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1. Introduction

The Ekeland variational principle is a powerful tool which entails the existence of approximate solutions of minimization
problems for lower semicontinuous functions on complete metric spaces. It is widely used to solve different problems of
differential equations and partial differential equations, fixed point theory, optimization, mathematical programming and
many other problems of nonlinear analysis. Roughly speaking, Ekeland’s variational principle states that there exist points
which are almost points of minima and where the gradient is small. In particular, it is not always possible to minimize
a nonnegative continuous function on a complete metric space. Ekeland’s variational principle is a very basic tool that is
effective in numerous situations, which led to many new results and strengthened a series of known results in various
fields of analysis, geometry, the Hamilton-Jacobi theory, extremal problems, the Ljusternik-Schnirelmann theory, etc. The
Ekeland variational principle [1] was established in 1974 and is the nonlinear version of the Bishop-Phelps theorem [2,3],
with its main feature of how to use the norm completeness and a partial ordering to obtain a point where a linear functional
achieves its supremum on a closed bounded convex set.

The so-called equilibrium problem is a problem of finding x* € A such that

@ (x*,y) =0 forally € A, (EP)

where A is a given setand @ : A x A — R is a bifunction, called equilibrium bifunction if & (x, x) = 0, for every x € E.
Such a problem is also known under the name of equilibrium problem in the sense of Blum, Muu and Oettli (see [4,5]) or Ky
Fan equilibrium problem (see [6]).
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It is well known that variational inequalities, mathematical programming, Nash equilibrium, optimization and many
other problems arising in nonlinear analysis are special cases of equilibrium problems, see for example [7-9] and the
references therein.

In this paper, the set A is not assumed to be necessarily convex which leads to an interesting case of equilibrium problems
called sometimes nonconvex equilibrium problems, see [10] and the references therein.

The Ekeland variational principle for equilibrium problems has been first considered in [7,11] in the setting of the
Euclidean space R". It has also been the subject of study in [12] for vector equilibrium problems defined on complete
metric spaces and with values in locally convex spaces ordered by closed convex cones. Latter on, several authors have
been interested in such problems and several results have been obtained under various kinds of generalized metric spaces
including quasi-metric spaces with different types of functions such as r-functions and Q -functions. Many connections with
fixed point theory such as the Caristi-Kirk-type fixed point theorem for multivalued mappings have been derived.

In [7,11], the authors mention that the results of the Ekeland variational principle for equilibrium problems and systems
of equilibrium problems obtained on compact and on closed subsets of Euclidean spaces could be extended to reflexive
Banach spaces. Motivated by this question, we establish that this is not systematic and depends also on other properties and
especially, on the finite or infinite dimension of the space.

In this paper, we obtain under weakened conditions of semicontinuity an existence result for equilibrium problems
defined on weakly compact subsets of real (non necessarily reflexive) Banach spaces. Then, we introduce a weakly compact
set of coerciveness rather than closed balls in order to solve equilibrium problems defined on weakly closed subsets of real
reflexive Banach spaces.

Instead of finite systems of equilibrium problems on the Euclidean space R", we consider here countable systems of
equilibrium problems defined on real Banach spaces. Then, we solve the problem when it is defined on weakly sequentially
compact subsets and make use of the properties of countable product of real Banach spaces to solve the problems when it
is defined on weakly closed subsets.

In the last part of this paper, we give a discussion in order to make connection between the Ekeland variational principle
and fixed point theory. Such connection may be useful in certain situations and in particular, when dealing with variational
inequalities. To our knowledge, there does not seem to be any result in the literature with application of the Ekeland
variational principle in the analysis studies of variational inequalities. In this direction, we consider quasi-hemivariational
inequalities introduced in [ 13]. Quasi-hemivariational inequalities are generalization of multivalued variational inequalities
and several connections with equilibrium problems are obtained, see also [14-16,10] for recent and old investigations on
the subject. Our approach is based on a result of [ 15] stating that a point is a solution of a quasi-hemivariational inequality
if and only if it is a fixed point of a suitable multivalued mapping.

2. Notations and preliminaries

As it is well known, the Ekeland variational principle characterizes the completeness of a metric space and has many
applications in nonlinear analysis. Several forms and variants of the Ekeland variational principle exist in the literature
where the following result summarizes the relationship between this famous variational principle and the completeness of
metric spaces.

Theorem 2.1. Let (X, d) be a metric space. Then X is complete if and only if for every lower semicontinuous and lower bounded
function f : X — R U {+00} and for every ¢ > 0 there exists a point x* € X satisfying

f(x) < minf (x) + ¢,
f) —f(x)+ed(x,x) >0, VxeX.

Since the problem of minimization is a special case of equilibrium problems, an extended form of the Ekeland variational
principle called Ekeland variational principle for equilibrium problems has been first introduced in [11,7] in the setting of
the Euclidean space R". It is followed by several extensions under different kinds of conditions by several authors, see for
instance, [17].

Here is the complete metric version of the Ekeland variational principle for equilibrium problems.

Theorem 2.2. Let A be a nonempty closed subset of a complete metric space (X, d) and @ : A x A — R be a bifunction. Assume
that the following conditions hold:

(1) @ (x,x) =0, foreveryx € A;
(2) @(z,%) <P (z,y) + P (y,%) foreveryx,y,z € A;
(3) @ is lower bounded and lower semicontinuous in its second variable.

Then, for every ¢ > 0 and for every xo € A, there exists x* € A such that

@ (xo, x*) + &d (xo,x*) <0,
@ (x*,x) +ed (x*,x) > 0, VX€A, x#x"
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In the sequel, we make use of some techniques of semicontinuity of functions on a subset introduced recently in
[18,16,10] to obtain new results concerning the existence of solutions of nonconvex equilibrium problems.
Let X be Hausdorff topological space, x € X and f : X —> R a function. Following [16], the function f is said to be

(1) sequentially upper semicontinuous at x if for every sequence (x,), in X converging to x, we have

f(x) = limsupf (xn)
n—-+00
where limsup,,_, o f (x;) = inf, sup, f (xi).
(2) sequentially lower semicontinuous at x if —f is sequentially upper semicontinuous at x.

The function f is said to be sequentially upper (resp. sequentially lower) semicontinuous on a subset S of X if it is sequentially
upper (resp. sequentially lower) semicontinuous at every point of S. Obviously, when X is a metrizable space, sequential
lower and upper semicontinuity coincide respectively with the classical notions of lower and upper semicontinuity.

In the sequel, for r > 0, we denote

Kr={xeE||x|l<r}

the closed ball of center 0 and radius r of a real Banach space E.

3. Existence results for nonconvex equilibrium problems

Before going further, let us recall that a Hausdorff topological space is called sequentially compact if every sequence
has a converging subsequence. A subset A of a Hausdorff topological space is called sequentially compact if it sequentially
compact as a topological subspace. In general, sequentially compact spaces are different from compact spaces. However, in
the setting of Banach spaces, a subset is weakly sequentially compact if and only if it is weakly compact (Eberlein-Smulian
theorem, see [19]).

The following result is a generalization of [7, Proposition 2] (see also [11]) to weakly compact (not necessarily convex)
subset of real Banach spaces. This result guarantees the existence of solutions to equilibrium problems in the weakly compact
case.

Proposition 3.1. Let A be a nonempty weakly compact subset of a real Banach space E and @ : A x A — R be a bifunction.
Assume that the following conditions hold:

(1) @ (x,x) =0, forevery x € A;

(2) @ (z,x) <D (z,y) + D (y,x), foreveryx,y,z € A;

(3) @ is lower bounded and lower semicontinuous in its second variable.
(4) @ is weakly sequentially upper semicontinuous in its first variable.

Then, the equilibrium problem (EP) has a solution.

Proof. By Theorem 2.2, for every n € N*, letx, € Abea %—solution of the equilibrium problem (EP). Therefore
1
D (Xn,y) = _H”Xn -yl VyeA.

Since A is weakly compact, the sequence (x;),, has a weakly converging subsequence (xnk) , tosome x* € A.Since @ is weakly
sequentially upper semicontinuous in its first variable on A, we have

@ (x*,y) > limsup @ (xy,.y)
k——+00

1
> lim sup (—n—kﬂxnk —y||> =0 VyeA.

k——+00
This means that x* is a solution to the equilibrium problem (EP). O

The following result is a generalization of [7, Theorem 15] (see also [11]) and guarantees the existence of solutions
to equilibrium problems in the non weakly compact case. Instead of Euclidean space R", this generalization makes more
clear in the setting of infinite dimensional spaces, the conditions imposed on both A and the subset of coerciveness. This
generalization is also obtained under weakened conditions of semicontinuity of the bifunction involved.

Theorem 3.2. Let A be a nonempty weakly closed subset of a real reflexive Banach space E and & : A x A — R be a bifunction,
and suppose the following conditions hold:

(1) @ (x,x) =0, foreveryx € A;
(2) @ (z,x) =D (2,y) + @ (v, %), foreveryx,y,z € A;
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(3) there exists a nonempty weakly compact subset K of A such that
vx € A\K, Iy € A, |yl < lixl, @ (x,y) <0;

(4) @ is weakly sequentially lower semicontinuous in its second variable on K;
(5) the restriction of @ on K x K is lower bounded in its second variable;
(6) the restriction of @ on K x K is weakly sequentially upper semicontinuous in its first variable.

Then, the equilibrium problem (EP) has a solution.
Proof. For every x € A, define the subset
Lxy={yeAllyl < lxll, ® (x,y) <0},
and put S (x) = cla (L (x)), where the closure is taken with respect to the weak topology of A. We have the following
properties:

(1) The subset S (x) is nonempty, for every x € A. This holds easily from the fact that x € L (x).

(2) The subset S (x) is weakly compact, for every x € A. Indeed, for every x € A, the subset L (x) is contained in the weakly
compact subset K| and then, S (x) is weakly compact.

(3) Foreveryx,y € A,if y € S (x), thenS (y) C S (x). Indeed, since L (y) is bounded, then for every z € S (y), there exists a
sequence (z,), in L (y) weakly converging to z, (see for example, [20, Proposition 3.6.23]). It follows that ||z, || < [ly]| <
x|l and @ (x,z,) < @ (x,y)+P (¥, z,) < 0, forevery n. It follows that the sequence (z,), liesin L (x) and then,z € S (x).

On the other hand, the restriction of @ on K x K satisfies all the conditions of Proposition 3.1 and therefore, there exists
x* € K such that

@ (x,y) >0 Vyek.

Suppose that x* is not a solution of the equilibrium problem (EP) and let x € A such that & (x*,x) < 0. Since S (x) is
nonempty weakly compact subset, then the norm, which is weakly lower semicontinuous, attains its lower bound on S (x).
Lety, € S (x) be such that

lyxll = min [yl
yes(x)

and since L (x) is bounded, let (y,), be a weakly converging sequence in L (x) to yx. We have two cases:

e Suppose first that y, € K. Since @ (x*, x) < 0, choose ¢ > 0 such that @ (x*,x) < —e¢. Since @ (x,y,) < 0, for every n,
then

@D (x*,yn) <@ (x",X) + @ (x,yn) < —¢.
The bifunction @ being weakly sequentially lower semicontinuous in its second variable on K, we obtain

@ (¥, yy) < liminfo (x*, yp) < —€ <0
which yields a contradiction.
e Suppose now that y, ¢ K. Then, there exists y; € A, |[y1ll < |lyx|l and @ (yx, y1) < 0. Thus,

Y1€SW) CS® and iyl < [lyxll = min |ly]|
YESX)

which is impossible.

The proof is complete. [0

4. Existence results for nonconvex countable systems of equilibrium problems

Inspired by the study of systems of variational inequalities, countable and non countable systems of equilibrium problems
have been introduced and investigated in the literature, see, for instance, [21,22]. Instead of finite systems of equilibrium
problems studied in [11,7] by means of the Ekeland variational principle, we consider here countable systems of equilibrium
problems which are usually defined in the following manner.

Let I be a countable index set which could be identified sometimes to the set {i | i € N}. By a system of equilibrium
problems we understand the problem of finding x* = (x;")iel € A such that

@; (x*,y;) =0 forallielandally; € A;, (SEP)

where @; : A x A; > R,A = ]_[l.E, A; with A; some given set.
~ In the sequel, we suppose that A; is a closed subset of a metric space (X;, d;), for every i € I. An element of the set

A" = []je A; will be represented by x'; therefore, x € A can be written as x = (x', x;) € A" x A;. The space X = [],., X; will

J# iel
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be endowed by the product topology. Without loss of generality, we may assume that d; is bounded by 1, for every i € I. The
distance d on X defined by

d(xy) = Z =di (xi,yi) foreveryx = (X)ier» ¥ = (i)ies € X
iel

is a complete metric compatible with the topology of X. Thus, the space (X, d) is a complete metric space.

The following result is the Ekeland variational principle for countable systems of equilibrium problems defined on
complete metric spaces. It generalizes [7, Theorem 14] (see also [11, Theorem 2.2]) stated for finite systems of equilibrium
problems under the setting of the Euclidean space R".

Theorem 4.1. Let A; be a nonempty closed subset of a complete metric space (X;, d;), foreveryi € I, and assume that the following
conditions hold:

(1) ®; (x,x;) =0, foreveryi € I and every x = (x, x;) € A;
(2) @i (z,x) < P (z,y) + P; (v, X)), forevery i € I, every x;, y; € Ajand every y, z € Asuch that y = (y', y;);
(3) @;is lower bounded and lower semicontinuous in its second variable, for every i € I.

Then, for every ¢ > 0 and for every x° = (x?)iel € A, there exists x* = (x;‘)l.el € A such that for each i € I, we have

@iX )+‘9d(1’ 1)50’
@; (x* x,)—l—ed,(l— X)) >0, Vx €A, x; #X;.

Proof. By replacing @ by %fp, we may assume without loss of generality that ¢ = 1. Leti € I be arbitrarily fixed, and for
every x = (Xj)i € A, put
F(x) ={yi € Ai | @i (x,y1) +di (xi, ¥;) < 0}.

Clearly, these subsets are closed and nonempty since x; € F; (x), for every i € I. In addition, if y; € F; (x), for some x € A,
y;i € Ajandi € I, then F; (y) C F; (x), foreveryy = (y',yi) € A.Indeed, suppose these conditions hold and let z = (z;);¢;
€ F; (y). Then, we have

D; (x,yi) +di (xi,y)) <0 and @;(y,z)+d;i(i,z) <0.
It follows by addition that
@i (%,z) +di (%i,z1) < i (%, ) +Pi (v, z0) +di (xi,y) +di (i, z) <0

and then, z € F; (x).
For every x € A, define now

vi (x) = inf @;(x,z)

zieFi(x)

which is finite since @; is lower bounded in its second variable, for every i € I.
For every z; € F; (x), we have

d(x,z) < =i (x,z) < — inf &;(x,z)=—v; (x).

zieF;(x)

It follows that § (F; (x)) < —2v; (x), for every i € I and every x € A, where § (S) stands for the diameter of the set S.
Fix now x° = (x?)l.el € A and choose for each i € I an element x] € F; (x°) such that

@ (x°, x) < v (x°) +271
Putx' = (x/),, € Aand foreachi € I an element x € F; (x°) such that
0140 2) < u o) 422

Put x? (x ) € A. Proceeding by induction, we construct a sequence (x"), in A such that x"+1 € F; (x") and

@; (x", x”“) vi (x") + 2~+D foreveryi € I and every n € N.
Note that
ol (ol
v (X" ) N zieF,-lg(Eﬂ) @ (Xn ’ Zl)
> inf & (x"!, z)

zieFj(x™)
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= zl-eiFr.-l(fx”) (@i (¥, z1) — @i (", ™))
= bt (", 21) — @i (', x)

= v (¥') — @ (", ")
which yields
w () 2 0 () — 0 (¢ 1)
> v (x") = (v; (x") +27"D)

It follows that v; (x"*1) > —27*D and then,
8 (F(x") < —2v; (x") =2 x 27"

The sequence (F; (x")),, being a decreasing sequence of closed subsets of the complete metric space (E;, d;) with diameter
tending to zero, then for every i € I, there exists x{ € A; such that

(8 (R () = {x}

neN

Putx* = (x),_, € A.Foreveryi € I,since x} € F; (x°), then

i

@i (x°,x7) +d;i (x, x) < 0.
On the other hand, since x} € F; (x"), then F; (x*) C F; (x"), for every n and then F; (x*) = {xj‘} foreveryi e I.
Now, if x; € A; is such that x; # x}, then x; & F; (x*). It follows that

D; (X*, X,') + d,' (X;k, X,') >0
which completes the proof. O

When X; is replaced by a real Banach space E;, for every i € I, we denote by || - ||; the norm of E; and by d; its associate
distance. As before, we may assume without loss of generality that each d; is a bounded metric on E;, for every i € I. The
distance d defined on E = [, E; as above makes E a real complete metric topological vector space. Note that the distance
d cannot be induced by a norm since I is infinite. In this case weak sequential compactness and weak compactness need not
coincide on E.

In the sequel, E will be endowed with the product of the weak topologies of E; denoted by o.

The following result is a generalization of [7, Proposition 2] in the case of real Banach spaces. This result guarantees the
existence of solutions to countable systems of equilibrium problems in the weakly compact case. It is also a generalization
of Proposition 3.1 and its proof is similar.

Proposition 4.2. Let A; be a nonempty weakly closed subset of a real Banach space E; and ®@; : A x A; — R, foreveryi € I.
Assume the following conditions hold:

(1) ®; (x,x;) =0, foreveryi € I and every x = (X', x;) € A;

(2) Di(z,%) < Di(z,yi) + Di (v, x;), foreveryi € I, every x;,y; € Ajand every y,z € Asuch that y = (yi,yf):

(3) @;is lower bounded and lower semicontinuous in its second variable, for everyi € I;

(4) @ is sequentially upper semicontinuous in its first variable with respect to the topology o, for everyi € I;

(5) Ais sequentially compact subset of E with respect to the topology o.

Then, the system of equilibrium problems (SEP) has a solution.

Proof. The proof is similar to that of Proposition 3.1. By Theorem 4.1, for every n € N*, let x" = (X?)iel € Abea %-solution
of the system of equilibrium problems (SEP). Therefore

1
i (" y1) = =~ Il —yill: Vyi € A

Since A is sequentially compact subset of E with respect to the topology o, then the sequence (x"), has a converging
subsequence (x™); to some x* = (x;),_, € A with respect to the topology . It follows that the subsequence (x*), is
weakly converging to x{' € A;, for every i € I. Since @; is sequentially upper semicontinuous in its first variable on A with
respect to the topology o, for every i € I, we have

Vi)

Mk

@; (x*,y;) = limsup &; (x
k——+o00

1
> lim sup (—n—ka?" —y,~||) =0 Viel, Vy; € A.

k——+o00

This means that x* is a solution to the system of equilibrium problems (SEP). O
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The following result is a generalization of [ 7, Theorem 15] and guarantees the existence of solutions to countable systems
of equilibrium problems in the non weakly compact case.

Theorem 4.3. Let A; be a nonempty weakly closed subset of a real reflexive Banach space E; and @; : A x A; — R, foreveryi € I.
Assume that the following conditions hold:
(1) ®; (x,x;) =0, foreveryi € I and every x = (x, x;) € A;
(2) D (z,%) < Pi(z,y)) + Di (v, x;), forevery i € I, every x;, y; € A;jand every y,z € Asuch thaty = (yi,yi);
(3) there exists a nonempty closed subset K; of A; for every i € I, such that
foreveryx = (X', x;) € A withx; ¢ K;, for somej € I,
there exists y; € A; such that |ly;|| < [Ix;]| and &; (x, yj) <0
(4) @, is weakly sequentially lower semicontinuous in its second variable on K, for everyi € I;
(5) the restriction of @; on (]_[,-E, K,-) x K; is lower bounded in its second variable, for every i € I;

(6) the restriction of @; on (]]
o, foreveryiel;
(7) The subset [ ], Ki is sequentially compact subset of E with respect to the topology o

il K,-) x K; is sequentially upper semicontinuous in its first variable with respect to the topology

Then, the system of equilibrium problems (SEP) has a solution.

Proof. For every x = (x', x;) € Aand everyi € I, define the subset
Lix) = {yi € Ai | |yill < llx:ll, @i (x,y:) <0},

and put S; (x) = cla, (L; (x)), where the closure is taken with respect to the weak topology of A;. By the same argument as in
Theorem 3.2, we have the following properties:

(1) The subset S; (x) is nonempty, for every x € Aand everyi € I.
(2) The subset S; (x) is weakly compact, for every x € Aand every i € I.
(3) Foreveryi e Iandeveryx = (x,x),y = (v, yi) € A if yi € S; (x), then S; (y) C S; (x).

On the other hand, the restrictions of @; on (]_[ie, Ki) x K;, for every i € I respectively, satisfy all the conditions of Proposi-
tion 4.2 and therefore, there exists x* = (x}, ..., x%) € [];, K; such that

®; (x*,y;)) = 0 foralli e Iandally; € K;.

Suppose that x* is not a solution of the equilibrium problem (SEP) and let x; € A; be such that @; (x*, xj) < 0, forsomej € I.

Let ¥ € A be arbitrary and putx = (¥, x;) € A. Since S; (x) is nonempty weakly compact subset, then the norm attains its
lower bound on §; (x). Let y (x); € S; (x) be such that

ly ®);ll = min [yl
Yi€Si(x)

and since L; (x) is bounded, let (y,), be a weakly converging sequence in L; (x) to y (x);. We have two cases:

e Suppose first that y (x); € K;. Since &; (x*,x;) < 0, choose & > 0 such that ®; (x*, x;) < —e. Since ®; (x,y,) < 0, for
every n, then

D; (X*J/n) <& (X*,Xj) + D (X, yn) < —e.

The bifunction @; being weakly sequentially lower semicontinuous in its second variable on Kj, we obtain
; (¢, y () < liminf &; (x*, ys) < —€ <0

which yields a contradiction.

e Suppose now that y (x); € K;. Lety € A be arbitrary and put y, = (¥, y (x);) € A. Then, there exists y; € A;, [yl <
Iy ®); Il and @; (yy, y;) < 0. Thus,

Vi €5 (yx) CS(x) and [yl < lly®);ll = min |yl
Yi€Sj(x)
which is impossible.

The proof is complete. O



24 B. Alleche, V.D. Radulescu / Nonlinear Analysis: Real World Applications 23 (2015) 17-25
5. Existence results for quasi-hemivariational inequalities

Recall that if E is a real Banach space which is continuously embedded in I? (§2; R"), for some 1 < p < +ooandn > 1,
where §2 is a bounded domain in R™, m > 1, then a quasi-hemivariational inequality is a problem of the form: find u € E and
z € A (u) such that

(z, v) + h ) J° (iu; iv) — (Fu,v) >0 Vv €E, (QHVI)

where i is the canonical injection of E into [P (£2; R"), A : E = E* is a nonlinear multivalued mapping, F : E — E*is a
nonlinear operator, J : [P (£2; R") — R s a locally Lipschitz functional and h : E — R is a given nonnegative functional.
We denote by E* the dual space of E and by (., .) the duality pairing between E* and E.

Recall that a function ¢ : E — R is called locally Lipschitzian if for every u € E, there exists a neighborhood U of u and a
constant L, > 0 such that

lp (w) —¢ (V)| < Lullw—vlx YweU, Vvel.

If ¢ : E — Ris locally Lipschitzian near u € E, then the Clarke generalized directional derivative of ¢ at u in the direction of
v € E, denoted by @° (u, v), is defined by

¢° (w, v) = limsup 2T MQ —pw)
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The Clarke generalized gradient of a locally Lipschitzian functional ¢ : E — R at a point uy € E, denoted d¢ (up), is the
subset of E defined by

3 (uo) = {& € E* | ®° (up, v) > (£, v), forallv € E}.

Among several important properties of the generalized directional derivative and the generalized gradient of
locally Lipschitzian functions, the following properties are usually used (for proofs and related properties, we refer to
[23, Proposition 2.1.1]).

Suppose that ¢ : E — R is locally Lipschitzian near u € E. Then,

(1) the function v — ¢° (u, v) is finite, positively homogeneous and subadditive;
(2) the function (u, v) —> ¢° (u, v) is upper semicontinuous.

Sometimes for technical reasons, the quasi-hemivariational inequality (QHVI) is replaced by the following quasi-
hemivariational inequality: Find u € E and z € A (u) such that

(z,v—u) +h@)]J (iu;iv — iu) — (Fu,v —u) >0 Vv eE.

In [16,10], some equilibrium problems’ techniques have been employed to solve the quasi-hemivariational inequality
(QHVI). There are two bifunctions approach considered in this study. First the equilibrium bifunction @; : E x E — Ris
defined by

@1 (u,v) = inf (v*,v—u)+h@)]° (iu; iv — iu) — (Fu, v — u).

v*eA(v)

Under the condition of lower quasi-hemicontinuity of A on E with respect to the weak* topology of E*, if the equilibrium
problem

findu € E such that & (u,v) >0 Vv €E

has a solution, then the quasi-hemivariational inequality problem (QHVI) has a solution, see [16, Theorem 4.3].
The second equilibrium bifunction @, : E x E — R is defined by

@, (u,v) = sup (W, v—u)+hw])°@u;iv—iu) — (Fu, v — u).
u*eA(u)

Any solution of the quasi-hemivariational inequality problem (QHVI) is a solution of the equilibrium problem.
Find u € E such that @, (u,v) >0 Vv €E.

The converse holds under additional conditions on the values of the set-valued mapping A, see [10, Theorem 4.1].

Although the semicontinuity of @7 and @; in their first and second variable is now known and holds from those of the
functions and multivalued mappings involved, it seems to be not easy to verify if @; or &, satisfies all the conditions in
order to apply the Ekeland variational principle for equilibrium problems. Nothing can ensure that the condition related to
the triangle inequality must be satisfied. This means that the condition

D(z,X) <D (z,y)+ D (y,x), foreveryx,y,z€E

of Theorem 2.2 or related versions, is far to be clear when it is verified.
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It is well-known that fixed point theory is a powerful tool for the existence of solutions to several types of variational
inequalities. In [24,25], the existence of solutions of multivalued mixed variational inequalities is obtained by means of fixed
points of a suitable multivalued mapping constructed by solving strongly convex programs.

In this approach, recall that by [15, Proposition 2.1], a point u* € E is a solution of the quasi-hemivariational inequality
problem (QHVI) if and only if u* is a fixed point of the multivalued mapping H, that is u* € H (u*), where H : E = E is the
multivalued mapping defined by

Hu) =F" (AQ) +h(u)i*9] (iu)) .

On the other hand and as mentioned in many papers, the Ekeland variational principle is a subject which is very close to
the problem of fixed point theory of multivalued mapping, see for instance, [26,17] and the references therein.

Following [26,17], a function ¢ : X x X — R, where (X, d) is a metric space, is called a Q-function if the following
conditions hold:

(1) qx,2) <qx,¥)+q,2z),foreveryx,y,z € X;

(2) Letx € X and (y,), be a converging sequence to some y € X. If there exists M > 0 such that q (x, y,) < M, for every n,
then q (x,z) < M;

(3) For every ¢ >, there exists § > 0 such that

(@(xy) =dandq(x,2) <8) = d(y,2) <.
The following result is only an adapted and partial version of [ 17, Theorem 10.21] which is much more stronger.

Theorem 5.1. Let X be a complete metric space, q : X x X — R, is a Q-function, ¢ : (—o0, +00] — R, a nondecreasing
function, and f : X — R U {400} is a proper, lower semicontinuous and lower bounded function. Let T : E = E be a multivalued
mapping with nonempty values. If T satisfies the following condition: there exists y € T (x) such that

Xy =) F& —-fW).
then T has a fixed point.

In our opinion, one of the advantages of this result is that the triangle inequality is now required on an additional function,
namely the function q. It should be interesting to deeply investigate the structure of the multivalued mapping H in order to
find sufficient conditions on the involved functions and multivalued mappings leading to satisfaction of all the conditions
of the above theorem. Depending on the quasi-hemivariational inequality studied, it may be now possible to construct the
functions g, ¢ and f as in Theorem 5.1 which provides us with a fixed point of the multivalued mapping H and solves the
quasi-hemivariational inequality problem (QHVI).
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