mappings and to nonlinear elliptic boundary value problems, see for exam-
ple [1,2,6,8,9,16-19,22-25], and the references therein. It is worthwhile recalling
that equilibrium problems have also many applications to different areas of math-
ematics, including optimization problems, fixed point theory and Nash equilibrium
problems.

Let C be a nonempty subset of a real topological Hausdorff vector space in the
general settings, and ® : C x C = R U {+o0} a set-valued mapping called a set-
valued bifunction. The strong set-valued equilibrium problem is a problem of the
form

find xo € C such that ® (xg, y) C Ry Vy e C. (Ssvep)
The weak set-valued equilibrium problem is a problem of the form
find xo € C such that ® (xo, y) "Ry # @ Vy e C. (Wsvep)

Due to the importance of the pseudo-monotone case, and motivated by our own
recent investigations on the continuity and convexity properties of real set-valued map-
pings in [8], we continue in this paper developing our ideas in order to apply them
to set-valued equilibrium problems in the pseudo-monotone case. Note that although
pseudo-monotone single-valued equilibrium problems have been intensively investi-
gated in the literature, there does not seem to be any study of set-valued equilibrium
problems in the pseudo-monotone case.

Our objective is twofold. The first is to obtain results on the existence of solu-
tions of set-valued equilibrium problems generalizing those for pseudo-monotone
single-valued equilibrium problems. The second objective is to investigate Browder
variational inclusions involving pseudo-monotone operators which have already been
considered in [24].

In this paper, we extend, in Sect. 2, some notions of convexity introduced recently in
[8] to the extended real set-valued mappings case, and introduce different other notions
such as strict quasi-convexity, upper hemicontinuity and pseudo-monotonicity. We
obtain, in Sect. 3, different results on the existence of solutions of both strong and weak
set-valued equilibrium problems generalizing those in the literature for the single-
valued equilibrium problems in the pseudo-monotone case. Section 4 of this paper
is devoted to the study of Browder variational inclusions involving pseudo-monotone
operators. Our results generalize both those in [24] on Browder variational inclusions,
and those obtained in [7] on Browder—Hartman—Stampacchia variational inequalities.
The reflexivity of the Banach space is omitted, and the improvement concerns also
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different other conditions including the continuity and the pseudo-monotonicity of the
involved set-valued operator. We obtain in particular, that the upper semicontinuity
from line segments of the set-valued operator as well as the weak* compactness of
the images of compact sets are no longer needed in the whole space when solving
Browder variational inclusions involving pseudo-monotone set-valued operators.

2 Notations and preliminary results

In all the paper, R =] — oo, +00o[ denotes the set of real numbers and R =
[0, +00] = R U {—o0, +o0}. We also make use of the following notation:
Ry = [0, +oo[, R% =]0, +oo[, R_ = —R;, R* = —R¥%, and Ry = [0, +00].

In the sequel, R will be endowed with the topology extended from the usual topology
of R, and with the usual operations involving 400 and —oo. For a subset A of a
Hausdorff topological space X, we denote by cl A, the closure of A.

By a set-valued mapping F : X = Y, we mean a mapping F from a set X to the
collection of nonempty subsets of a set Y. In the present paper, a mapping f : X — Y
and the set-valued mapping F : X = Y defined by F (x) = {f (x)} for every x € X,
will be identified and both will be called a single-valued mapping. That is, a single-
valued mapping is a ’classical” mapping or a set-valued mapping with singleton values.
By areal set-valued mapping, we mean a set-valued mapping with values in R. A real
single-valued mapping is a single-valued mapping with values in R. When R is used
instead of R, we talk about extended real single-valued or extended real set-valued
mappings.

2.1 Concepts of convexity

As mentioned in [8], the notions of convexity and concavity of set-valued mappings
considered in the literature as a generalization of convexity and concavity of real
single-valued mappings, are in fact not limited to real set-valued mappings and not
really adapted to them. Applied to real single-valued mappings, they are stronger than
the convexity and concavity and produce a sort of “linearity on line segments”. For
more details on the rich field about convexity and related notions of real single-valued
mappings, we refer to [10,13].

Let C be a nonempty convex subset of a real topological Hausdorff vector space.
Recall that in the literature, a real set-valued mapping F : C = R is said to be convex
on C if whenever {x1,...,x,} C C and {A1,...,A,} C Ry suchthat Y i ;1 =1,
we have

n n
Y WFG)CF (Z )\ixi) :
i=1 i=l1

where the sum denotes here the usual Minkowski sum of sets. The real set-valued
mapping F : C =2 R is said to be concave on C if whenever {x{,...,x,} C C and
{A1,...,An} C Ry suchthat )7 | A; = 1, we have
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F (ZMX,‘) C ZAiF(xi).
i=1 i=1

Let F : C = R be an extended real set-valued mapping. Following [8], we say that

F is convexly quasi-convex on C if whenever {xi,...,x,} C Cand {A,...,A,} C
R4 such that Z?:l Ai = 1, then for every {z1, ..., z,} with z; € F (x;) for every
i=1,...,n, there exists z € F (31 A;x;) such that

z<max{z; |i=1,...,n}.

Clearly, the convex quasi-convexity of extended real set-valued mappings general-
izes both the convexity of set-valued mappings and the quasi-convexity of extended
real single-valued mappings.

Fori € R,weset[F <Al={x € C| F(x)N[—o00, A] # ?}. With a similar proof
to that of [8, Proposition 2.1] but adapted to the extended real set-valued mappings,
we obtain the following characterization.

Proposition 2.1 Let C be a nonempty convex subset of a real topological Hausdorff
vector space. An extended real set-valued mapping F : C = R is convexly quasi-
convex on C if and only if the set [F < A] is convex, for every . € R.

Following [8], we say that F is concavely quasi-convex on C if whenever
{x1,..., x4} C C and {A1,..., Ay} C R4 such that Zl'-’:l Ai = 1, then for every
z € F (X ]_, Aixi), there exist {zy, ..., z,} with z; € F (x;) forevery i = 1,...,n
such that

z<max{z; |i=1,...,n}.

Clearly, the concave quasi-convexity of extended real set-valued mappings gener-
alizes both the concavity of set-valued mappings and the quasi-convexity of extended
real single-valued mappings.

For A € R,weset [F CA]l={x € C|F (x) C [—o0, A]}. With a similar proof to
that of [[8], Proposition 2.2] but adapted to the extended real set-valued mappings, we
obtain the following characterization.

Proposition 2.2 Let C be a nonempty convex subset of a real topological Hausdorff
vector space. If an extended real set-valued mapping F : C =t R is concavely quasi-
convex on C, then the set [F C A] is convex, for every A € R.

Note that if F is a real single-valued mapping, then [F < A] = [F C A], for every
A € R. Furthermore, the quasi-convexity, the convex quasi-convexity and the concave
quasi-convexity of F on C are all equivalent.

Now, we introduce the following notion of semistrict quasi-convexity of extended
real set-valued mappings. We say that F is semistrictly convexly quasi-convex on C
if whenever x1,x» € C such that F (x;) # F (x2) and A €]0, 1[, then for every
71 € F (x1) and z7 € F (x3), the following holds
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(1) there exists z € F (Ax; + (1 — X) x2) such that
z < max {z1, 22},
(2) whenever 7/ € F (Ax1 + (1 — 1) x2), we have
if 77 < max {z1, z2}, then 7’ < max {z1, z2} .

Every convex extended real set-valued mapping and every semistrictly quasi-convex
extended real single-valued mapping is semistrictly convexly quasi-convex extended
real set-valued mapping. Itis known that there is not any inclusion relationship between
the class of semistrictly quasi-convex real single-valued mappings and that of quasi-
convex real single-valued mappings, see [13]. It follows that there is not any inclusion
relationship between the class of semistrictly convexly quasi-convex extended real
set-valued mappings and that of convexly quasi-convex extended real set-valued map-

pings.
Example 1 Let C = [—1, 1] and F : C =2 R be the set-valued defined by

F ) = [3.1] ifx #0,
|[3.2] ifx=0.

The set-valued F is not convexly quasi-convex since for x; = —1, x; = 1 and
M=l = %,Wehaveklx1+)»2xz = 0. Thenclearly, forz; € F (x1)andz; € F (x3),
we have

Z > max {z1, 22},

for every z € F (A1x1 + A2x2). However, F is semistrictly convexly quasi-convex.
Indeed, take x1, xo € C, and in order to apply the definition, we must assume (without
loss of generality) that x; = 0 and x» # 0. Then for A €]0, 1[, we have

1 3
FOxi+(1—2)x) =F (1= x) = [5, 1} and F (x) = [5,2]
Clearly, for every z; € F (x1),z2 € F (x) and z € F (Ax; + (1 — A) x3), we have
z < max{z1, 22}.

Remark 1 The notion of semistrictly convexly quasi-convex extended real set-valued
mapping will be used in Proposition 3.2 and Proposition 3.4 below where we need
only the Condition 2. The Condition 1 has been used in order to make this notion a
generalization of the notion of semistrictly quasi-convex extended real single-valued
mapping.

In the sequel, an extended real set-valued mappings will be said explicitly convexly
quasi-convex if it is both convexly quasi-convex and semistrictly convexly quasi-
convex. One can consult [11] where the techniques related to explicit quasi-convex

@ Springer



1794 B. Alleche, V. D. Radulescu

single-valued mappings have been first used for solving single-valued equilibrium
problems.

2.2 Concepts of continuity

Here, we recall some old and new concepts of continuity of set-valued mappings we
need in the paper.

Let X and Y be two Hausdorff topological spaces and F : X = Y a set-valued
mapping. Let X and Y be two Hausdorff topological spaces and F : X == Y
a set-valued mapping. For a subset B of Y, the lower inverse set of B by F is
F~(B) ={x € X | F (x) N B # (). The upper inverse set of B by F is F* (B) =
{xe X| F(x)C B}

The set-valued mapping F is said to be lower semicontinuous at a point x € X if
whenever V is an open subset of ¥ such that F (x) NV # , the lower inverse set
F~ (V) of V by F is a neighborhood of x. The set-valued mapping F is said to be
upper semicontinuous at a point x € X if whenever V is an open subset of Y such
that F (x) C V, the upper inverse set F* (V) of V by F is a neighborhood of x. For
further details on the rich field about continuity of set-valued mappings with different
characterizations, we refer to [20].

Following [6], the set-valued mapping F is lower semicontinuous (resp.upper
semicontinuous) on a subset S of X if it is lower semicontinuous (resp.upper semi-
continuous) at every point of S. In particular, it is proved that a set-valued mapping
F : X =2 Y is upper semicontinuous on a subset S of X if and only if for every closed
subset Bof Y, F~ (B)NS =cl (F_ (B)) N S, see [[6], Proposition 2.4.].

Let X be a Hausdorff topological space and F : X = R an extended real set-
valued mapping. Following [8], the extended real set-valued mapping F' is said to
be l-lower (resp.l-upper, resp.u-lower, resp.u-upper) semicontinuous at x € X if for
every A € Rsuch that F (x) N]x, +00] # @ (resp.F (x) N [—00, A[# @, resp.F (x) C
JA, 400], resp.F (x) C [—o0, A[), there exists an open neighborhood U of x such
that F (x’ Nx, +o0] # @ (resp.F (x’) N [—oo, A[# @, resp.F (x/) ClA, +o0],
resp.F (x) C [—o0, A]), for every x" € U.

Obviously, for an extended real single-valued mapping f : X — R, the lower
semicontinuity, the 1-lower semicontinuity and the u-lower semicontinuity of f at
x € X are all equivalent. Also, the upper semicontinuity, the l-upper semicontinuity
and the u-upper semicontinuity of f atx € X are all equivalent.

The extended real set-valued mapping F is said to be 1-lower (resp.l-upper, resp.u-
lower, resp.u-upper) semicontinuous on a subset S of X if it is I-lower (resp.l-upper,
resp.u-lower, resp.u-upper) semicontinuous at every point of S. One can consult [8]
for the proof of the following results and characterizations.

Proposition 2.3 Let X be a Hausdorff topological space, S a subset of X and F :
X =2 R a set-valued mapping. Then, F is

(1) I-lower semicontinuous on S if and only if for every A € R, we have

F*([—oo,A) NS =cl (F* ([—o0,A])) N S.

@ Springer



Further on set-valued equilibrium... 1795

(2) l-upper semicontinuous on S if and only if for every A € R, we have
F*([A,+o0) NS =cl (FT ([A, +o0])) N S.

(3) u-lower semicontinuous on S if and only if for every A € R, we have
F~ ([—oo,A) NS =cl (F~ ([—o0, A])) N S.

(4) u-upper semicontinuous on S if and only if for every A € R, we have

F~([A,+oc) NS =cl (F~ ([A, +00])) N S.

2.3 Concepts of continuity on line segments

In the literature, various concepts related to continuity on line segments of single-
valued and set-valued mappings defined on real topological Hausdorff vector spaces
have been introduced and used in different works. Recently in [3], a weak-
ened notion of hemicontinuity of extended real single-valued mappings have been
introduced and employed for the existence of solutions of pseudo-monotone and
quasi-monotone single-valued equilibrium problems. Also in [5], the notion of lower
quasi-hemicontinuity has been introduced and employed for the existence of solutions
of quasi-hemivariational inequalities.

Here, we introduce the notions of upper hemicontinuous and quasi-upper hemi-
continuous extended real set-valued mappings which generalize both the upper
hemicontinuity of extended real single-valued mapping and the lower semicontinuity
of set-valued mappings.

Let X be a real topological Hausdorff vector space. For x, y € X, we put [x, y] =
{Ax + (1 —=Xx)y | 1 € [0, 1]}, the line segment starting at x and ending at y. We also
put Jx, y[= [x, y]\ {x, y}. We say that a set-valued mapping F : X = R is

(1) upper hemicontinuous at a point x € X if whenever x’ € X, there exists a
sequence (t,),, in ]0, 1[ converging to O such that for every z € F (x), there exists
a sequence (z,,), with z, € F (tnx/ + (1 —-1t) x) for every n, and such that

z > lim sup z,,,
n—-400

where lim sup,,_, . ., z, = inf,, sup z.
k>n

(2) quasi-upper hemicontinuous at a point x € X if whenever x’ € X there exist a
sequence (,), in ]0, 1[ converging to 0, a point z € F (x), and a sequence (z,),
with z, € F (tyx" + (1 — 1,,) x) for every n such that

z > lim sup z,.
n——+00
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1796 B. Alleche, V. D. Radulescu

The set-valued mapping F will be said upper hemicontinuous (resp.quasi-upper
hemicontinuous) on X if it is upper hemicontinuous (resp.quasi-upper hemicontin-
uous) at every point of X. It will be said upper hemicontinuous (resp.quasi-upper
hemicontinuous) on a subset S C X, if it is upper hemicontinuous (resp.quasi-upper
hemicontinuous) at every point of S.

Remark 2 Note that when x # x’ in the above definition, then we have #,x" +
(1 — 1) x €]x’, x[, for every n.

Proposition 2.4 Let X be a real topological Hausdorff vector space, x € X, and
F : X = R a set-valued mapping.

1. If F is lower semicontinuous at x, then F is upper hemicontinuous at x.
2. If F has a selection which is upper hemicontinuous at x, then F is quasi-upper
hemicontinuous at x.

Proof The second statement is obvious. The first one comes from the fact that F is
lower semicontinuous at x € X if and only if for every generalized sequence (x;);ca
converging to x, and for every z € F (x), there exists a generalized sequence (z))jca
converging to z such that z; € F (x,), for every A € A, see [[20], Proposition 6.1.4].

O

Even if the existence of continuous selections is subject which is not limited to
lower semicontinuous set-valued mapping, Michael’s selection theorem remains the
pioneering work in this direction which guarantees that every lower semicontinuous
set-valued mapping with nonempty, closed and convex values from a paracompact
space to a Banach space has a continuous selection.

Proposition 2.5 Let X be a real topological Hausdorff vector space and F : X = R
a set-valued mapping. Suppose that for every x € S andx’ € X, the restriction of F on
[x/ , x] has a upper hemicontinuous selection. Then, F is quasi-upper hemicontinuous
onS.

Remark 3 We remark that in Proposition 2.5, we are interested in the restriction of F
on the line segment [x/ , x] which is a space that enjoys different important properties.
In comparaison with Michael’s selection theorem, it should be interesting to look for
conditions on F in order to obtain such a upper hemicontinuous selection without
being necessarily continuous.

In many applications, upper hemicontinuous set-valued mappings will be con-
structed from upper semicontinuous set-valued operators from line segments as in
the results of the last section of this paper. However, by modifying an example from
[21], we construct here a quasi-upper hemicontinuous set-valued mapping which is
not lower semicontinuous.

Example 2 Let X = {(x,y) € R* | y > 0} U{(0, 0)} C R? and define the set-valued
mapping F : X = R? by

S oo [z

2 +4oo| X |5, o0 if y > 0,
F((x,y) = [; ¥ ,

R if y =0.
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The function f : X = R? defined by

fx,y) = {(

is upper hemicontinuous selection of F which is not continuous. Indeed, the hemi-
continuity being obvious, we will just prove that f is not continuous at (0, 0). We
have

lim 7 (V%)) = lim (4. 1) = 0. 1) # (0,0) = £ ((0,0)).

x>0 x>0

The set-valued mapping F is not lower semicontinuous at (0, 0). Indeed, let V =
B ((0, 0), 1) be the open ball around (0, 0) with radius 1. We have F ((0, 0))NV #£ @,
but for any open neighbourhood U of (0, 0), we can choose a small enough a > 0 such
that (/a, a) € U.Now, forevery (x, y) € F ((v/a, a)), wehavex > 4/aandy > 1.

Then /x? + y2 > 1. It follows that (x, y) ¢ V, and then F ((/a,a)) NV = 0.

3 Existence of solutions of pseudo-monotone set-valued equilibrium
problems

In this section, we deal with the existence of solutions of both strong set-valued equi-
librium problems and weak set-valued equilibrium problems in the pseudo-monotone
case. Not only these results generalize most of the corresponding results in the litera-
ture for single-valued equilibrium problems, including our recent results obtained in
[3-5,7] with mild continuity on the set of coerciveness, but also open the way to further
investigations on set-valued equilibrium problems in the pseudo-monotone case.

We need in the sequel the notion of KKM mappings and the well-known intersection
lemma due to Ky Fan, see [15].

Let X be a real topological Hausdorff vector space and M a subset of X. Recall
that a set-valued mapping F : M = X is said to be a KKM mapping if for every finite
subset {x1, ..., x,} of M, we have

n
conv {xy,...x,} C UF(xi).
i=1
It is well known by Ky Fan’s lemma [15] that if

(1) F is a KKM mapping,
(2) F (x) is closed for every x € M and
(3) there exists xo € M such that F (xp) is compact,

then (), cpy F (x) # 0.
We define the following set-valued mappings ®*, &+ : C = C by

c1>+(y)={xeC|cb(x,y)mE+;éw} VyeC,
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and

q>++(y)={xeC|c1>(x,y)cK+] Vy e C.

We remark that @1 (y) € ®T (y), for every y € C. We also remark that

(1) xo € C is a solution of the weak set-valued equilibrium problem (Wsvep) if and
only if xo € (yec @™ (), and

(2) xo € C is a solution of the strong set-valued equilibrium problem (Ssvep) if and
only if xo € (ycc O (y).

In the sequel, we set
@t (y)=cl (@* (y)) and cldTF (y) =cl (&7 (y)),

the closure of ® (y) and ®* (y) respectively, for every y € C.

Lemma 3.1 Let C be a nonempty convex subset of a real topological vector space.
Let ® : C x C = RU {+00} be a set-valued mapping, and assume that the following
conditions hold:

(1) @ (x,x) C Ry, foreveryx € C;
(2) @ is convexly quasi-convex in its second variable on C.

Then, the set-valued mappingscl ®T+:C = C andcl ®T:C = C are KKM mappings.

Proof 1t suffices to prove that the set-valued mapping ®**:C = C is a KKM map-
ping. Let {y1, ..., yo} C C and {A,...,1,} C Ry be such that >7_,; 1; = 1. Put
¥ = X!, Aiyi. By assumption (2), for {z1, ..., z,} with z; € ® (7, y;) for every
i=1,...,n,there exists z € ® (y, ¥) such that

z<max{z; |[i=1,...,n}.

We have z > 0 since ® (¥, §) C R, by assumption (1). It follows that there exists
iop € {1,...,n} such that ® (¥, y;,) N R* = @, which implies that @ (3, y;)) C Ry.
Otherwise, all the z; can be taken in R* , and therefore z € R* , which is impossible.
We conclude that

n n
Y hyvi=3ed™ (y) c o o),
i=1 i=1
which proves that @+ is a KKM mapping. O

First, we deal with strong set-valued equilibrium problems. The following result
emphasizes the role of upper hemicontinuity when solving set-valued equilibrium
problems. It generalizes [[3],Proposition 1.3] for single-valued mappings.

We define the following set-valued mapping =~ : C = C by

P (=xeC|P(y,x)CR} VyeC,
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and we set

Add™" (y)=cl (P77 (1),

the closure of @~ (y), forevery y € C.

Proposition 3.2 Let C be a nonempty convex subset of a real topological vector space.
Let @ : C x C = R U {400} be a set-valued mapping and suppose the following
assumptions hold:

(1) ® (x,x) C Ry, forevery x € C;
(2) @ is explicitly convexly quasi-convex in its second variable on C,
(3) @ is upper hemicontinuous in its first variable on a subset S of C.

Then,

(@ mns)c e o).

yeC yeC

Proof Without loss of generality, we may assume that

ﬂ (@ (NS)#0.

yeC

Take x € (), (CD” (N S) and let y € C be an arbitrary point. By upper hemi-
continuity of @ in its first variable on S, let (#,),, be a sequence in ]0, 1[ converging to
0, and for z € ® (x, y), let (z,),, be a sequence with z, € ® (x,, y) for every n, and
such that

z > limsup z,,
n—400

where x, = t,y 4+ (1 — t,) x. We have in particular that x € &~ (x,) for every n.
Thus, & (x,,x) C R_, for every n. By convex quasi-convexity of @ in its second
variable, for z, € ® (x,,y) and w} € ® (x,, x), there exists w, € P (x,, x,) such
that

w, < max {zn, w;l} .

We have w, > 0 since ® (x,, x,;) C EJF. We also have z;, > 0. Indeed, assume
that z, < 0. Then w > 0, otherwise w,, < 0 which is impossible. This yields that
w? = 0 and then, z, < w’. Since z, and w’ are arbitrary in ® (x,, y) and ¢ (x,, x)
respectively, then @ (x,, y) # @ (x,, x). By semistrict convex quasi-convexity of &
in its second variable, we obtain w, < max {zn, wﬁ} = w} = 0, which is impossible.
We conclude that

z > limsupz, > 0.
n—+400
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Since z is arbitrary in @ (x, y), then x € ®*T (y). Since y is arbitrary in C, then
x € (Nyec T (), which completes the proof. O

Now, we obtain aresult on the existence of solutions of strong set-valued equilibrium
problems generalizing [[3], Theorem 2.1] and [[7], Theorem 3.2] obtained for single-
valued equilibrium problems.

We say that a bifunction ® : C x C = RU {400} is strongly pseudo-monotone on
Cifforeveryx,y € C,

®(x.y) CRy = @ (y,x) CR-.
Example 3 Define the set-valued mapping @ : R x R = R by

[¥? = x* +oo[ if [y] > |x],
@ (x,y) = 1 {0} if [yl = x|,
]—o0, y? —x%] if |yl < |x].

Clearly, @ (x,x) = & (—x, —x) = & (x, —x) = O (—x, x) = {0}, for every x € R.
Ifd(x,y) C K.h then necessarily, we have |y| > |x|. It follows that ® (y, x) is either
equal to {0} or to | — oo, x> — y?] which are included in R_. That is, ® is strongly
pseudo-monotone on R.

Theorem 3.3 Let C be a nonempty, closed and convex subset of a real topological
vector space. Let @ : C x C = RU {400} be a set-valued mapping, and assume that
the following conditions hold:

(1) ® (x,x) C @+,foreveryx e C;

(2) @ is strongly pseudo-monotone on C,

(3) @ is explicitly convexly quasi-convex in its second variable on C,

(4) there exist a compact set K of C and a point yy € K such that ® (x, yo) NR* # @,
forevery x € C\K;

(5) @ is I-lower semicontinuous in its second variable on K ;

(6) @ is upper hemicontinuous in its first variable on K.

Then, the set of solutions of the set-valued equilibrium problem (Ssvep) is nonempty
compact set. It is also convex whenever ® is concavely quasi-convex in its second
variable on C and K is convex.

Proof Assumption (1) yields ®* (y) is nonempty, for every y € C. Clearly,
cl®™F (v) is closed for every y € C, and cl®™ (yg) is compact since it lies in
K by assumption (4). Also, the set-valued mapping cl® ™ is a KKM mapping by
Lemma 3.1. By using Ky Fan Lemma, we have

() clot (y) # 0.

yeC

@ Springer



Further on set-valued equilibrium... 1801

Since the subset cl®™ (y) is contained in the compact K, then

ﬂ cdtt (y) = ﬂ (clo™ (») NK).

yeC yeC

By strong pseudo-monotonicity, we have @1 (y) C &~ (y), for every y € X.
We remark that for every y € C, @~ (y) is the upper inverse set ®* (y, ] — 0o, 0])
of ] — oo, 0] by the set-valued mapping ® (y, .) which is l-lower semicontinuous on
K. Then, by Proposition 2.3, we have c1®™~ (y) N K = &~ (y) N K. It follows that

(@™ mnK)c (e mNK)=[)(® (MNK).

yeC yeC yeC

By Proposition 3.2, we have

(@~ mnk)c e o.

yeC yeC

This yields that

(o™ =)o o).

yeC yeC

That is, the set of solutions of the set-valued equilibrium problem (Ssvep) is the
nonempty set ﬂyec cl®™* (y) which is compact since it is closed and contained in
the compact set K.

By applying Proposition 2.2, the concave quasi-convexity of @ in its second variable
on C yields that the set @~ (y) is convex, for every y € C. Since we also have

(et =)o~ 0 ]|NK,

yeC yeC

then the set of solutions of the set-valued equilibrium problem (Ssvep) is convex
whenever K is convex. O

Now, we deal with weak set-valued equilibrium problems. The following result empha-
sizes the role of quasi-upper hemicontinuity when solving set-valued equilibrium
problems. It also generalizes [[3],Proposition 1.3] for single-valued mappings.
We define the following set-valued mapping ®~ : C = C by
(M =xeC|Py,x)NR_#0¥} VyeC,
and we set

@™ (y) =cl (@~ (),

@ Springer



1802 B. Alleche, V. D. Radulescu

the closure of @~ (y), forevery y € C.

Proposition 3.4 Let C be a nonempty convex subset of a real topological vector space.
Let @ : C x C = R U {400} be a set-valued mapping and suppose the following
assumptions hold:

(1) ®(x,x) C E+,f0reveryx e C;
(2) @ is explicitly convexly quasi-convex in its second variable on C,
(3) D is quasi-upper hemicontinuous in its first variable on a subset S of C.

Then,

(e~ mns)c (e m.

yeC yeC

Proof As in the proof of Proposition 3.2, take x € ﬂyeC (CI)_ (ynN S) andlety € C
be an arbitrary point. By quasi-upper hemicontinuity of & in its first variable on S,
let (#,), be a sequence in ]0, 1[ converging to 0, a point z € ® (x, y), and a sequence
(zn),, with z,, € ® (x,, y) for every n, such that

z > lim sup z,,,
n——+00

where x, = t,y + (1 — t,) x. By convex quasi-convexity of ® in its second variable,
for z, € ® (x,, y) and w} € ® (x,, x) N R_, there exists w, € ® (x,, x,) such that

w, < max {z,,, w;‘} .

By using the semistrict convex quasi-convexity of ® in its second variable, we obtain
that z,, > 0, and we conclude that

z > limsupz, > 0,
n——+oo

which completes the proof. O

Now, we obtain a result on the existence of solutions of weak set-valued equilibrium
problems generalizing [[3], Theorem 2.1] and [[7], Theorem 3.2] obtained for single-
valued equilibrium problems.

We say that a bifunction ® : C x C = R U {400} is weakly pseudo-monotone on
C ifforevery x,y € C,

O (x,y)NRy # ¥ = & (y,x) NR_ # 0.
Example 4 Define the set-valued mapping @ : R x R = R by

[0, 4+o0[ ify>ux,
]—00,x — y] if y <x.

<I>(x,y)={
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We remark that @ (x, y) NR_ # @, for every x, y € R. Then, ® is obviously weakly
pseudo-monotone on R. However, ® can not be strongly pseudo-monotone on R since
d(1,2) = [0, +oo[C Ry, but  (2,1) =] — o0, 1] £ R_.

We note that for real single-valued mappings, the weak pseudo-monotonicity
coincides with the strong pseudo-monotonicity, and it is called, in this case, the pseudo-
monotonicity.

Theorem 3.5 Let C be a nonempty, closed and convex subset of a real topological
vector space. Let ® : C x C = RU {400} be a set-valued mapping, and assume that
the following conditions hold:

(1) @ (x,x) C Ry, forevery x € C;

(2) @ is weakly pseudo-monotone on C,

(3) @ is explicitly convexly quasi-convex in its second variable on C,

(4) there exist a compact set K of C and a point yy € K such that ® (x, yg) C R*,
for every x € C\K;

(5) @ is u-lower semicontinuous in its second variable on K

(6) @ is quasi-upper hemicontinuous in its first variable on K.

Then, the set of solutions of the set-valued equilibrium problem (Wsvep) is nonempty
compact set. It is also convex whenever K is convex.

Proof As in the proof of Theorem 3.3, cl®™ (y) is nonempty and closed for every
y € C, cl®™ (yg) is compact and the set-valued mapping cl®™ is a KKM mapping.
By using Ky Fan Lemma and since the subset cl®™ (yg) is contained in the compact
K, we have

ﬂ (cldot () NK) = ﬂ cldt (y) # 0.

yeC yeC
By weak pseudo-monotonicity, we have ®* (y) C &~ (y), and by Proposition 2.3,

since @ is u-lower semicontinuity in its second variable on K, we have cl®~ (y)NK =
d~ (y) N K, forevery y € X. It follows that

() (@@ nK)c ) (e (mNK)= () (2" () NK).

yeC yeC yeC

By Proposition 3.4, we have

(@ mnKk)c ()" .

yeC yeC

This yields that

(@™ ) =[] e" .

yeC yeC
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Then, the set of solutions of the set-valued equilibrium problem (Wsvep) is the
nonempty compactset| ) yeC cl®™ (y). By Proposition 2.1, we have that the set @~ (y)
is convex, for every y € C. Since we also have

et =)o m]|nK,

yeC yeC

then the set of solutions of the set-valued equilibrium problem (Wsvep) is convex
whenever K is convex. O

4 Browder variational inclusions

In this section, we deal with Browder variational inclusions involving pseudo-
monotone set-valued operators. Browder variational inclusions which generalize
Browder—Hartman—Stampacchia variational inequalities, have many applications,
including applications to nonlinear elliptic boundary value problems and the surjec-
tivity of set-valued mappings, see for example [12,24] and the references therein.

In the sequel, for a real normed vector space X, we denote by X*, the dual space
of X, and by (-, -) the duality pairing between X* and X.

Let C be a nonempty, closed and convex subset of a real normed vector space
X . In the literature, some notions of coerciveness for set-valued operators have been
introduced a generalizations of those for linear operators and bilinear forms on Hilbert
spaces. A set-valued operator F : C = X* is said to be coercive on C if there exists
yo € C such that

lim inf (x*, x — yo) >0,
|[x||— 400 x*eF(x)
xeC

or if the stronger condition

inf e Py (X*, X — yo)

im = 400.
llx[|—+o00 flx 1l
xeC

is satisfied. It is not hard to see that under both the two notions of coerciveness of
F, there exists R > 0 such that yop € Kpg and infycp)(x*, yo — x) < 0, for
every x € C\Kg, where Kg = {x € C | ||x|| < R}. Clearly, K is weakly compact
whenever X is reflexive. The set Kg is called a set of coerciveness, and the couple
(y0, Kr) may not be unique. We will never need such a set of coerciveness Kg, but a
weakly compact set of coerciveness without requiring the space X to be reflexive.

Recall that a set-valued operator F : C =% E* is called pseudo-monotone on C if
forevery x,y € C

x*,y—x)>0= (", x—y) <0 Vx* e F(x),Vy" € F(y).
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In the sequel, for x € X and a subset A of X*, we set
(A, x) = {(x*, x) | x* € A}.

Problems of the form: “find xo € C such that (A, xo) C R;” or “find xo € C such
that (A, xo) N R4 # (" are called Browder variational inclusions.

Let X and Y be two real Hausdorff topological vector spaces and C is a nonempty
convex subset of X. Following [24], recall that FF : C = Y is said to be upper
semicontinuous from line segments in C at x € C if for every x’ € C, the restriction
of F on the line segment [x’ , x] is upper semicontinuous at x. That is, for every
x" € C, there exists an open neighborhood U of x such that F (z) C V, for every
z € UN[x/, x]. We say that F is upper semicontinuous from line segments in C on
a subset S of C if it is upper semicontinuous from line segments in C at every point
of S.

The following result generalizes [[24], Theorem 1] about the existence of solutions
of Browder variational inclusions in the pseudo-monotone case. It also generalizes
[[7], Proposition 3.1] for the single-valued case corresponding to Browder—Hartman—
Stampacchia variational inequality. We note that a weak* compact set S of X* is
norm bounded whenever X is a Banach space or § is convex, see for example [14].
In our result, we do not need the weak® compactness of the images of compact sets
by the set-valued operator, but only the norm boundedness of the images of some line
segments.

Theorem 4.1 Let C be a nonempty, closed and convex subset of a real Banach space
X, and F : C = X* a set-valued operator. Suppose that the following conditions
hold:

(1) F is pseudo-monotone on C;

(2) there exist a weakly compact subset K of C and yo € K such that
SUP «c p(x) (27, Yo — x) < 0, for every x € C\K;;

(3) F upper semicontinuous from line segments in C on K to X* endowed with the
weak* topology;

(4) F has weak* compact values on C,

(5) Foreveryx € K andx' € C, F ([x’, x]) is norm bounded.

Then, there exists xg € K such that (F (xo), y — xo) N R4 # @, for every y € C.

Proof First, we define the following extended real single-valued mapping ® : C x
C = RU {400} by

(D(.X, )’) = sup (Z*’y_-x>’
z¥eF(x)

which also, it can be seen as an extended real set-valued mapping. Now, we will verify
for ® and X endowed with the weak topology the assumptions of Theorem 3.3 or
Theorem 3.5, where the five first conditions are the same in this case.

Clearly, ® (x,x) = 0 € Ry, for every x € C. For z € C fixed, the function
7" > (2%, y — z) is weak* continuous on X* and therefore, by Weierstrass theorem,
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it attains its maximum on weak* compact sets. Thus, for every x € C, there exists
x* € F (x) such that

P (x,y) =" y—x),

which provides easily that ® is pseudo-monotone on C.

Forevery x € C and x* € F (x), the function y — (x*, y —x) is linear and weakly
continuous. Then @ being the superior envelope of a family of convex and weakly
lower semicontinuous functions, it is then convex and weakly lower semicontinuous
in its second variable on C.

It remains just to prove that & is upper hemicontinuous in its first variable on K.
We note that the strong topology and the weak topology coincide on line segments of
X.Lety € Cbefixed,x € K andx’ € C. Take a sequence (x,),, in [x’, x] converging
to x. Take x* € F (x) such that ® (x, y) = (x*, y —x), and x; € F (x,) such that
D (xp, y) = (x), y — xy), for every n.

Suppose first that there exists a € R such that ® (x,,, y) > a, for every n. We claim
that the sequence (x:: )n has a weak* cluster point x* € F (x). Indeed, suppose the
contrary holds. Then the weak™* compactness of F (x) yields the existence of a weak™
open set V containing F (x) and no € N such that x;; ¢ V, for every n > ng. The
upper semicontinuity of F from line segments in C at x yields the existence of an
open neighborhood U of x such that F (z) C V, forevery z € U N [x’, x]. Since
(xn),, is converging to x, let n; € N be such that x, € U, for every n > n;. Then,
xy e F(x,) C V,forevery n > nj. A contradiction.

Let now (x;fx) ;. De asubnet of (x;f)n converging to x* in the weak* topology of

X*. The subnet (x,,x) AcA also converges to x, and therefore, for ¢ > 0, let Ao € A be
such that for every A > X, we have

X = x|l < c ,
2(IF (x",xD I+ 1)

where || F ([x', x]) | = SUP+cp([w.x]) 12"l Let also &1 € A be such that

__x* || << ;
T 2(ly —xl+ D

[l

Let & € A be such that A > Lo and x> A1. It result that for every A > X, we have

|(x* —Xp, s Y = X)X X, —x)]

’(i*vy _x> - <x;lk}\7y _xm>|

A

157 =2, Iy = x| =+ Ny, [l — X,
€ N €

-+ - ==

2 2

We conclude that

@ (x,y) > (X", y—x) = li§n<x,1}, Yy = X)) = lim @ (x, y) = a.
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Now, we claim that @ (x, y) > limsup, , | o, ® (xp, y). Suppose the contrary holds
and let A > 0 be such that

D (x,y)+ A <limsup P (x,,y).

n——+00

Puta = ® (x, y) + A which is then in R (but this also holds from the fact that F (x)
is weak* compact). Now if a subsequence (xy, ), of (x,), is such that ® (x,,, y) > a
for every k, then by the above statement, we obtain

Px,y)=>a>d(x,y),

which is impossible. Then, there exists ng € N such that ® (x,, y) < a, for every
n > ng. It results that

limsup @ (x,,,y) <a < limsup @ (x,, y),
n=nqo n——+00
n——+0o
which yields a contradiction since im sup n>ny ® (x5, y) = limsup,_, , ., ® (x4, ¥).
n—+00
We conclude that ® (x, y) > limsup,_, , ., ® (x,, ¥), which completes the proof. O
Remark 4 We remark that in the proof of Theorem 4.1 above, if we assume the mild

condition of F has weak” compact values only on K instead of all C, we can still
prove that

P (x,y) >a.

Indeed, for§ > 0,letx; € F (x,) besuch that (x}, y —x,) > a—4, for every n. Using
similar arguments, we state that the sequence (x,’f)n has a subnet (x;f_h) ;e Converging
to some X* € F (x) in the weak* topology of X*. We also obtain that

® (x.y) 2 (&, y —x) = lim{x; .y —x,) Za = 5.

By letting § go to zero, we conclude that ® (x, y) > a.

We note that all the other statements of Theorem 4.1 remain true under this mild
condition except the pseudo-monotonicity of F. In this case, we can assume the fol-
lowing condition:

sup (z",y—x)) >0= sup (", x—y)<0 Vx,yeC,
7*eF(x) Z*eF(y)

instead of the pseudo-monotonicity of F'.

In order to make further discussion in this subject about the existence of solutions
of Browder variational inclusions, recall that an open half-space in a real Hausdorff
topological vector space E is a subset of the form

fueE|o@m)<r}
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for some continuous linear functional ¢ on E, not identically zero, and for some real
number r.

Let X be a Hausdorff topological space and E a real Hausdorff topological vector
space. Following [18], a set-valued operator F : C = Y is said to be upper demi-
continuous at x € X if for every open half-space H containing F' (x), there exists
a neighborhood U of x such that F (z) C H for every z € U. It said to be upper
demicontinuous on X if it is upper demicontinuous at every point of X.

We say that a set-valued operator A : X =2 Y is upper demicontinuous from line
segments in X at x € C if for every x’ € C and every open half-space H containing
F (x), there exists aneighborhood U of x such that F (z) C H foreveryz € UN[x’, x].
We say that F is upper demicontinuous from line segments in X on a subset S of C if
it is upper demicontinuous from line segments in X at every point of S.

Proposition 4.2 Let X be a real normed vector space, C a nonempty convex subset
of Xand S C C. If F : C = X* is upper semicontinuous from line segments in X on
S to X* endowed with the weak* topology, then F is upper demicontinuous from line
segments in X on S to X* endowed with the weak* topology.

Proof Let x € K and consider an open half-space H in X* of the form
{ueX oW <r}

such that F (x) C H, where ¢ is a weak* continuous linear functional on X*, not
identically zero, and r € R. Then, ¢ (F (x)) C] — oo, r[. Put O = o1 (1 —o00,rD,
which is a weak* open subset containing F (x). By the upper semicontinuity of F from
line segments in X on S to X* endowed with the weak* topology, for every x” € C,
there exists a neighborhood U of x such that F (z) C O, forevery z € U N [x’ , x].
Thatis, F (z) C H, foreveryz € U N [x’,x]. O

It is not clear at the stage of development whether upper semicontinuity from line
segments in C in Theorem 4.1 can be weakened to upper demicontinuity or to upper
demicontinuity from line segments in C.

5 Conclusion

In order to better understand the optimal conditions for solving Browder variational
inclusions, we have been led to consider and study set-valued equilibrium problems.
Our investigations have brought to light various concepts of convexity, semicontinuity
and hemicontinuity involving half intervals rather than open sets. We have obtained
results on the existence of solutions of set-valued equilibrium problems in the pseudo-
monotone case generalizing the corresponding ones for single-valued equilibrium
problems. Browder variational inclusions in the pseudo-monotone case rather than
the monotone one have been investigated without the reflexivity of the real normed
vector spaces and under weakened conditions on the involved set-valued operator.
More advancements and applications to nonlinear elliptic boundary value problems
and to the surjectivity of set-valued mappings as well as to other important real world
problems, constitute a challenge for further investigations.
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