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Preface

To think freely is great, but to think rightly is greater.
Thomas Thorild (1759-1808), engraved in golden letters to the Grand

Auditorium, Uppsala University

There may be no Nobel in mathematics, but that need not stop many mathe-
maticians winning the Nobel Prize for Economics'. Indeed, many of the winners
of this prize either were mathematicians or had conducted notable research using
mathematical models. For instance, Leonid Kantorovich and Tjalling Koop-
mans received the Nobel Prize in Economic Sciences “for their contributions
to the theory of optimum allocation of resources”. Both Kantorovich and Koop-
mans acknowledged that George B. Dantzig deserved to share their Nobel Prize
for linear programming. Economists who conducted research in nonlinear pro-
gramming also have won the Nobel prize, notably Ragnar Frisch (1969). The
1994 Sveriges Riksbank Prize in Economic Sciences in Memory of Alfred No-
bel was awarded to John Forbes Nash Jr.,> John Harsanyi, and Reinhard Selten
“for their pioneering analysis of equilibria in the theory of non-cooperative
games”. Many such examples can be provided but we refer only to Lloyd Shap-
ley who won the Nobel Prize for Economic Sciences in 2012 “for the theory of
stable allocations and the practice of market design”. Lloyd Shapley described
himself in an Associated Press interview: “I consider myself a mathematician
and the award is for economics. I never, never in my life took a course in eco-
nomics.”

This monograph is intended to fill a gap in an interdisciplinary field at the
interplay between applied mathematics, optimization, equilibria, and economic
mathematics. Our analysis deeply relies on concrete models in the real world.
Models play crucial roles in applied mathematics and economics, from identi-
fying nonstandard behavior of mathematical models in economy to forecasting
how economics will evolve. Yet major changes are afoot in equilibrium theory,
triggered by global economic problems and the higher and higher impact of big
data sets.

This volume is an attempt to study in a rigorous manner qualitative problems
arising in applied sciences. More precisely, this monograph looks at modeling in
these fields through three lenses. The first is that of Nash equilibrium and man-
agement, which are fundamental issues in experimental economics. The second
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xvi Preface

is through the variational analysis of equilibrium problems, which has been
challenged by the events of the macro-economy. The third looks at the opti-
mality and stability of the models of economic analysis at the interface with
powerful and efficient mathematical theories.

This monograph is a systematic exposition of the authors’ research on gen-
eral equilibrium models arising in optimization, economics, and applied sci-
ences. It is intended to serve both as a graduate text on aspects of general
equilibrium theory and as an introduction, for economists and mathematicians
working in mathematical economics, to current research in a frontier area of
general equilibrium theory. This book presents a systematic approach to prob-
lems in economic equilibrium based on fixed-point arguments and rigorous
variational analysis methods. It describes the highest-level research on the clas-
sical theme, fixed points and economic equilibria, in the theory of mathematical
economics, and also presents basic results in this area, especially in the gen-
eral equilibrium theory and noncooperative game theory. Convexity theory and
topology have been the central tools for the rigorous axiomatic treatment of eco-
nomic theory since the 1950s. In this book, the notion of convexity is used to
describe ideas within a mixture of alternative choices, a moderate view among
extremes, and especially to ensure the existence of equilibrium depending on
such stable actions as a fixed point for a mathematical model of society.

In this monograph we aim to show how a special mathematical method
(a tool for thinking) can be utilized for constructing or developing part of an
economic theory. The arguments also contain distinguishable developments of
the main theme in the homology theory for general topological spaces, in the
model theory and mathematical logic, and in the methodology and philosophy
of social sciences.

Many of the theorems contained in this book are technical extensions of
fixed-point arguments, variational analysis methods, and tools for economic
equilibrium results. The main concern of this volume is not only to show abun-
dant ways to apply such extensions, but also to list the minimal logical, analytic,
or algebraic requirements for the construction of a solid economic equilibrium
theory. Accordingly, we use in this monograph many highly abstract settings
(e.g., fixed-point arguments based on algebraic settings, actions without conti-
nuity conditions or convexity assumptions, or spaces without linear structures)
while basing our arguments on topics that are quite usual. Among others, the
concept of convex combination, approximate and iterative methods, and ar-
guments based on mathematical logic form the distinguishing features of this
book’s mathematical arguments.

A central role in this monograph is played by the study of some fundamen-
tal aspects related to the Nash equilibrium. This concept started to develop from
the early insights of Emile Borel® and John von Neumann.* A couple of decades
later, at the beginning of the 1950s, those insights were developed and gener-
alized by John F. Nash Jr. His name, quite appropriately, became attached to
the equilibrium state characterized by the condition that all possible unilateral
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actions of any actor in that state lead to states that are no better for the devia-
tor than the original one. The fundamental result of Nash was that all games—
(with constant-sum or nonconstant sum) with a finite number of players each
endowed with a finite set of strategies and any kind of goal function (egoistic,
altruistic, egalitarian) have an equilibrium in pure or mixed (probabilistic) strate-
gies. In game theory, a Nash equilibrium is an array of strategies, one for each
player, such that no player can obtain a higher payoff by switching to a different
strategy while the strategies of all other players are held fixed. As pointed out
in [161], “if Chrysler, Ford, and GM choose production levels for pickup trucks,
a commodity whose market price depends on aggregate production, an equilib-
rium is an array of production levels, one for each firm, such that none can raise
its profits by making a different choice”. As pointed out in [1, p. 495], “in game
theory, the single most important tool has proven to be Nash equilibrium”.

This volume can serve as a graduate-level textbook on mathematical eco-
nomics as well as an advanced monograph for students and researchers who are
concerned about rigorous mathematical treatment in the social sciences.

Our vision throughout this volume is closely inspired by the following
prophetic words of John F. Nash Jr., in an interview given in Oslo on May 18,
2015, the day before the Abel Prize ceremony:

“I had achieved my proof of the equilibrium theorem for game theory using
the Brouwer fixed-point theorem, while von Neumann and Morgenstern used
other things in their book. But when I got to von Neumann, and I was at the
blackboard, he asked: “Did you use the fixed-point theorem?” “Yes,” I said.
“I used Brouwer’s fixed-point theorem.”

I had already, for some time, realized that there was a proof version using
Kakutani’s fixed-point theorem, which is convenient in applications in eco-
nomics since the mapping is not required to be quite continuous. It has certain
continuity properties, so-called generalized continuity properties, and there is a
fixed-point theorem in that case as well. I did not realize that Kakutani proved
that after being inspired by von Neumann, who was using a fixed-point theo-
rem approach to an economic problem with interacting parties in an economy
(however, he was not using it in game theory)”.

Gabor Kassay and Vicentiu D. Radulescu
Cluj-Napoca and Craiova
May 11, 2018

NOTES

1. The Sveriges Riksbank Prize in Economic Sciences in Memory of Alfred Nobel was established
in 1968 by the Bank of Sweden, and it was first awarded in 1969, more than 60 years after
the distribution of the first Nobel Prizes. Although not technically a Nobel Prize, the Prize in
Economic Sciences is identified with the award; its winners are announced with the Nobel Prize
recipients, and it is presented at the Nobel Prize Award Ceremony. It is conferred by the Royal
Swedish Academy of Sciences in Stockholm.
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2. John Forbes Nash Jr. (1928-2015) was an American mathematician who made fundamental con-
tributions to game theory, differential geometry, and the study of partial differential equations. In
1978 he was awarded the John von Neumann Prize for his discovery of the Nash Equilibria. His
other influential work in mathematics included the Nash-Moser inverse function theorem, the
Nash-De Giorgi theorem (a solution to David Hilbert’s 19th problem), and the Nash embedding
theorems. In 1999 he received a Leroy P. Steele Prize from the American Mathematical Soci-
ety and in 2015 he was one of the two recipients of the Abel Prize, the other one being Louis
Nirenberg. On May 23, 2015, on their way back home after spending one week in Oslo on the
occasion of the Abel prize ceremony, John and Alicia Nash were killed in a taxi accident on the
New Jersey Turnpike.

3. Emile Borel (1871-1956) was a French mathematician. Borel is known for his founding work in
the areas of measure theory and probability. In 1922, he founded Paris Institute of Statistics, the
oldest French school for statistics.

4. John von Neumann (1903-1957) was a Hungarian-American mathematician, physicist, computer
scientist, and polymath. Von Neumann was generally regarded as the foremost mathematician of
his time and said to be “the last representative of the great mathematicians”. Economist Paul
Samuelson judged John von Neumann “a genius (if that 18th century word still has a mean-
ing)—a man so smart he saw through himself.” With his pivotal work on quantum theory, the
atomic bomb, and the computer, von Neumann likely exerted a greater influence on the modern
world than any other mathematician of the 20th century.
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Preliminaries and Basic
Mathematical Tools

Contents
1.1 Elements of Functional Analysis 1 1.2.2 KKM Lemma 6
1.1.1 Continuity of Functions 3 1.2.3 Brouwer’s Fixed Point
1.1.2 Semicontinuity of Theorem 7
Extended Real-Valued 1.3 Elements of Set-Valued Analysis 9
Functions 3 1.3.1 Semicontinuity of
1.1.3 Hemicontinuity of Set-Valued Mappings 9
Extended Real-Valued 1.3.2 Selections of Set-Valued
Functions 4 Mappings 11
1.2 KKM Lemma and the Brouwer’s 1.3.3 Elements of Convex
Fixed Point Theorem 5 Analysis 13
1.2.1 The Sperner’s Lemma 5 Notes 16

Mathematics is the most beautiful and most powerful creation of the human
spirit.
Stefan Banach (1892-1945)

Chapter points

e Some basic topological notions are introduced, as continuity and semicontinuity for
single and set-valued mappings.

e Some basic algebraic notions are introduced, as convexity, convexly
quasi-convexity (which generalizes both the convexity of set-valued mappings and
the quasi-convexity of real single-valued mappings), and concavely quasi-convexity
(which generalizes both the concavity of set-valued mappings and the
quasi-convexity of real single-valued mappings).

e We provide a proof for Brouwer’s fixed point theorem by Sperner’s and KKM
lemmata.

1.1 ELEMENTS OF FUNCTIONAL ANALYSIS

Let R = ]—o00, +00[ denote the set of real numbers and R = [—o0, +00] =
RU{—o00, +00}. We will also use the following notation: R = [0, +-o0o[, R¥ =
10, 400, R =—Ry and R* = —R7%.

Equilibrium Problems and Applications. https://doi.org/10.1016/B978-0-12-811029-4.00009-2
Copyright © 2019 Elsevier Inc. All rights reserved. 1
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We assume that the set R is 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 and by int A, the interior of A.

A subset K of a topological space is called compact if every open cover of K
includes a finite subcover. That is, every family of open sets {V; :i € I} satis-
fying K C U;¢; V; admits a finite subfamily V;,, ..., V;, such that K C U}_, V..
A topological space X is called compact space if X is a compact set. A fam-
ily of subsets has the finite intersection property if every finite subfamily has a
nonempty intersection.

Let us recall the following characterization of compact spaces.

Proposition 1.1. A ropological space is compact if and only if every family of
closed subsets with the finite intersection property has a nonempty intersection.

A subset L of areal vector space X is called linear subspace if « L + 8L C L
for all &, B € R. The subset M of X is called affine if a M + (1 — )M C M for
all « € R. The linear hull of the set S C X is defined by

lin(S) :=N{L:S C L and L a linear subspace}
k
= Ul?il {ZO{Z‘SZCIZ' GR} s
i=1
while its affine hull by

aff (§) :==N{M : S C M and M an affine set}
k k

= U, {Z%‘Siai eRand ) a; = 1},
i=1 i=1

For each nonempty affine set M there exists a unique linear subspace L s satis-
fying M = Ly + x for any given x € M (cf. [152]).

A subset K of a vector space is called cone if « K C K, for all @ > 0. The
conical hull of a subset S of a vector space is given by

cone(S):=N{K : S C K and K a cone}
k
=U, {Za,s:a,- 20}. (1.1)
i=1

By a set-valued mapping F : X =2 Y, we mean a mapping F from a set X to
the collection of nonempty subsets of a set Y. A mapping f : X — Y and the set-
valued mapping F' : X =2 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
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values. By a real set-valued mapping, we mean a set-valued mapping with val-
ues 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.

For a subset S of a real vector space, convS will denote the convex hull of S.

If X denotes a real normed vector space, we denote by X* the dual space
of X and by (-, -) the duality pairing between X* and X. The normal cone of
C C X atx € C is defined by

Ne(x) ={x*e X*: (x*,y—x) <0, VyeC}.

1.1.1  Continuity of Functions

Let X and Y be Hausdorff topological spaces. A function f is said to be contin-
uous at xo € X if for every open subset V of ¥, fFfWy={xeX: f(x) eV}
is a neighborhood of x¢. The function f : X — Y is continuous on a subset S
of X if it is continuous at every point of S.

1.1.2  Semicontinuity of Extended Real-Valued Functions

In the investigation about solving equilibrium problems, the notions of semicon-
tinuity and hemicontinuity on a subset play an important role. Various results on
the existence of solutions of equilibrium problems have been obtained without
the semicontinuity and the hemicontinuity of the bifunction on the whole do-
main, but just on the set of coerciveness.

Let X be a Hausdorff topological space. An extended real-valued function
f: X — Ris said to be lower semicontinuous at xo € X if for every € > 0, there
exists an open neighborhood U of x¢ such that

fx)=f(xo)—€e VxeU.

A function f : X — R is said to be upper semicontinuous at xo if — f is
lower semicontinuous at x.

We have considered extended real-valued functions in the above definitions
because such functions are more general and convenient in our study. As pointed
out by Rockafellar and Wets [155], considering such definitions for extended
real-valued functions is also convenient for many purposes of the variational
analysis.

A function f : X — R is said to be lower (resp., upper) semicontinuous on
a subset S of X if it is lower (resp., upper) semicontinuous at every point of S.
Obviously, if f is lower (resp., upper) semicontinuous on a subset S of X, then
the restriction fis: S — R of f on S is lower (resp., upper) semicontinuous
on S. The converse does not hold true in general.

Proposition 1.2. Let X be Hausdorff topological space, f : X — R a function
and let S be a subset of X. If the restriction fiy of f on an open subset U
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containing S is upper (resp., lower) semicontinuous on S, then any extension
of fiu to the whole space X is upper (resp., lower) semicontinuous on S.

Proposition 1.3. Let X be a Hausdorff topological space, f : X — R a function
and S a subset of X. Then,

1. The following conditions are equivalent
@) f is lower semicontinuous on S,
(b) for every a € R,

cdfxeX|f(x)<ahnNS={xeS|fx)=<a};
(c) for everya € R,
int(xeX | fx)>ahNS={xeS| fx)>al;

In particular, if f is lower semicontinuous on S, then the trace on S of any
lower level set of f is closed in S and the trace on S of any strict upper level
set of f is open in S.

2. The following conditions are equivalent
@) f is upper semicontinuous on S;
(b) for every a € R,

cdfxeX|fx)y=ahNS={xeS|f(x)=>a};
(c) for everya € R,
int(fxeX| fx)y<ahnNS={xeS|fx)<a}l.

In particular, if f is upper semicontinuous on S, then the trace on S of any
upper level set of f is closed in S and the trace on S of any strict lower level
set of f is openin S.

If X is a metric space (or more generally, a Fréchet-Urysohn space), then f
is upper (resp., lower) semicontinuous at x € X if and only if for every sequence
(xn), in X converging to x, we have

f () zlimsup f (xp)  (resp., f (x) <liminf f (),

n—-+400

where limsup f (x,) = infsup f (xx) and liminf f (x,) = sup inf f (xx).
n—+00 n k>n n— 400 n k>n

1.1.3 Hemicontinuity of Extended Real-Valued Functions

Let X be a normed vector space. An extended real-valued function f: X — E
is said to be hemicontinuous at xoy € X if the real-valued function ¢ : R — R
defined by ¢ (¢) = f(xp + €h) is continuous at the origin for every i € X.
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A hemicontinuous function at x¢ needs not be continuous at xo. For example,
the function f : R?> — R defined by

0OF+x3)
f()Cl,XQ): X lfxl #0
0 ifx; =0

is hemicontinuous and Géateaux differentiable at x = (x1, x2) = (0, 0), but not
continuous.

1.2 KKM LEMMA AND THE BROUWER'’S FIXED POINT
THEOREM

The equivalent statements of Knaster,! Kuratowski,? and Mazurkiewicz? (KKM
lemma) and Brouwer’s” fixed point theorem represent two of the most important
existence principles in mathematics. They are also equivalent to numerous, ap-
parently completely different, cornerstone theorems of nonlinear analysis (see,
for instance, [174], Chapter 77). In the sequel we provide a proof of the KKM
lemma by using Sperner’s’ lemma a combinatorial analogue of Brouwer’s fixed
point theorem, which is equivalent to it. Then, Brouwer’s fixed point theorem
will be deduced by KKM lemma (see [175]).

1.2.1 The Sperner’s Lemma

Let X be a real vector space. By an N-simplex with N > 1 we understand a set
S = conv{uy, ..., un}, where the vectors uy, ..., uy € X are affine independent,
i.e., the vectors u| — ug, ..., uy — ug are linear independent. By a k-face of S we
understand the convex hull of k + 1 distinct vertices of S, where k =0, 1, ..., N.

By a triangulation of S we mean a finite collection S, ..., Sy of N-simplices
S such that:

(i) S=Ui_,S;;
(i) if j #k, then S; NS =0 or S; N S is a common k-face, where k =
0,....,.N —1.

A standard example of triangulation of S is the so-called barycentric sub-
division described as follows. The vector b := ﬁ Zjvzo u; is called the
barycenter of S. The barycentric subdivision of the 1-simplex S = conv{ug, u}
is the collection of the following two simplices: So = conv{b, up} and S; =
conv{b, u}, where b is the barycenter of S. By induction, the barycentric sub-
division of an N-simplex with barycenter b is the collection of all N-simplices
conv{b, vy, ..., vy—1}, Where vy, ..., vy_1 are vertices of any N — 1-simplex ob-
tained by a barycentric subdivision of an N — 1-face of S.
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Let one of the numbers 0, 1, ..., N be associated with each vertex v of the
simplices S; introduced above, according to the following rule: if

v econviuy, ..., u;j }, k=0,..., N, (1.2)

then compulsorily one of the numbers g, ..., ix should be associated with v. S; is
called a Sperner simplex if and only if all of its vertices carry different numbers,
i.e., the vertices of S carry the numbers 0, ..., N.

Lemma 1.1. (E. Sperner [163]) For every triangulation satisfying the rule (1.2),
the number of Sperner simplices is odd.

Proof. First, let N = 1. Then, each §; is a 1-simplex (namely, a segment).
A O-face (vertex) of S; is called distinguished if and only if it carries the num-
ber 0. We have exactly the following two possibilities:

() S; has precisely one distinguished (N — 1)-face (namely, S; is a Sperner
simplex).

(ii) S; has precisely two or no distinguished (N — 1)-faces (namely, S; is not
a Sperner simplex).

But since the distinguished O-faces occur twice in the interior and once on the
boundary, the total number of distinguished O-faces is odd. Hence, the number
of Sperner simplices is odd.

Secondly, let N = 2. Then, S; is a 2-simplex. A 1-face (segment) of S; is
called distinguished if and only if it carries the numbers 0, 1. Then, conditions
(1) and (ii) from above are satisfied for N = 2. The distinguished 1-faces occur
twice in the interior. By (1.2), the distinguished 1-faces on the boundary are
subsets of conv{ug, u1}. It follows from the first step that the number of distin-
guished faces on conv{ug, u1} is odd. Thus, the total number of distinguished
1-faces is odd, and hence the number of Sperner 1-simplices is also odd.

Lastly, we use induction. Let N > 3. Suppose that the lemma is true for
N — 1. Then it is also true for N. This follows as above. In this connection,
an (N — 1)-face of S; is called distinguished if and only if its vertices carry the
numbers 0,1, ..., N — 1. O

1.2.2 KKM Lemma
Now we can prove the following result.

Lemma 1.2. (B. Knaster, C. Kuratowski, and S. Mazurkiewicz [109]) Let
S = conv{uy, ...,un} be an N-simplex in a finite dimensional normed space X,
where N =0, 1, .... Suppose that we are given closed sets Cy, ..., Cy in X such
that

conviuiy, .. ui ) S UK _oCi (1.3)

for all possible systems of indices {ig,...,ix} and all k = 0,...,N. Then
NILCj #0.
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Proof. For N =0, S consists of a single point, and the statement is trivial. Now,
let N > 1.

First of all, consider a triangulation S, ..., Sy of S. Let v be any vertex
of §j, j=1,...,J, where

v € conv{u,, ..., u; } forsome k=0, ..., N. (1.4)

By (1.3), there is a set Cy such that v € Cy.

We associate the number k with the vertex k. It follows from Lemma 1.1 that
there is a Sperner simplex S; whose vertices carry the numbers 0, ..., N. Hence,
the vertices v, ..., vy of S; satisfy the condition vy € Cy forall k =0, ..., N.

Now, consider a sequence of triangulation of the simplex S such that the
diameters of the simplices of the triangulation go to zero. For example, one can
choose a sequence of barycentric subdivisions of S.

Following the reasoning above, there are points:

v €y forallk=0,...,Nandn=1,2,.., (1.5)
such that
lim diamconv{v_", ..., v’} =0. (1.6)
n—o00

Since the simplex S is compact, there exists a subsequence, again denoted

by (v,E")), such that vf") —vasn—>ooandv e S.

By (1.6), v,i") —vasn—ooforallk=0,...,N.
Since the set Cy is closed, this implies that v € Cy, forallk =0, ..., N. O

1.2.3 Brouwer’s Fixed Point Theorem

A fixed point of a function f : X — X is a point x € X satisfying f(x) = x. One
of the most famous fixed point theorems for continuous functions was proven
by Brouwer and it has been used across numerous fields of mathematics. This
property is stated in the following theorem.

Theorem 1.1. Every continuous function f from a nonempty convex compact
subset C of a finite dimensional normed space X to C itself has a fixed point.

Proof. Let us observe first that every nonempty convex compact subset C C X
is homeomorphic to some N-simplex S in X with N =0, 1, ... (see, for instance,
Zeidler [175], Section 1.13, Proposition 9). Thus, it is enough to prove that every
continuous function f : S — S has a fixed point, where S is an N-simplex, with
N=0,1,...

For N = 0, the statement is trivial and for N = 1, the proof is provided by
the following simple argument. Let f : [a, b] — [a, b] be a continuous func-
tion and set g(x) := f(x) — x, for all x € [a, b]. Since f(a), f(b) € [a, b], we
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get that f(a) > a and f(b) <b. Hence g(a) > 0 and g(b) < 0, then apply the
intermediate-value theorem to conclude that the continuous real function g has
a zero, say u € [a, b], i.e., g(u) = 0. Hence f(u) = u.

Now, let N =2. Then, S = conv{ug, u, uz}, i.e., S is a triangle. Each point
u in S has the representation

u = ap)ug + oy @uy + az(uus, (L.7)
where
O0<ap,aj,ar <1, and g + ;] +ap =1. (1.8)

With u — ug = a1 () (u1 — uo) + a2 (u)(ur — ug) and ag(u) =1 — oy (u) —
as(u), it follows from the linear independence of u; — ug, uy — ug, that the
barycentric coordinates oo (u), 1 (1) and oz (1) of the point u are uniquely deter-
mined by u and depend continuously on u, by [175], Section 1.12, Proposition 5.
We set

Ci={ueS:a;(f(u)<aju))}

for j =0,1,2.
Since «(-) and f are continuous on S, the set C; is closed. Furthermore,
the crucial condition (1.3) of Lemma 1.2 is satisfied, i.e.,

conviuyy, ..., u, ) SUk _0Ci s k=0,1,2. (1.9)

In fact, if this is not true, then there exists a point u € conv{u;, ..., u;, } such
thatu ¢ U _C;, . ie.,
o, (f(u)) > a;, (u), forallm =0, ...,k and some k =0, 1, 2. (1.10)

This is a contradiction to (1.8).
Moreover, if we renumber the vertices, if necessary, condition (1.10) means
that:

aj(f@)>aj)forall j =0, ...,k and some k =0, 1, 2. (1.11)
In addition, since u € S and f(u) € S, it follows from (1.8) that
ao(u) +oay(m) +ax(m) =1, ao(f () +a1(f) +a(fw)=1. (1.12)

For k = 2, relation (1.11) is impossible, by (1.12). If k =1 or k = 0, then
u € conv{ug, u1} or u € conv{ug} and hence ap(u) =0 or a1 (1) = a2(u) =0,
respectively. Again, (1.11) contradicts (1.12).

Lemma 1.2 tells us now that there is a point v € S such that v € C; for all
Jj=0,1,2. This implies o (f (v)) < o (v) forall j =0,1,2.
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According to (1.12) with u = v, we get o;(f(v)) =« (v) for j =0,1,2,
and hence f(v) = v. Thus, v is the desired fixed point of f in the case where
N=2.

If N > 3, then use the same argument as for N = 2 above. O

1.3 ELEMENTS OF SET-VALUED ANALYSIS
1.3.1 Semicontinuity of Set-Valued Mappings

We denote by F': X = Y a set-valued mapping from X to Y, where X and Y
are topological spaces. The graph of F is the set

grph (F) ={(x,y) e X x Y |y € F (x)}.
For a subset B of Y, we define
F-(B)={xeX|Fx)NB#0}
the lower inverse set of B by F. We also define
FT(B)={xeX|F (x)C B}

the upper inverse set of B by F. The upper inverse set of B by F is called
sometimes the core of B. It is easily seen that for every subset B of Y, we have

Ft(B)=X\F (Y\B).

This characterization provides an important relation between lower and upper
inverse sets.

A set-valued mapping F : X =2 Y is said to be upper semicontinuous at a
point xg € X if it is continuous at xop € X as a function from X to the set of
subsets of Y endowed with the upper Vietoris topology. That is, F is upper semi-
continuous at xg € X if whenever V is an open subset of Y such that F (xg) C V,
the upper inverse set F™ (V) of V by F is a neighborhood of x.

For a set-valued mapping F : X = Y with closed values, F is upper semi-
continuous at xo € X if forall x,, € X, yp € Y, and y, € Y with lim,— o0 X, = X0
and lim,,— 0 Y, = Y0, it follows that yg € F (xp).

By analogy, a set-valued mapping F : X =2 Y is said to be lower semi-
continuous at a point xo € X if whenever V is an open subset of Y such that
F (xg) NV # @, the lower inverse set F~ (V) of V by F is a neighborhood
of xp. It turns out that F is lower semicontinuous at xo € X if and only if F is
continuous at xg € X as a function from X to the set of subsets of ¥ endowed
with the lower Vietoris topology.

Equivalently, F : X =2 Y is lower semicontinuous at xo € X if and only if for
all x, € X with x, — x¢ and for every yo € F(xp), there is a subsequence (x,)
of (x,) and there exists yx € F(x,,) such that y; — yo.
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Within the literature we also can find the term “upper/lower hemicontinuos”
for the above concepts.

A set-valued mapping F : X =2 Y is said to be continuous at a point xg € X
if it is lower and upper semicontinuous at xg € X.

The set-valued mapping F is said to be lower semicontinuous on X if it is
lower semicontinuous at every point of X. The continuity and upper semiconti-
nuity on the space X are defined in the same manner. Clearly, F is lower (resp.,
upper) semicontinuous on X if and only if the lower (resp., upper) inverse set of
any open subset V of Y is open.

We say that a set-valued mapping F : X =2 Y is lower semicontinuous (resp.,
upper semicontinuous, resp., continuous) on a subset S of X if it is lower semi-
continuous (resp., upper semicontinuous, resp., continuous) at every point of S.

The following result shows how easy is to construct lower (resp., upper)
semicontinuous set-valued mappings on a subset without being lower semicon-
tinuous on the whole space. It is easy to prove.

Proposition 1.4. Let X and Y be two topological spaces, F : X =Y a set-
valued mapping and let S be a subset of X. If the restriction Fjy : U =Y of F
on an open subset U containing S is lower (resp., upper) semicontinuous, then
any extension of Fiy to the whole space X is lower (resp., upper) semicontinu-
ous on S.

For a subset S of X, we denote respectively by cl (S) and int (S), the closure
and the interior of S with respect to X.

The following lemma provides us with a characterization of lower and upper
semicontinuity of set-valued mappings on a subset.

Proposition 1.5. Let X and Y be two topological spaces, F : X = Y a set-
valued mapping and let S be a subset of X. Then, the following statements hold.

1. The following conditions are equivalent
@) F is lower semicontinuous on S;
(b) for every open subset V of Y, we have

F~-(V)NS=int(F~(V))NS;
(c) for every closed subset B of Y, we have
FY(B)NS=cl(F"(B))NS.

In particular, if F is lower semicontinuous on S, then F~ (V)N S is open
in S for every open subset V of Y, and F* (B) N S is closed in S for every
closed subset B of Y.

2. The following conditions are equivalent
(@) F is upper semicontinuous on S;
(b) for every open subset V of Y, we have

Fr(V)ynS=int(F*(V))NS;
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(c) for every closed subset B of Y, we have
F~(B)NS=cl(F~(B))NS.

In particular, if F is upper semicontinuous on S, then F* (V)N S is open
in S for every open subset V of Y, and F~ (B) N S is closed in S for every
closed subset B of Y.

Proof. Since the second statement is similar to the first one, we state only the
case of a lower semicontinuous set-valued mapping.

Assume first that F is lower semicontinuous on S and let V be an open
subset of Y. Then, for every x € F~ (V)N S, F~ (V) is a neighborhood of x
which implies that x € int (F_ (V)). Thus, (1a) = (1b).

To prove (1b) = (lc), let B be a closed subset of ¥ and put V=Y \ B
which is open. By the properties of lower and upper inverse sets, we have

c(FT(B)NS=(X\(int(X\ F'(B))))NS
=(X\ (int(F-(W)))NnS
=S\ (int(F~ (V)) N 5)
=S\ (F~(V)NS)
=(X\(F-("))nsS
=F"(B)NS.

To prove (lc)= (la), let x € S and V be an open subset of Y such that
F (x) NV # @. It follows that x € F~ (V) and then, x ¢ F' (B) where B =
Y\ V. Since FT(B)N S =cl(F"(B)) NS, it follows that x ¢ cl(FT (B))
which implies that x € int (X \ FT (B)) =int (F_ (V)). Therefore F~ (V) is a
neighborhood of x. O

It is worthwhile noticing that based on the notion of lower and upper limit
of nets of subsets in the sense of Kuratowski-Painlevé convergence, the lower
and upper semicontinuity of set-valued mappings can be also characterized by
means of nets. Although, these characterizations are important in many studies,
we will not follow this approach in our proofs, but make use of the techniques
developed in Proposition 1.5, which are based only on lower and upper inverse
sets.

1.3.2 Selections of Set-Valued Mappings

Let X and Y be topological spaces and assume that F : X =3 Y is a set-valued
mapping. The lower section of F at'y € Y is the lower inverse set of the singleton
{y} by F, namely

F-(y)={xeX|yeF)}
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Notice that a set-valued mapping with open graph has open lower sections
and, in turn, if it has open lower sections then it is lower semicontinuous.

A fixed point of set-valued mapping F' : X =% X is a point x € X satisfying
x € F(x). The set of fixed points of F' is denoted by Fix (F).

The following result is known in the literature as the Kakutani® fixed point
theorem and it generalizes the Brouwer fixed point theorem in a straightforward
way. This result has found wide applicability in economic theory, in the theory
of games and in competitive equilibrium.

Theorem 1.2. For any given positive integer n, let X be a nonempty, closed,
bounded and convex subset of R". If F is a convex-valued self-correspondence
on X that has a closed graph, then F has a fixed point, that is, there exists x € X
such that x € F(x).

The requirement of the closed graph property in the statement of Kaku-
tani’s fixed point theorem can be replaced with upper semicontinuity when F
is closed-valued.

A selection of a set-valued mapping F : X =3 Y is a function f : X — Y such
that f(x) € F(x) for all x € X. The axiom of choice guarantees that set-valued
mappings with nonempty values always admit selections, but they may have no
additional useful properties. Michael [126] proved a series of theorems on the
existence of continuous selections that assume the condition of lower semicon-
tinuity of set-valued mappings. One of these results is stated in the following
theorem.

Theorem 1.3. Every lower semicontinuous set-valued mapping F from a metric
space to R with nonempty convex values admits a continuous selection.

Collecting the Brouwer fixed point theorem and the Michael selection the-
orem, we deduce the following fixed point result for lower semicontinuous
set-valued mappings.

Corollary 1.1. Every lower semicontinuous set-valued mapping F from a
nonempty convex compact subset C C R" to C itself with nonempty convex val-
ues has a fixed point.

Notice that, unlike the famous Kakutani fixed point theorem in which the
closedness of grph (F) is required, in Corollary 1.1 the lower semicontinuity of
the set-valued map is needed. No relation exists between the two results as the
following example shows.

Example 1.1. The set-valued mapping F : [0, 3] =2 [0, 3] defined by
{1} if0<x<l1

Fx):=1{(1,2) ifl<x<2
(2} if2<x<3



Preliminaries and Basic Mathematical Tools Chapter | 1 13

is lower semicontinuous and the nonemptiness of Fix (F) is guaranteed by
Corollary 1.1. Notice that Fix (F) = [1, 2]. Nevertheless the Kakutani fixed
point theorem does not apply since grph (F) is not closed.

On the converse, the set-valued mapping F : [0, 3] =2 [0, 3] defined by

{1} if0<x <1
F(x):=111,2] ifl<x<?2
{2} if2<x<3

has closed graph and the nonemptiness of Fix (F') is guaranteed by the Kaku-
tani fixed point theorem. Again, we have Fix (F) = [1, 2]. Since F is not lower
semicontinuous, Corollary 1.1 cannot be applied.

1.3.3 Elements of Convex Analysis

The notions of convexity and concavity of set-valued mappings have been con-
sidered in the literature as a generalization of convexity and concavity of real
single-valued mappings. However, these notions are not limited to real set-
valued mappings and so, they are not really adapted and very general. Applied
to real single-valued mappings, they are in fact too stronger than the convexity
and concavity and produce a sort of “linearity on line segments”.

We will use the following notions of convexity of functions and set-valued
mappings defined on real topological Hausdorff vector spaces.

Let X be a real topological Hausdorff vector space and D a (non necessarily
convex) subset of X.

1. A function f: D — R is said to be
(@) convex on D if for every finite subset {xi,...,x,} C D and
{A1,..., A} CRy suchthat )7 A; =1and )/, A;x; € D, then

f (Zlixi) <D hif ()
i=1 i=1

(b) concave on D if — f is convex on D.
2. A set-valued mapping F : D =% R is said to be
(@) convex on D if for every finite subset {xi,...,x,} C D and
{A, ..., Ap} CRy suchthat ) " _;A; =1and > i, Ajx; € D, then

n n
F (Z}\,-xi) 5 MF (x)
i=1 i=1

where the sum denotes here the usual Minkowski sum of sets;
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(b) concave on D if instead of the last inclusion, the following holds

F (ZK,‘X,‘) C ZX,‘F()C,‘).
i=1 i=1

Note that the notion of convex set-valued mappings on the whole space X
has been already considered in the literature. One can easily verify that a set-
valued mapping F : X =2 R is convex on X if and only if its graph is convex.

We say that a function f : D — R is quasi-convex on D if for every fi-
nite subset {x1,...,x,} C D and {A1,...,1,} CRy suchthat) ! ,1; =1 and
Yo' i Aix; € D, then

f <Z)\ixi) Si:Hllaan(xi)~

i= /7

In what follows, let C be a convex subset of X. We first introduce the
notion of convexly quasi-convexity for real set-valued mappings which general-
izes both the convexity of set-valued mappings and the quasi-convexity of real
single-valued mappings.

A set-valued mapping F : C =2 R is said to be convexly quasi-convex on C
if whenever {xi,...,x,} C C and {Aq,...,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| Aix;) such that

z<max{z;:i=1,...,n}.
ForLeR,weset[F <\A]l:={xeC: F(x)N]—o0, A] # 0}.

Proposition 1.6. Let C be a nonempty and convex subset of a real topological
Hausdorff vector space. A set-valued mapping F : C =2 R is convexly quasi-
convex on C if and only if the set [F < )] is convex, for every A € R.

Proof. Let L € R. Let {x1,...,x,} C[F <A] and {A{,...,1,} C Ry be such
that Z?:l A =1.Foreveryi =1,...,n, choose z; € F (x;) N ]—o0, A]. Since
F is convexly quasi-convex, let z € F (Zf': 1 Aixi) be such that

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

Then z < A, and therefore Y /| A;x; € [F < Al.

Conversely, let {x{,...,x,} € C and {A1,...,A,} C Ry be such that
Yo' A = 1. Take {zi,...,z,} with z; € F (x;), for every i = 1,...,n. Put
A=max{z;:i=1,...,n} € R. We have x; € [F <A], foreveryi =1,...,n.
By convexity of [F <], it follows that Z?Zl)\ix,' € [F < A] which means
that there exists z € F (3_/_; A;x;) such that z < A. We conclude that z <
max{z;:i=1,...,n}. I
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Now, we introduce the notion of concavely quasi-convexity for real set-
valued mappings which generalizes both the concavity of set-valued mappings
and the quasi-convexity of real single-valued mappings.

A set-valued mapping F : C = R will be said concavely quasi-convex on
C if whenever {x1,...,x,} C C and {Aq, ..., A,} C R4 such that Z?Zl ri=1,
then for every z € F (Z?:l Aixi), there exist {z1, ..., z,} with z; € F (x;) for
every i =1,...,n such that

z<max{z;:i=1,...,n}.
ForLeR,weset[F CAl:={xeC: F(x) C]—o0, Al}.

Proposition 1.7. Let C be a nonempty and convex subset of a real topologi-
cal Hausdorff vector space. If a set-valued mapping F : C = R is concavely
quasi-convex on C, then the set [ C A] is convex, for every A € R.

Proof. Let A € R. Let {x1,...,x,} C[F CA] and {Aq1,...,A,} C Ry be such
that 7, A; = 1. Take z € F (3" Aix;). Since F is concavely quasi-convex,
let z; € F (x;) foreveryi =1, ..., n be such that

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

Since max{zj:i=1,...,n} <A and z is arbitrary in F (}>_/_, A;x;), then
Z?:l rixi € [F CAL |

Note that, if f is a real single-valued mapping, then [ f <] =[f S 1], for
every A € R. We have the following result.

Proposition 1.8. Let C be a nonempty and convex subset of a real topologi-
cal Hausdorff vector space. For a real single-valued mapping f : C — R, the
following conditions are equivalent

1. f is quasi-convex on C,
2. f is convexly quasi-convex on C,
3. f is concavely quasi-convex on C.

Example 1.2. Consider a quasi-convex function f : R — R which is not con-
vex, and let F : R =2 R be the set-valued mapping defined by F (x) :={f (x)},
for every x € R. As mentioned before, f is identified to F in our purpose. By
Proposition 1.8, F is convexly quasi-convex and concavely quasi-convex single-
valued mapping, but it is neither convex nor concave in the sense of set-valued

mapping.

We introduce in what follows a suitable notion of denseness. Let X be a
real topological Hausdorff vector space. For x, y € X, we denote the closed line
segment in X with the endpoints x and y by

[x,y]={ax+d =1yl re[0,1]}.
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Let V be a convex subset of X. A subset U of V is said to be self-segment-dense
setin V if

1. VCclU);
2. forevery x,y e U, [x,y] Ccl([x,y] N U).

The importance of the notion of self-segment-dense set has been highlighted
in [115] and especially for dimensions greater than one. The following result
(see [115, Lemma 3.1]) has been also obtained and it is important in the sequel.
It is valid in the settings of Hausdorff locally convex topological vector spaces
since the origin has a local base of convex, balanced, and absorbent sets.

Lemma 1.3. Let X be a Hausdorf{f locally convex topological vector space, V a
convex set of X and let U C V a self-segment-dense set in V. Then, for all finite
subset {x1,...,x,} CU, we have

cl(conv{xy,...x,} NU) =conv{xy,...x,}.

NOTES

1. Bronislaw Knaster (1893—-1980) was a Polish mathematician; from 1939 a university professor in
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cutting.
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University of Warsaw.
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1912 at Cambridge, UK.
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was a student at Carolinum in Nysa and then Hamburg University where his advisor was Wilhelm
Blaschke. He was appointed Professor in Konigsberg in 1934, and subsequently held posts in a
number of universities until 1974.

6. Shizuo Kakutani (1911-2004) was a Japanese mathematician who contributed to many subfields,
from functional analysis to stochastic processes and topological groups. He received two awards
of the Japan Academy, the Imperial Prize, and the Academy Prize. Kakutani was a Plenary
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e The chapter is devoted to an overview of the equilibrium problem and some of its

versions.

e There are discussed several classes of inequality and equilibrium problems and their

relationship.

e The content of this chapter is at the interplay between equilibria, optimization, and

nonlinear analysis.

2.1 THE EQUILIBRIUM PROBLEM AND ITS VARIANTS

In 1972, Ky Fan' [74] established the existence of solutions for an inequality
which, along the years, has shown to be a cornerstone result of nonlinear analy-
sis. Let us reproduce this result in its dual form:

Equilibrium Problems and Applications. https://doi.org/10.1016/B978-0-12-811029-4.00010-9

Copyright © 2019 Elsevier Inc. All rights reserved.

17


https://doi.org/10.1016/B978-0-12-811029-4.00010-9

18 Equilibrium Problems and Applications

Theorem 2.1. Let X be a Hausdorfftopological vector space and K a nonempty
compact convex subset of X. Suppose that f : K x K — R satisfies the following
conditions:

1. f(x,x)>0forallx € K;
2. Foreachx € K, f(x,.) is quasi-convex;
3. Foreachy € K, f(.,y) is upper semicontinuous.

Then there exists x* € K such that f(x*,y) >0 Vy e K.

The problem itself was called minimax inequality by Ky Fan, but nowa-
days it is widely known within the literature as equilibrium problem. It plays a
very important role in many fields, such as variational inequalities, game theory,
mathematical economics, optimization theory, and fixed point theory. Although
most of the authors claim that the term “equilibrium problem” was first coined
by Blum and Oettli [42] in 1994, in fact it appeared two years earlier in the pa-
per of Muu and Oettli [133], where three standard examples of (EP) have been
considered: the optimization problems, the variational inequalities, and the fixed
point problems. Further particular cases like saddle point (minimax) problems,
Nash equilibria problems, convex differentiable optimization, and complemen-
tarity problems have been studied in the aforementioned article [42].

We formulate the (scalar) equilibrium problem (abbreviated (EP)), in a more
general way, as follows. Let A and B be two nonempty setsand f: A x B — R
a given function. The problem consists on finding an element a € A such that

f(a,b)>=0, VbeB. 2.1)

The element a satisfying (2.1) is called equilibrium point of f on A x B.

(EP) has been extensively studied along the years (see, e.g., [12,22,82,92,93,
95,101] and the references therein).

Recently, the study of equilibrium problems has been extended from scalar
to the vector case (see, for instance, [83] for a collection of articles focusing
in this direction). To formulate this problem, let Y be a real topological vector
space and C be a proper convex cone in Y with intC # ¢, where intC denotes the
topological interior of C. For a vector-valued function f : A x B — Y, the weak
vector equilibrium problem (abbreviated (WVEP)) (see, for example, [83]) is to
find a € A such that

f(a,b) ¢ —intC forallb e B, 2.2)

and the strong vector equilibrium problem (abbreviated (SVEP)) (see, for exam-
ple, [14,40]) is to find a € A such that

f(a,b) ¢ —C\ {0} forallbe B. 2.3)

To obtain a more general problem which contains (WVEP) and/or (SVEP) as
special cases, some authors considered set-valued maps (bifunctions) instead of
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(single-valued) vector bifunctions. Let F': A x B =2 Y. Itis clear that in this way
there are four possibilities to define a set-valued equilibrium problem (some au-
thors also called generalized vector equilibrium problem, see, for instance, [15]
and the references therein). Namely, the two weak versions are: find a € A such
that

F(a,b) C Y\ (—intC) forallb € B, 2.4)
and
F(a,b)N (Y \ (—intC)) # ¢ forall b € B, (2.5)
while the two strong versions can be written as: find a € A such that
F(a,b) CY\ (—C\({0}) forall b € B, (2.6)
and
F(a,b)Nn (Y \(—C\{0}))# @ forall b e B. 2.7

It is obvious that the above four variants of the set-valued equilibrium prob-
lems are related: namely, any solution of (2.4) is also a solution of (2.5), while
any solution of (2.6) is also a solution of (2.7). Furthermore, the strong versions
imply the corresponding weak versions: any solution of (2.6) is also a solution
of (2.4), while any solution of (2.7) is also a solution of (2.5). Note that if F
is single-valued, (2.4) and (2.5) collapse into (WVEP), while (2.6) and (2.7)
collapse into (SVEP).

2.2 SOME IMPORTANT SPECIAL CASES OF EQUILIBRIUM
PROBLEMS

In this section we focus on the most important particular cases of the equilibrium
problem.

2.2.1 The Convex Minimization Problem

We start with a simple, but very important particular case of (EP). Let X be a
topological vector space and & : X — R U {400} be a convex, lower semicontin-
uous and proper function. The convex minimization problem (CMP) is defined
as:

find x € X such that h(x) <h(y) forall y € X. (2.8)

Ifwetake A=B:={xeX: h(x) <+oo}and f:AXx A—>R, f(x,y):=
h(y) — h(x) for all x, y € A, then X is a solution of (CMP) if and only if x is a
solution of (EP).
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2.2.2  The Fixed Point Problem for Set-Valued Maps

Assume that X is a Hilbert space with inner product (-, ), and let 7 : X = X
be an upper semicontinuous set-valued mapping such that 7 (x) is a nonempty,
convex, weakly compact subset of X for each x € X. The fixed point problem
(FPP) is defined as:

find x € X such that x € T(x). (2.9)

If we take f: X x X — R, f(x,y) := maxyerx){x —u,y — x) for all
x,y € X, then x is a solution of (FPP) if and only if x is a solution of (EP).

Indeed, observe first that f is well defined, since for every x,y € X the
function u — (x — u,y — x) is affine and continuous, hence weakly upper
semicontinuous. Thus, the maximum exists on the weakly compact set T (x)
according to Weierstrass theorem. If x is a solution of (EP), denoting by u the
corresponding maximum point, we have that (x —u,y — x) >0 for all y € X.
Since X is the whole space, in particular x is an interior point of X, a stan-
dard argument shows that x = i, i.e., x € T (x). Conversely, if x is a solution of
(FPP), then foreach y € X, 0 = (X — X,y — X) < maxyer(z){X —u,y — X), i.e,
X is a solution of (EP).

2.2.3 The Complementarity Problem

Let X be a topological vector space, K C X a closed convex cone and K* :=
{x € X*: (x,y) >0 for all y € K} its dual cone, where X* is the topological
dual space of X with (-, -) the duality pairing. Let T : K — X™* be an operator.
The complementarity problem (CP) is defined as:

find x € K such that T(x) € K*, (T(x),x)=0. (2.10)

Ifwetake f: K x K - R, f(x,y):=(T(x),y —x) forall x, y € K, then x is
a solution of (CP) if and only if x is a solution of (EP).

Indeed, suppose that x € K is a solution of (EP). By taking first y =
2x € K, then y =0 € K, we obtain that (T (x),x) = 0. On the other hand,
0<(T(x),y—x)=(T(x),y), for all y € K, hence T(x) € K*, thus X is a
solution of (CP). The reverse implication is trivial.

2.2.4 Nash Equilibrium of Noncooperative Games

Consider n-players called 1, 2, ..., n and assume that the set of pure strategies
(also called actions) of player i is given by some nonempty set X; for i =
1,2,...,n.Let X := X x X» x ... x X;; and consider the functions #; : X — R,
i =1,2, ..., n called the payoff functions of players 1, 2, ..., n, respectively. The
n-person noncooperative game consists on the following:

(i) player 1 chooses an element x| € X1, player 2 chooses an element x; € X5,
..., player n chooses an element x,, € X,,, each independently on the others;



An Overview on Equilibrium Problems Chapter | 2 21

(ii) player 1 gains the amount % (x1, x2, ..., X,,), player 2 gains the amount
ha(x1, x2, ..., X3), ..., player n gains the amount A, (x1, x2, ..., X,).

The n-tuple (x1,x2,...,x,) € X is called Nash equilibrium point of
hi,hy,...,h,on X ifforalli=1,2,...,n

hl(£]5 "'7~ii7]ail‘5il‘+17 --"in) 2 hl(~£17 "‘7~ii717xi7~)zi+]’ "'7')En)7 Vxl € Xl‘
@2.11)

In this way it is clear that x; € X; is the optimal action (pure strategy) for
playeri (i =1, 2, ...,n)if and only if (X1, X2, ..., X,;) is a Nash equilibrium point
of hy, hy, ..., h,. Let us see how can we relate the problem of finding a Nash
equilibrium point to (EP).

Define f : X x X — R as follows: for arbitrary x = (x1, ..., x,) and y =
(1, .y yn) in X, let

n
FO ) =Y ThGL, o Xi o1y Xy Xig 1 ooy X)) =R (X1, o Xi 1, Vi Xig 15 ooy ).

i=1

Then it is easy to see that X = (X1, ..., X,) is an equilibrium point of f if and
only if it is a Nash equilibrium point for the functions hy, ..., h,. Indeed, if
x = (X1, ..., Xp) is an equilibrium point, then for arbitrarily fixed j € {1, ..., n}
and y; € X; by substituting the element y = (X1, ..., Xj—1, ¥j, Xj41, ..., X) into
the relation (2.1), we obtain

R (RLy vy ot Ko Koty wees Kn) = R (F L oy Fjmts Vi Kol oens Tn)

i.e., X is a Nash equilibrium point of &, ..., h;.
The reverse implication follows immediately by summing up the inequali-
ties (2.11) fori =1, ..., n.

2.2.5 The Saddle Point/Minimax Problem of Noncooperative
Games

In this subsection we focus on another particular case of (EP), namely the sad-
dle point problem related to a bifunction. We emphasize two domains where the
saddle point (minimax) problem has a crucial role: two person zero sum nonco-
operative games and duality in optimization. Both are important in many applied
fields of mathematics, we mention here only economics and engineering. The
first is a special case of n-person noncooperative games discussed within the
previous subsection. As it turns out, the optimal strategies of both players are
related to the concept of saddle point of a given bifunction. Therefore, we start
with defining this notion.

Let X, Y be two nonempty sets and /# : X x ¥ — R be a given bifunction.
The pair (x, y) € X x Y is called a saddle point of h on the set X x Y if

h(x,y) <h(x,y) <h(x,y), V(x,y) e X x Y. (2.12)
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The next proposition provides a characterization of saddle points in terms of

minmax and maxmin of 4.

Suppose that for each x € X there exists minycy 2(x, y), and for each y € ¥

there exists max,ex i (x, ¥). Then we have the following result.

Proposition 2.1. f admits a saddle point on X x Y if and only if there exist

max,ex Minyey f(x, y) and minycy maxyex f(x,y) and they are equal.

Proof. Suppose first that 4 admits a saddle point (x, y) € X x Y. Then by rela-

tion (2.12) one obtains

minh(x,y) <h(x,y) <h(x,y)=minh(x, y), Vx € X
yey yey

and
maxh(x,y) > h(x,y) > h(x,y) =maxh(x,y), Vy €Y.
xeX xeX
Therefore,
min/A(x, y) = maxminh(x, y)
yey xeX yeyYy
and

max i(x, y) = minmaxh(x, y),
xeX yeY xeX
and both equal to /(x, y). For the reverse implication take x € X such that

min/(x, y) = maxminh(x, y)
yeY xeX yeY

and y € Y such that

h h
max x,y)= ml;lma))(( (x,y).

Then by our assumption we obtain

mlnh(x y) =maxh(x,y),
yeY xeX

therefore, in the obvious relations

minh(x, y) < h(x,y) < maxh(x, y)
yey xeX

one obtains equality in both sides. This completes the proof.

O

Remark 2.1. Observe that, for arbitrary nonempty sets X, Y and function

h:X x Y — R, the inequality

sup inf A(x, y) < inf sup i(x, y)

xeX Y€ YeY xex
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always holds. Therefore,

maxmin/(x, y) < minmaxh(x, y)
xeX yeY yeY xeX

holds either, provided these two values exist.

One of the main issues in minimax theory is to find sufficient and/or neces-
sary conditions for the sets X, Y and function /&, which guarantee the reverse
inequality. Such results are called minimax theorems.

As stressed at the beginning of this subsection, minimax theorems or, in
particular, results on existence of a saddle point, are important in many applied
fields of mathematics. One of them is the noncooperative game theory which
will be discussed below. For more details, see [98].

(a) Two-Player Zero-Sum Games

To introduce a static two-player zero-sum (noncooperative) game and its
relation to a minimax theorem we consider two players called 1 and 2 and as-
sume that the set of pure strategies (also called actions) of player 1 is given
by some nonempty set X, while the set of pure strategies of player 2 is given
by a nonempty set Y. If player 1 chooses the pure strategy x € X and player 2
chooses the pure strategy y € Y, then player 2 has to pay player 1 an amount
h(x,y) with h : X x Y — R a given function. This function is called the pay-
off function of player 1. Since the gain of player 1 is the loss of player 2 (this
is a so-called zero-sum game) the payoff function of player 2 is —h. Clearly
player 1 likes to gain as much profit as possible. However, at the moment he
does not know how to achieve this and so he first decides to compute a lower
bound on his profit. He argues as follows: if he decides to choose action x € X,
then it follows that his profit is at least infyey /2 (x, ¥), irrespective of the action
of player 2. Therefore a lower bound on the profit for player 1 is given by

Ty 1= Sup,cx infyey A(x, y). (2.13)

Similarly player 2 likes to minimize his losses but since he does not know how to
achieve this he also decides to compute first an upper bound on his losses. To do
so, player 2 argues as follows. If he decides to choose action y € Y, it follows
that he loses at most sup, .y /(x, y) and this is independent of the action of
player 1. Therefore an upper bound on his losses is given by

r* :=infyey sup, .y h(x, y). (2.14)

Since the profit of player 1 is at least r, and the losses of player 2 is at most
r* and the losses of player 2 are the profits of player 1, it follows directly that
r« < r*. In general r, < r*, but under some properties on the pure strategy sets
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and payoff function one can show that r, = r*. If this equality holds and in
relations (2.13) and (2.14) the suprema and infima are attained, an optimal strat-
egy for both players is obvious. By the interpretation of r, for player 1 and the
interpretation of r* for player 2 and r* = r, := v both players will choose an
action which achieves the value v and so player 1 will choose that action xo € X
satisfying

infyey h(xg, y) = maxyex infyey h(x, y).
Moreover, player 2 will choose that strategy yo € Y satisfying
Sup,ex 1 (x, yo) = minyey sup,cx h(x, y).

Another field, where the concept of saddle point plays an important role, is
the so-called duality in optimization.

(b) Duality in Optimization

Let X be a nonempty subset of R?, F : R” — R and G : R” — R™ be given
functions. For K a nonempty convex cone of R”, define the following optimiza-
tion problem

v(P):=inf{F(x): G(x) e =K, x € X}. (2.15)

This (general) problem has many important particular cases.

The optimization problem with inequality and equality constraints. Let X :=R",
K = Ri X {Ogm-p}, where 1 < p < m, and Ogm-p denotes the origin of the
space R” 7. Then problem (2.15) reduces to the classical optimization problem
with inequality and equality constraints

inf{F(x): Gi(x)<0,i=1,2,...,p,Gj(x)=0,j=p+1,..,m}.
The linear programming problem. Let
X :=R%, K:={Opn}, F(x):=c'x, G(x) 1= Ax — b,

where A is a matrix with m rows and n columns (with all entries real numbers),
¢ € R" and b € R™ are given elements. Then (2.15) reduces to the following
linear programming problem

inf{ch : Ax=b, x >0}.

The conical programming problem. Let K C R" be a nonempty convex cone,
let X := b+ L C R", where L is a linear subspace of R”, and let F(x) :=c’x,
G (x) := x. Then we obtain the so-called conical programming problem

infc"x:xeb+ L, xe—K)}.
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Denote by JF the feasible set of problem (2.15), i.e., the set
{x € X: G(x) € —K}. The problem

V(R) :=inf{Fg(x): x € Fr}

is called a relaxation of the initial problem (2.15), if F € Fg and Fg(x) < F(x)
for each x € F. It is obvious that v(R) < v(P). Next we show a natural way to
construct a relaxation of problem (2.15). Let A € R, and consider the problem

inf{F(x) +ATG(x): x € X}.

Clearly F € X and F(x) + 2TG(x) < F(x) for each x € F if and only if
ATG(x) <0 for each x € F. Let K* :={y e R" : yT'x >0, Vx € K} be the
dual cone of K. Now it is clear that A € K* implies ATG(x) < 0, for each
x € F. Define the (Lagrangian) function L : X x K* — R by L(x,A) :=
F(x) + AT G(x) and consider the problem

O(A) :=inf{L(x, 1) : x € X}. (2.16)
Clearly (1) < v(P) for each A € K*, and therefore we also have

sup (%) < v(P),
reK*

hence
sup inf L(x,A) < inf F(x). 2.17)
reK* xeX xeF

By this relation it follows that the optimal objective value v(D) of the dual
problem

v(D) :=sup{#(X): A € K*}

approximates from below the optimal objective value v(P) of the primal prob-
lem (2.15). Both from theoretical and practical point of view, an important issue
is to establish sufficient conditions in order to have equality between the optimal
objective values of the primal and dual problems. In this respect, observe that
for each x € F one has

sup L(x,A) = sup (F(x) —I—ATG(x)) = F(x).
reK* reK*

Therefore,

inf F(x) = inf sup L(x,A)= inf sup L(x, ).
xeF

X€F peK* XEX ) eK*

Indeed, if x € X \ F, then G(x) ¢ —K. By the bipolar theorem ([152]) we have
K = K**, hence it follows that there exists A* € K* such that A*T G(x) > 0.
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Since tA* € K for each r > 0, then

sup L(x,A) =00, Vx € X \ F.
reK*

Combining the latter with relation (2.17) and taking into account that the
“supinf” is always less or equal then the “infsup”, one obtains

v(D) = sup inf L(x,x) < inf sup L(x,A) =v(P).

reK*XEX Xe€X )eK*

Hence we obtain that v(D) = v(P), if a saddle point (x, ) of the Lagrangian
L exists. This situation is called perfect duality. In this case X is the optimal
solution of the primal, while A is the optimal solution of the dual problem.

2.2.6 Variational Inequalities

Let E be a real topological vector space and E* be the dual space of E. Let
K C E be a nonempty convex set and 7' : K — E™* a given operator. As before,
if x € E and x* € E*, the duality pairing between these two elements will be
denoted by (x, x*). If A= B :=K and f(x,y):=(T(x), y — x), for each
x, y € K, then each solution of the equilibrium problem (EP) is a solution of the
variational inequality

(T(x), y—x)=>0, VyeKk, (2.18)

and vice versa.

Variational inequalities have shown to be important mathematical models
in the study of many real problems, in particular in network equilibrium mod-
els ranging from spatial price equilibrium problems and imperfect competitive
oligopolistic market equilibrium problems to general financial or traffic equilib-
rium problems.

An important particular case of the variational inequality (2.18) is the fol-
lowing. Let E := H be a real Hilbert space with inner product ( , ). It is well
known that in this case the dual space E* can be identified with H. Consider
the bilinear and continuous function a : H x H — R, the linear and continuous
function L : H — R, and formulate the problem: find an element x € K C H
such that

a(®, y—%) > L(y — %), Yy e K. (2.19)

By the hypothesis, for each x € H the function a(x, .) : H — R is linear and
continuous. Therefore, by the Riesz representation theorem in Hilbert spaces
(see, for instance, [157]) there exists a unique element A(x) € H such that
a(x,y) = (A(x), y) for each y € H. It is easy to see that A: H — H is a
linear and continuous operator. Moreover, since L is also linear and continu-
ous, again by the Riesz theorem, there exists a unique element / € H such that
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L(x) ={l, x) for each x € H. Now for T (x) := A(x) — [, problem (2.18) re-
duces to (2.19).

In optimization theory, those variational inequalities in which the operator
T is a gradient map (i.e., the gradient of a certain differentiable function), are
of special interest since their solutions are (in some cases) the minimum points
of the function itself. Suppose that X € R" is an open set, K € X is a convex
set and the function F : X — R is differentiable on X. Then each minimum
point of F on the set K is a solution of the variational inequality (2.18), with
T := VF.Indeed, let x € K be a minimum point of F on K, and y € K be an
arbitrary element. Then we have

F(x) < F(ay+ (1 —21)x), VA€ [0, 1].
Therefore,
1
FFE+Ay —0) - F@) = 0, VA € (0, 1].
Now letting . — 0 we obtain (VF(x), y — x) > 0, as claimed.

If we suppose further that F is a convex function on the convex set X, then
we obtain the reverse implication as well, i.e., each solution of the variational
inequality (2.18), with T := V F, is a minimum point of F on the set K. Indeed,
let X € K be a solution of (2.18) and y € K be an arbitrary element. Then by
convexity

Ffx4+A(y—x) <A -MNFx)+ALF(®), YA€]0,1],
which yields
%(F(i +A(y—x) — F(X)) = F(y) — F(x), VA€ (0,1].
By letting A — 0 one obtains from the latter that
(VE(X), y—X) = F(y) — F(x),

which yields the desired implication.

2.2.7 Vector Minimization Problem

Let C C R™ be a closed convex cone, such that both C and its dual cone C*
have nonempty interior. Consider the partial order in R™ given by

x <yifandonlyif y —x € C,
x < yifandonly if y —x €int(C).
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Let F : S — R™ be a function, with S a nonempty set. The weak vector
minimization problem (WVMP) is defined as:

Find x € S such that F(x) £ F(x) forall x € S. (2.20)

If wetake f:S x § = R, f(x,y) :=max|z=1, zec*{z, F(y) — F(x)), then X
is a solution of (WVMP) if and only if x is a solution of (EP) (cf. lusem and
Sosa [95]).

As observed, within all particular cases discussed above the sets A and B
involved in the definition of (EP) are equal. In the next subsection we deal with
a famous problem, particular case of (EP) as well, where these sets are not equal.

2.2.8 The Kirszbraun Problem

Let m and n be two positive integers and consider two systems of closed balls
in R": (B;) and (Blf), i €{L,2,...,m}. Denote by r(B;) and d(B;, B;) the ra-
dius of B; and the distance between the centers of B; and B, respectively. The
following result is known in the literature as Kirszbraun’s theorem (see [108]).

Theorem 2.2. Suppose that

(@) N, B #0;

(i) r(B;)=r(B)), forallie{l,2,..,m};
(i) d(B], B}) <d(Bj, B)), foralli, j €{1,2,...,m}.
Then N B} # .

To relate this result to (EP), let A :=R", B:={(x;,y;):i €{l,2,...,m}} C
R” x R" such that

lyi —yjll < llxi —xjll, Vi, jef{l,2,..,m}. (2.21)
Choose an arbitrary element x € R” and put

FOb) = lx = xil* = lly — yill? (2.22)

for each y € R" and b; = (x;, y;) € B. Then y € R” is a solution of (EP) if and
only if

Iy = yill < llx —x;ll, Vie{l,2,...,m}. (2.23)

It is easy to see by Theorem 2.2, that the equilibrium problem given by the
function f defined in (2.22) has a solution. Indeed, let x € R” be fixed and
put r; := ||lx — x;|| for i :=1,2,...m. Take B; the closed ball centered at x;
with radius r; and Bi’ the closed ball centered at y; with radius r;. Obviously,
by (2.21), the assumptions of Theorem 2.2 are satisfied, hence there exists an
element y € R” which satisfies (2.23).

Observe that, by compactness (i.e., the closed balls in R” are compact sets),
Theorem 2.2 of Kirszbraun remains valid for an arbitrary family of balls. More
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precisely, instead of the finite set {1, 2, ..., m}, one can take an arbitrary set I of
indices. Using this observation, it is easy to derive the following result concern-
ing the extensibility of an arbitrary nonexpansive function to the whole space.
Let DCR", D#R" and f : D — R" a given nonexpansive function, i.e.,

If @) = fDI<Illx—=yll, Yx,y€D.

Then there exists a nonexpansive function f : R” — R” such that f(x) = f(x),
for each x € D. Indeed, let z € R" \ D and take for each x € D the number
ry :=|lz— x||. Let B, be the closed ball centered at x with radius r,, and let B;,
be the closed ball centered at f(x) with radius r,. Then we obtain that the set
Nyep By, is nonempty. Now for f(z) € Nyen B, the conclusion follows.

2.3 EQUILIBRIA AND INEQUALITY PROBLEMS WITH
VARIATIONAL STRUCTURE

As mentioned in the previous sections, the equilibrium problem in the sense of
Blum and Oettli [42] or inequality of Ky Fan-type, has been considered as an
important and general framework for describing, in a common formulation, var-
ious problems arising in different areas of mathematics, including optimization
problems, mathematical economic problems, and Nash equilibrium problems.
Historically, this formulation has been first used as a pure mathematical object
in the work by Ky Fan [74] on minimax inequality problems, which has been
followed for a long time by several studies on equilibrium problems consid-
ered under different headings. It is worth mentioning that one of the interests
of this common formulation, called simply the equilibrium problem, is that
many techniques developed for a particular case may be extended, with suit-
able adaptations, to the equilibrium problem, and then they can be applied to
other particular cases.

Although the equilibrium problem subsumes several kinds of problems,
there are many models described by variational inequalities involving con-
straints that depend on the solution itself. In this direction, there are the quasi-
variational inequalities considered early in the literature in connection with
stochastic impulse control problems, where the constraint set is subject to mod-
ifications.

In the spirit to describe in a more again general framework most of prob-
lems arising in nonlinear analysis, it has been considered and adopted recently
in the literature the notion of quasi-equilibrium problem, which appears as an
equilibrium problem in which the constraint set is subject to modifications. The
quasi-equilibrium problem is a unified formulation which encompasses many
relevant problems such as quasi-variational inequalities, mixed quasi-variational
like inequalities, and all the special cases of the equilibrium problem. The first
existence results have been established and applied to different optimization
problems including Nash equilibrium problems under constraints and quasi-
variational inequalities for monotone operators.
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Many problems related to the term “equilibrium” and arising from differ-
ent areas of sciences can be mathematically modeled as special cases of the
unified formulation called the equilibrium problem. Also, the equilibrium prob-
lem subsumes many mathematical special cases which are in relation with the
term equilibrium such as Nash equilibrium problems and economic equilibrium
problems. Then, one can naturally guess that this is the reason for which the
term equilibrium problem has been chosen to name this unified formulation. It
is now well-known that the last decades have witnessed an exceptional growth
in theoretical advances on the equilibrium problem and its applications in con-
crete cases. Maybe, the simplicity of this formulation is the principal reason
which has allowed all these advancements. We point out that the equilibrium
problem has never been introduced in order to deal directly with other prob-
lems which are not described by the old existing concepts. If we assume that a
problem is directly modeled as an equilibrium problem by using an inequality
involving a bifunction, then nothing can impose that this inequality is a vari-
ational inequality. Unfortunately, this is not the task for which the concept of
the equilibrium problem has been introduced, but to describe various existing
concepts in a common way in order to deeply study them altogether.

At the interplay between mathematics and economics, broad applications
include:

— optimization problems in relationship with equilibrium phenomena;

— static (or equilibrium) analysis in which the economic unit or economic sys-
tem is modeled as not changing;

— dynamic analysis, which traces changes in an economic system over time.

2.3.1 Quasi-Hemivariational Inequalities

Let C be a nonempty, closed, and convex subset of a real Banach space E and
let ®: C x C —> R be a bifunction satisfying & (x, x) = 0, for every x € C.
Such a bifunction @ is called an equilibrium bifunction.

Recall (see also relation (2.1)) that an equilibrium problem in the sense of
Blum and Oettli [42] is a problem of the following form:

find x* € C such that ® (x*,y) >0 VyeC, (EP)

where its set of solutions is denoted by SEP (C, ®).

Equilibrium problems also encompass quasi-hemivariational inequalities.
Let E be a real Banach space which is continuously embedded in L? (2; R"),
for some 1 < p < 400 and n > 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 (1) such that
(z,v) +h ) JO (iu;iv) — (Fu,v) >0 VYveE,
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where i is the canonical injection of E into L” (2;R"), A: E =% E* is
a nonlinear multi-valued mapping, F : E — E* is a nonlinear operator,
J 1 L? (22; R") — R is a locally Lipschitz functional and 4 : 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.

Consider the following quasi-hemivariational inequality:

find u € C and z € A (1) such that
(z,v—u)+hu) Jo(iu;iv—iu) —(Fu,v—u)>0 YveC, (QHVI)

where its set of solutions is denoted by SQHVI(C, A). Note that in the spe-
cial case when C is the whole space E, the above two formulations of quasi-
hemivariational inequalities are one and the same. A detailed analysis of quasi-
hemivariational inequality problems will be developed in Chapter 10.

Studies about inequality problems captured special attention in the last
decades where one of the most recent and general type of inequalities is the
hemivariational inequalities introduced by P.D. Panagiotopoulos [137,138] as
a variational formulation for several classes of mechanical problems with non-
smooth and nonconvex energy super-potentials. The theory of hemivariational
inequalities has produced an abundance of important results both in pure and
applied mathematics as well as in other domains such as mechanics and en-
gineering sciences as it allowed mathematical formulations for new classes of
interesting problems.

When £ is equal to zero in the quasi-hemivariational inequality (QHVI)
corresponding to convex super-potentials, we obtain the standard case of vari-
ational inequalities. The setting corresponding to # equal to 1 describes the
hemivariational inequalities. These inequality problems appear as a general-
ization of variational inequalities, but they are much more general than these
ones, in the sense that they are not equivalent to minimum problems but give
rise to substationarity problems. The general case when 4 is nonconstant corre-
sponds to quasi-hemivariational inequalities, which are studied in relationship
with relevant models in mechanics and engineering.

2.3.2 Browder Variational Inclusions

Starting with Felix Browder’s” pioneering contributions to variational inclu-
sions [45], many authors have been interested in inclusions involving set-valued
mappings. In recent years, the notion of “set-valued equilibrium problem” has
been employed in [113,115] in connection with the so-called equilibrium prob-
lem or inequality of Ky Fan-type (see [42,74,133]), which has produced an
abundance of results in various areas of mathematics.

Let C be a nonempty subset of a (suitable) Hausdorff topological space and
@ : C x C =R a set-valued mapping. A set-valued equilibrium problem is a
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problem of the form
find x* € C such that ® (x*,y) CRy VyeC. (SVEP)
It is worth to consider the following weaker set-valued equilibrium problem
find x* € C such that @ (x*, y) "R #0 VyeC. (SVEP(W))

In connections with these problems, we recall that the “equilibrium problem”
is a problem of the form

find x* € C such that ¢ (x*,y) >0 VyeC (EP)

where ¢ : C x C — R is a bifunction.

Several problems arising in nonlinear analysis, such as variational inequality
problems, optimization problems, inverse optimization problems, mathematical
programming, complementarity problems, fixed point problems, and Nash equi-
librium problems, are special cases of equilibrium problems. A central interest
in the study of equilibrium problems is that they unify many problems in a com-
mon formulation.

Browder variational inclusions appear in the literature as a generalization of
Browder-Hartman-Stampacchia variational inequalities. These inequality prob-
lems are presented as a weak type of multi-valued variational inequalities, since
they involve set-valued mappings in their definition. Browder variational in-
clusions have many applications, incsluding applications to the surjectivity of
set-valued mappings and to nonlinear elliptic boundary value problems. In re-
cent studies, Browder variational inclusions have been reformulated by means
of set-valued equilibrium problems and different results have been carried out.

Although set-valued equilibrium problems have already been considered in
the literature, many authors have focused on the applications to Browder vari-
ational inclusions, or to other areas such as fixed point theory and economic
equilibrium theory. When these results are applied to single-valued equilibrium
problems, their assumptions become simple conditions of continuity and con-
vexity. On the other hand, single-valued equilibrium problems have known in
last decades several important and deep advancements.

A detailed analysis of Browder variational inclusions will be developed in
Chapter 10.

2.3.3 Quasi-Variational Inequalities

The theory of quasi-variational inequalities has emerged as one of the most ef-
ficient fields of pure and applied nonlinear analysis. These inequality problems
not only subsume the theories of variational inequalities and nonlinear partial
differential inequations, but they provide a unified framework for studying gen-
eral boundary value problems with complicated structure and involving possibly
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unilateral, boundary conditions. This field has developed on the basis of re-
fined analytic tools in order to investigate a wide range of problems that arise
in applied fields such as mechanics, economics, finance, optimization, optimal
control, etc.

Let X and Y be reflexive Banach spaces such that X is compactly embed-
ded into Y. Let L : D(L) € X — X™ be a linear, maximal monotone operator.
Let A: X = X* and B : Y == Y* be multi-valued maps, let K be a nonempty,
closed, and convex subset of K, let ® : X — R U {400} be a proper functional
(that is, @ £ 4-00), and let C : K = K be a multi-valued map such that for any
z € K, C(z) is a nonempty, closed, and convex subset of K, and let f € X*.

We formulate the following quasi-variational inequality: find x € C(x) N
D(L) N D(®) such that for some a € A(x) and b € B(ix), we have for all
z€C(x)ND(L)

(L(x)+a—f,z—x)x+ (b,iz—ix)y + P(z) — ®(x) > 0. (2.24)

This statement incorporates both elliptic and evolutionary inequality prob-
lems. For instance, if the map A is single-valued with D(A) = X, ¢ =0, B =0,
and L = 0, then problem (2.24) reduces to the following quasi-variational in-
equality introduced by A. Bensoussan and J.-L. Lions [29]: find x € C(x) such
that

(A(x) — f,z—x) >0 forall z e C(x).

Additionally, if C(x) = K for every x € K, then problem (2.24) recovers the
standard statement of variational inequality: find x € K such that

(A(x) — f,z—x)>0 forallzeK.

The statement of the quasi-variational inequality (2.24) covers evolutionary
inequality problems due to the presence of the possibly unbounded operator L
whose prototype is the time derivative L(x) = x’, with X = L”(0, T, V), with
1 < p<+o0, T >0, and a reflexive Banach space V.

NOTES

1. Ky Fan (1914-2010) was a student of Maurice Fréchet and was also influenced by John von
Neumann and Hermann Weyl. His work in fixed point theory, in addition to influencing nonlinear
functional analysis, has found wide application in mathematical economics and game theory,
potential theory, calculus of variations, and differential equations. In 1999, Fan and his wife
donated one million US dollars to the American Mathematical Society, to set up the Ky and
Yu-Fen Fan Endowment.

2. Felix Browder (1927-2016) was an American mathematician with pioneering contributions in
nonlinear functional analysis. He received the National Medal of Science in 1999. He also served
as president of the American Mathematical Society from 1999 to 2000.
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The object of pure physics is the unfolding of the laws of the intelligible
world; the object of pure mathematics that of unfolding the laws of human

intelligence.
James Joseph Sylvester (1814—-1897)

Chapter points

e The two basic methods serving to show existence results for the equilibrium
problems, KKM (fixed point) method and separation (Hahn-Banach) method are
discussed.

e The equivalence of several fixed point results starting from Brouwer’s theorem,
including KKM and Schauder’s fixed point theorem, is shown.

e The equivalence chain of several minimax results to the finite dimensional
separation theorem is proved.

3.1 KKM THEORY AND RELATED BACKGROUND

Regarding the KKM method, we have seen in Chapter 1 how Brouwer’s fixed
point theorem (Theorem 1.1) can be proven by the KKM lemma (Lemma 1.2).
An extension of the Brouwer’s fixed point theorem to general (infinite dimen-
sional) normed spaces has been provided by J. Schauder' and of KKM lemma
for (infinite dimensional) Hausdorff topological vector spaces by Ky Fan.” In
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this section we show that all these results form an equivalent chain, including
the first result on existence of (EP), known in the literature as Ky Fan’s minimax
inequality theorem, by reasoning as follows: we reproduce a general intersection
theorem of KKM type whose proof is based on Brouwer’s fixed point theorem
(Theorem 3.1 below)® containing, in particular, Ky Fan’s intersection theorem
(Theorem 3.2 below). The latter serves to prove Ky Fan’s minimax inequality
theorem (Theorem 3.3 below), from which one can easily deduce the Schauder’s
fixed point theorem (Theorem 3.5 below). Then, as mentioned, we arrive back
to Brouwer’s fixed point theorem, the latter being a finite dimensional version
of Schauder’s fixed point theorem.

3.1.1 KKM and Generalized KKM Mappings

Let E and E’ be two real Hausdorff topological vector spaces and X a subset
of E. A set-valued mapping F : X =3 E is said to be a KKM mapping if for
every finite subset {xy, ..., x,} of X, we have

n
conv{xy,...x,} C UF(x,-).
i=1

A slightly more general concept was introduced by Kassay and Kolum-
ban [100] and, independently by Chang and Zhang [55]:

Definition 3.1. The mapping F : X — 2E is called generalized KKM mapping,
if for any finite set {x1, ..., x,} C X, there exists a finite set {y1, ..., yo} C E’,
such that for any subset {y;,, ..., yi,} C {y1, ..., ya}, we have

comv{yi,, ..., ¥i,} C Ul;le(xij). (3.1

It is clear that every KKM mapping is a generalized KKM mapping too. The
converse of this implication is not true, as the following example shows.

Example 3.1. ([55])LetE=E':=R,X :=[-2,2]and F : X — 2 be defined
by

F(x):=[—(1+x%/5), 1+x%/5].
Since Uyex F(x) =[—9/5,9/5], we have
x¢ F(x), Vxe[-2,-9/5)U(9/5,1].

This shows that F' is not a KKM mapping. On the other hand, for any finite
subset {xi, ..., x,} C X, take {y1, ..., yo} C [—1, 1]. Then for any {y;,, ..., yi,} C
{¥1, ..., yn} We have

comv{yiy, ., yig} C [=1, 11 = Neex F(x) C VS F(xi)),

i.e., F is a generalized KKM mapping.
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The importance of the concept of generalized KKM mapping consists on the
following. While KKM property of a mapping is only a sufficient, but not a nec-
essary condition for nonemptiness of the intersection, i.e., Nyex F(x) # @, the
generalized KKM property will also be necessary (under some basic assump-
tions) for the latter. This will be clarified in the next subsection.

3.1.2 Intersection Theorems of KKM and Ky Fan Type

We start with the most general statement with respect to intersections.

Theorem 3.1. (See [100,55]) Suppose that E is a real Hausdorff topological
vector space, X C E is nonempty, and F : X — 2F is a mapping such that
for each x € X the set F(x) is finitely closed (i.e., for every finite dimensional
subspace L of E, F(x) N L is closed in the Euclidean topology in L). Then F
is a generalized KKM mapping if and only if the family {F (x) : x € I} has the
finite intersection property, i.e., for every finite subset I C X the intersection of
the subfamily {F (x) : x € I} is nonempty.

Proof. Suppose first that for arbitrary finite set I = {xy, ..., x,} C X one has
N'_ F(x;) # 0.

Take x, € ﬂ?le(xi) and put y; := x,, for each i € {1, ...,n}. Then for every
{Yiys - Yie Y1, ooy Yu} We have

conv{yiy, ..., i} = {xe} TN F(x;) C ﬂl;le(x,-j).

This implies that F' is a generalized KKM mapping.

To show the reverse implication, let F : X — 2E be a generalized KKM
mapping. Supposing the contrary, there exists some finite set {xi,...,x,} C X
such that N!_, F(x;) = @. By the assumption, there exists a set {y1, ..., yo} C E
such that for any {y;, ..., yi,} C{¥1, ..., yu}, relation (3.1) holds. In particular,
we have

conv{y1, ..., yp} C Ui F(x;).

Let S :=comv{yy, ..., yo} and L := span{y1, ..., y,}. Since for each x € X, F(x)
is finitely closed, then the sets F(x;) N L are closed. Let d be the Euclidean
metric on L. It is easy to verify that

dx, Fxi;)NL)>0 ifandonlyif x¢ F(x;)NL. (3.2)

Define now the function g : § — R by

g(c):=Y d(c, F(x)NL), ceS.
i=1
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It follows by (3.2) and N}'_, F (x;) = ¥ that for each ¢ € §, g(c) > 0. Let

n

1
h(c):=Y_ %d(c, F(x;)NL)yj.
i=1

Then & is a continuous function from S to S. By the Brouwer’s fixed point
theorem (Theorem 1.1), there exists an element ¢, € S such that

n

o =h(cy) = ; ey e FGD N L)y (3.3)
Denote
I:={iefl,..,n}:d(y, F(x;)NL)>0}. (3.4

Then for each i € I, ¢, ¢ F(x;) N L. Since ¢4 € L, then ¢, ¢ F(x;) for each
i € I, or, in other words,

Cx & Uier F(x;). (3.5)
By (3.3) and (3.4) we have

c —ZLd(c F(x;))NL)y; € convly; : i € I}
* = £ g(c*) % i Vi it .

Since F is a generalized KKM mapping, this leads to
cx € Uier F(xi),
which contradicts (3.5). This completes the proof. O

Let us observe that by Theorem 3.1 one can easily deduce KKM lemma
(Lemma 1.2) already discussed in Chapter 1 and proved by Sperner’s lemma,
recalled below.

Lemma 3.1. (KKM lemma, see Lemma 1.2 in Chapter 1) Let S=conv{uy,...,un}
be an N-simplex in a finite dimensional normed space, where N =0, 1, .... Sup-
pose that we are given closed sets C, ..., Cy in X such that

conviuiy, .o ui ) S UK _0Ci (3.6)

for all possible systems of indices {ig, ...,ix} and all k = 0,...,N. Then
NI_oCj #0.

Proof. Let X =: {ug, ...,uy} and F given by F(uy) = Cy for all k =0, ..., N.
Then clearly F is a KKM mapping and the result follows by Theorem 3.1. [J
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Remark 3.1. It can be seen from the proof above that in KKM lemma the
assumption of S to be a simplex is not essential, i.e., the lemma is valid for any
finite set S.

The next result, known in the literature as Ky Fan’s intersection theorem, is
an immediate consequence of Lemma 3.1.

Theorem 3.2. (Ky Fan, 1961 [73]) Let E be a real Hausdorff topological vec-
tor space, X C E and for each x € X, let F(x) be a closed subset of E, such
that

(i) there exists X € X, such that the set F (X) is compact,
(ii) F is a KKM mapping.
Then

Nxex F(x) 7é @.

Proof. Consider the family G(x) := F(x) N F(x) (x € X) in the compact
space F(x). Clearly, Nyex G(x) = Nyex F(x), hence it is enough to check that
Nyex G (x) # . Using the characterization of compact spaces (Proposition 1.1),
the latter amounts to show that the family {G(x) : x € X} has the finite in-
tersection property, or, equivalently, the family {F(x) : x € X} has the finite
intersection property. So let {xg, ..., xy} C X and let Y be the finite dimensional
subspace of X spanned by {xo, ..., xy}. Taking into account Remark 3.1 the
sets C; := F(x;) N conv{xp, ..., xy} (i =0,..., N) satisfy the assumptions of
Lemma 3.1. Hence,

0 # NN o Ci C NIy F(x). O

3.1.3 The Rudiment for Solving Equilibrium Problems. Fixed
Point Theorems

By means of Ky Fan’s lemma (Theorem 3.2) one can prove the following ex-
istence result for (EP), also due to Ky Fan. This is known in the literature as
Ky Fan’s minimax inequality theorem. As far as we know, it is the first result
concerning (EP).

Theorem 3.3. (Ky Fan, 1972 [74]) Let A be a nonempty, convex, compact
subset of a real Hausdorff topological vector space and let f : A x A — R,
such that

Vbe A, f(,b):A— Risuppersemicontinuous, 3.7
Yae A, f(a,-):A— Risquasi-convex (3.8)

and

Yae A, f(a,a)>0. (3.9)
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Then there exists a € A such that f(a,b) >0 forall b € A, i.e., the equilib-
rium problem (EP) defined by f admits a solution.
Proof. Foreachb € A, consider the set F(b) :={a € A: f(a,b)>0}.By (3.7),
these sets are closed, and since A is compact, they are compact too. It is easy to
see that the conclusion of the theorem is equivalent to
Npea F(b) # 0. (3.10)
In order to prove relation (3.10), let by, b2, ..., b, € A. We show that
convib; 1 i €{1,2,...,n}} CU!_ | F(b;). (3.11)
Indeed, suppose by contradiction that there exist Aq,A2,...,A, > 0,
> i=1Aj =1, such that
n
Y o nbj g Ul F(by).
j=1
By definition, the latter means
n
FO_ajbj. b)) <0, Vie{l,2,..n}.
j=l1

By (3.8) (quasi-convexity), one obtains

n n
f(Z)ujbj, Z)»jbj) <0,
j=1 j=1

which contradicts (3.9). This shows that (3.11) holds. Now applying Theo-
rem 3.2, we obtain (3.10), which completes the proof. O

In order to deduce Schauder’s fixed point theorem, we first need the follow-
ing result.

Theorem 3.4. Let E be a normed space, X C E be a compact convex set and
g, h: X — E be continuous functions such that

lx =g = llx —hx)|, VxelX. (3.12)
Then there exists an element x € X, such that

Iy —g@I=lx=h@Il, VyeX.
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Proof. Let f: X x X — R defined by f(x,y) =1y —g&x)| — llx — h(x)].
It is clear that this function satisfies the hypothesis of Theorem 3.3, thus there
exists an element x € X such that

Ix —h)l=<lly—g®Il, VyeX. (3.13)
This completes the proof. O

Observe, in case g(X) C X, we can put y := g(x) in (3.13); in this way
we obtain that x is a fixed point of f. Now it is immediate the well-known
Schauder’s fixed point theorem:

Theorem 3.5. (J. Schauder, 1930 [158]) Let X be a convex compact subset of
a real normed space and h : X — X a continuous function. Then h has a fixed
point.

3.2 SEPARATION AND RELATED RESULTS

As mentioned at the beginning of this chapter, another tool for proving exis-
tence results for the equilibrium problem (EP) is the separation of convex sets
by hyperplanes. There are different kinds of separation, all of them represent
the geometric form of the celebrated Hahn-Banach theorem. In what follows we
use only separations in finite dimensional spaces, they may appear also in dif-
ferent forms as strong separation, or proper separation, for instance. We show
that using a proper separation theorem in finite dimensional spaces allows us
to prove existence results for (EP) in rather general framework (for instance, in
topological vector spaces, or, even more, in just topological spaces).

We have seen in Chapter 2 that the minimax (saddle point) problem is a
particular case of (EP). In this section we also show that known minimax re-
sults, some of them being cornerstones of noncooperative game theory, form
an equivalent chain together with the strong separation theorem in finite dimen-
sional spaces.

3.2.1 Finite Dimensional Separation of Convex Sets

Consider the following optimization problem, known as the problem of best
approximation:

9 (y) :=inf{|lx — y[|*:x € C}, (P(y)
where C C R” is a nonempty convex set and y € R”.

Lemma 3.2. If C is closed, then (P (y)) has a unique solution, called the metric
projection of y to C, denoted by Pcy.

Proof. Let f(x) = |lx — y|l and r > 0 such that D := B(y,r) N C # {4, where
B(y,r) ={x € R": |lx — y|| <r}. Since D is compact and f is continuous
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on D, f admits a minimum point on D which clearly is a minimum point on C,
too. Hence (P (y)) has a solution. For the uniqueness, suppose by contradiction
that x| # x» are optimal solutions of (P(y)). We use the Parallelogram Law:

Izt + 220* + 21 — 221> =201 z1 1> + 20122112, Vz1.20 € R, (3.14)

with z; =x; — y (i =1, 2). Since C is convex, %(xl + x2) € C and thus:

2 1
< =Xt = ylII* + 2 v — yIP = 9(»)
2 2 ’

1
HE(M +x2)—y

a contradiction. O

A useful characterization of the metric projection is provided by the next
result.

Lemma 3.3. For every y € R" and C C R" nonempty closed convex set, one
has

1=PcyszeCand(z—y) (x—2)>0, forall x € C.
Furthermore, for all x € C:
llx = Peyl® +11Pcy = yI? < llx = yII%.
Proof. To show the only if implication we observe that
0<G-nN'x-—a=—lz=yIP+c—»"(x—),
therefore, by the Cauchy-Schwartz inequality
0<G@-NT—2<—lz=yIP+lz=yllx=yll,  (3.15)

forall x € C.

Case 1. If y € C, then taking x = y in (3.15), we obtain that 0 < —|z — y||?,
hence ||z — y||?> = 0. Since y € C, it follows that z = y = Pcy.

Case 2. If y ¢ C, then ||z — y|| > 0, hence by (3.15) ||z — y|| < ||lx — y||, for all
x € C. Therefore z is an optimal solution of (P(y)) and by uniqueness we get
that z = Pcy.

To verify the if implication, it follows for z = Pcy that z € C, and since C is
convex this shows

lz—=ylI? <llex + (1 —a)z —yI*=llz —y +alx —2)|%, (3.16)
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for all x € C and 0 < @ < 1. Rewriting relation (3.16) we obtain for every
0 <a <1 that

20—y (x —2) +alx —z|I* >0, (3.17)

and letting @ — 0, the desired inequality follows. To show the triangle inequal-
ity, we observe using ||z1]|> — llz2/|> = (z1 — 22, 21 + z2), for every z1, z» that

Ix = pcII* = llx = ylI* = (y — pc(), 2x — y — pc(y)). (3.18)

The last term equals —||y — pc()[I* +2(y — pc(y), x — pc(y)) and applying
now the first part yields the desired inequality. U

An immediate consequence of the lemma above is the strong separation the-
orem (in finite dimensional spaces).

Theorem 3.6. If C C R" is a nonempty convex set and y ¢ cl(C), then there
: n T T

exists a nonzero vector yo € R" and € > 0 such that yyx > y, y + €, for all

x € cl(C). In particular, the vector yo := peic)(y) — y satisfies the inequality.

Proof. By Lemma 3.3 we obtain for every x € cl(C) and the nonzero vector
Y0 := Peye)(y) — y that y§ x = y{ peic) (). This shows

Yo x = Iyoll* +yg (3.19)
and since yg # 0, the desired result follows. O

Remark 3.2. The nonzero vector yg € c/(C) — y is called the normal vector of
the separating hyperplane

H(a,a):={xeR":a’ x =a},

witha = yg and a = yOT y + 5. Since yg # 0, we may take as a normal vector of

the hyperplane the vector yg||yol|~!, and this vector has norm 1 and belongs to
cone(cl(C) — y).

The separation of Theorem 3.6 is called a strong separation between the
set C and the vector y. One can also introduce strong separation between two
convex sets.

The sets Ci,Cy C R" are called strongly separated if there exist some
yo € R" such that

inf yOTx > sup yOTx.
xeCy xeCy

An immediate consequence of Theorem 3.6 is given by the next result.

Theorem 3.7. Consider the convex sets C1, Cy C R" such that Cy is compact,
C» is closed and C1 N Cy = P. Then they can be strongly separated.
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Proof. The set C := C| — C3 is closed and 0 ¢ C. The result follows by Theo-
rem 3.6. .

The strong separation provided by Theorem 3.6 can be used to prove a
“weaker” separation result valid under a weaker condition on the point y. To
do this, let us first recall the concept of relative interior point.

Let E :={x € R": ||x|| < 1} be the unit open ball. The vector x € R" is a
relative interior point of the set S C R" if x € aff (S) and there exists € > 0 such
that

(x+eE)Naff(S) CS.
The relative interior of S is denoted by ri(S) and is given by
ri(S) := {x € R" : x is a relative interior point of S}.

In order to prove the following separation theorem, we need the next two
lemmas. For their proofs, see Frenk and Kassay [77].

Lemma 3.4. If C C R" is a nonempty convex set, then
cl(ri(C)) =cl(C) and ri(C) =ri(cl(C)).
Lemma 3.5. For every nonempty set S C R" and xo € aff (S) one has
aff (S) = xo + lin(S — xp).

Theorem 3.8. If C C R" is a nonempty convex set and y ¢ ri(C), then there
exists some nonzero vector Yo belonging to the unique linear subspace Ly (c)
such that yOTx > yOTy, for all x € C. Moreover, for the vector yy there exists
some xo € C such that yOTxo > yOTy.

Proof. Consider for every n € N the set (y + n~'E)N aff (cl(C)), where E :=
{x e R" : |lx|| < 1}. By Lemma 3.4 it follows that y ¢ ri(c/(C)) and so there
exists some vector y, such that

yagcl(C) and  y, €(y+n'E)Naff(cl(C)). (3.20)

The set cI(C) is a closed convex set and by relation (3.20) and Theorem 3.6
one can find some vector y;' € R" such that

Iyill =1, v € cone(cl(C) — yu) C Lagc) and yi x> yi"ya, (3.21)

n

for every x € cl(C).
Since || y; || = 1, it follows that {y;" : n € N} admits a convergent subsequence
{y}:n e No} with

lim y; = yo. (3.22)

neNy— oo
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This implies by relations (3.20), (3.21) and (3.22) that

yix= 1im yTx> 1lim yTy,=yly, (3.23)
neNo— 00 neNyg— oo
for all x € cl(C) and
Yo € Lagrcy and |yoll =1. (3.24)

Suppose now that there does not exist some xg € C, satisfying yOT X0 > yOT y.
By relation (3.23) this implies that
Yo (x =) =0,
for every x € C. Since y € cl(C) C aff (C), using Lemma 3.5 we obtain
yOT z=0

for every z € Ly (c). Since by relation (3.24) the vector yg € Lqf(c), we obtain
that ||yo||> = 0, contradicting | yo|l = 1. Hence it must follow that there exists
some xp € C such that yOT Xp > yOT y. O

The separation of Theorem 3.8 is called a proper separation between the
set C and the vector y. One can also introduce proper separation between two
convex sets.

The sets Cy,Cy C R" are called properly separated if there exist some
yo € R" such that

inf yOTx > sup yOTx
xeC xeCy

and
T T
Yo X1 = Yo X2,

where x1 € C1 and x; € C».
An immediate consequence of Theorem 3.8 is given by the next result.

Theorem 3.9. If the convex sets Cy, Co C R” satisfy ri(Cy) Nri(Ca2) =0, then
they can be properly separated.

Proof. We have the following relation:
ri(eSy + BS2) = ari(S1) + Bri(S2),

where o, 8 € R and §; C R", i = 1,2 are convex sets. According to this, we
obtain foro =1 and § = —1 that

ri(C1 — C2) =ri(Cy) — ri(Ca).
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Then ri(C1) N ri(Cp) = @ if and only if
0¢ri(Cy) —ri(Cy).

By Theorem 3.8 applying for y = 0 and the convex set C; — C», the result
follows. O

3.2.2 Results Based on Separation

As announced at the beginning of this section, we present now some existence
results on (EP) which uses separation tools in their proofs.

The result below is a particular case of a theorem due to Kassay and Kolum-
ban ([101]).

Theorem 3.10. Let A be a nonempty, compact, convex subset of a certain topo-
logical vector space, let B be a nonempty convex subset of a certain vector
space, and let f : A x B — R be a given function.

Suppose that the following assertions are satisfied.:

(i) f is upper semicontinuous and concave in its first variable;
(i) f is convex in its second variable;,
(iii) sup,c4 f(a,b) >0, forall b € B.

Then the equilibrium problem (EP) has a solution.

Remark 3.3. Condition (iii) in the previous theorem is satisfied if, for instance,
B C A and f(a,a) > 0 for each a € B. This condition arises naturally in most
of the particular cases presented above.

A similar, but more general existence result for the problem (EP) has been
established by Kassay and Kolumbén also in [101], where instead of the con-
vexity (concavity) assumptions on the function f, certain kind of generalized
convexity (concavity) assumptions are supposed.

Theorem 3.11. Let A be a compact topological space, let B be a nonempty set,
andlet f : A x B — R be a given function such that

(i) for each b € B, the function ¢ : A — R is usc;
(i) for each ay,...,am € A, by, ...;b € B, A1, ...; hy = 0 with Y 7" | A = 1,
the inequality

m

min Aif(ai,b;) <sup min f(a,b;

155]{2 if (@i.by) < sup min, f(a.b))
=

holds;
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(iii) For each by, ...,b; € B, 1, ..., iux > 0 with 21;21 w; =1, one has

supZu,f(a bj) = 0.

aEA

Then the equilibrium problem (EP) admits a solution.

Proof. Suppose by contradiction that (EP) has no solution, i.e., for eacha € A
there exists b € B such that f(a, b) < 0, or equivalently, for each a € A there
exists b € B and ¢ > 0 such that f(a,b) + ¢ < 0. Denote by Uj . the set
{ae A: f(a,b) +c <0} where b € B and ¢ > 0. By (i) and our assumption,
the family of these sets is an open covering of the compact set A. Therefore,
one can select a finite subfamily which covers the same set A, i.e., there exist
bi,...,by € B and cq, ..., ¢y > 0 such that

A=U_ Uy, ;- (3.25)
Let ¢ := min{cy,...,cx} > 0 and define the vector-valued function
H:A— Rfby
H(a):=(f(a,b1) +c, ..., f(a,by) +c).
We show that
convH(A)N 1nt(]R )= (3.26)

where, as before, convH (A) denotes the convex hull of the set H(A) and
1nt(R ) denotes the interior of the positive orthant Rk Indeed, supposing the
contrary, there exist aj, ..., a;;, € A and Aq, ..., A, > 0 with le] Ai =1, such
that

Zx H(a;) € int(RY)

i=1

or, equivalently,

Zki(f(ai,bj)+c)>0, Vje{l,.. k. (3.27)

i=1
By (ii), (3.27) implies

sup min f(a, bj) > —c. (3.28)

acAl=j<k

Now using (3.25), for each a € A there exists j € {1, ..., k} such that
fla,bj)+c;j <0. Thus, for each a € A we have

min f(a,b;) < —c
ISjSkf( ’ ]) ’
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which contradicts (3.28). This shows that relation (3.26) is true. By the
proper separation theorem in finite dimensional spaces (Theorem 3.8), the
sets convH (A) and int(R’i) can be separated by a hyperplane, i.e., there exist

U1, ..., i > 0 such that le':l pu;=1and

k
thj(f(a,bj) +¢)<0, VaeA,
j=1
or, equivalently
k
> wjf(a.by) <—c, YaeA. (3.29)

J=1

Observe, the latter relation contradicts assumption (iii) of the theorem. Thus
the proof is complete. O

3.2.3 Equivalent Chain of Minimax Theorems Based on
Separation Tools

In this subsection we review known minimax results, some of them being the
cornerstones of noncooperative game theory and show that these results are easy
consequences of the first minimax result for a two person zero sum game with
finite strategy sets published by von Neumann* in 1928 (see [168]).

According to [79], several well known minimax theorems form an equivalent
chain and this chain includes the strong separation result in finite dimensional
spaces between two disjoint closed convex sets of which one is compact (The-
orem 3.7). The authors in [78] reduced the number of results in this equivalent
chain and gave more transparent and simpler proofs. These results will be pre-
sented in the sequel.

Let X and Y be nonempty sets and f : X x ¥ — R a given function. Recall
that a minimax result is a theorem which asserts that

maxyex Minyey f(x, y) = minyey maxyex f(x, y). (3.30)

In case min and/or max are not attained the min and/or max in the above expres-
sions are replaced by inf and/or sup. The first minimax result was proved in a
famous paper by von Neumann (cf. [168]) in 1928 for X and Y unit simplices
in finite dimensional vector spaces and f affine in both variables. In this paper
it was also shown why such a result is of importance in game theory. The mini-
max results needed in noncooperative game theory assumed that the sets X and
Y represented sets of probability measures with finite support and the function f
was taken to be affine in both variables. Later on, the condition on the function
f was weakened and more general sets X and Y were considered. These results
turned out to be useful also in optimization theory and were derived by means of
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short or long proofs using a version of the Hahn Banach theorem in either finite
or infinite dimensional vector spaces. With the famous minimax result in game
theory proved by von Neumann in 1928 (cf. [168]) as a starting point, we will
show in this subsection that several of these so-called generalizations published
in the literature can be derived from each other using only elementary obser-
vations. Before introducing this chain of equivalent minimax results we need
the following notation. Let F(X) denote the set of probability measures on X
with finite support. That is, if €, represents the one-point probability measure
concentrated on X, this means by definition that A € F(X) if and only if there
exists some finite set {x1, ..., x,} € X and a sequence A;, | <i < n satisfying

n n
k=Z,.:1M6wa,:1M =land}; >0,1<i<n. (3.31)
If the set X is given by {x1, ..., x,} then it is clear that
n n
FOO={rih=) ey ri=1La=01<i<n). (332

Moreover, the set F2(X) C F(X) denotes the set of two-point probability mea-
sures on X. This means that A belongs to F>(X) if and only if

A=2rex, + (1= A)ey, (3.33)

with x;, 1 <i < 2 different elements of X and 0 < A| < 1 arbitrarily chosen.
Finally, for each 0 < o < 1 the set /> 4 (X) represents the set of two point prob-
ability measures with A = « in relation (3.33). Also on the set Y similar spaces
of probability measures with finite support are introduced. Within game theory
any element of F(X), respectively F(Y) represents a so-called mixed strategy
of player 1, respectively player 2 and to measure the payoff using those mixed
strategies one needs to extend the so-called payoff function f to the Cartesian
product of the sets F(X) and F(Y). The extension f, : F(X) x F(¥Y) = R is
defined by the expectation

Jeluwy =3 DT hawif Gy (3.34)

with XA as in relation (3.31) and u = Z;’?:l wj€y;. To start in a chronological
order we first mention the famous bilinear minimax result in game theory for
finite sets X and Y due to von Neumann and published in 1928 (cf. [168]).

Theorem 3.12. If X and Y are finite sets then it follows that

max) ¢ F(x) Ming e 7(y) fe(A, ) = min, ¢ F(yy max, c rx) fe(r, ).

A generalization of Theorem 3.12 due to Wald [170] and published in 1945
is given by the next result. This result plays a fundamental role in the theory of
statistical decision functions (cf. [171]). While in case of Theorem 3.12 the ac-
tion sets of players 1 and 2 are finite, this condition is relaxed in Wald’s theorem
claiming that only one set should be finite.
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Theorem 3.13. If X is an arbitrary nonempty set and Y is a finite set then it
follows that
SUP; e 7 (x) MiNy e F(v) fe(h, 1) = min,ec F(y) SUpye rx) fe(r, ).

In order to prove Wald’s theorem by von Neumann’s theorem, we first need
the following elementary lemma. For its proof, see, for instance, [79]. For every
set Y let (Y) be the set of all finite subsets of Y.

Lemma 3.6. If the set X is compact and the function h : X x Y — R is upper
semicontinuous on X for every y € Y then maxycx infyey h(x, y) is well defined
and

max,ey infyey h(x, y) = infy,e(y) max,ex minyey, 2 (x, y).

Since for every u € F(Y) and J C X it is easy to see that

sup; e 7y fe(h, 1) =sup,cy felex, 1) (3.35)

we are now ready to derive Wald’s minimax result from von Neumann’s mini-
max result. Observe Wald (cf. [170]) uses in his paper von Neumann’s minimax
result and the Lebesgue dominated convergence theorem to derive his result.

Theorem 3.14. von Neumann’s minimax result = Wald’s minimax result.

Proof. 1f o :=sup, ¢ r(x) min,e F(y) fe(A, n) then clearly

o = SUp ¢ (x) MAXy e F (/) Miye 7 (y) fe(h, ). (3.36)

Since the set Y is finite we may apply von Neumann’s minimax result in rela-
tion (3.36) and this implies in combination with relation (3.35) that

o =SUp ¢ (x) MiNye F(y) Max; e r(y) fe(d, w) (3.37)
= SUpP,e(x) minue}-(y) maxyey fe(€x, )
= —infe(x) Max e F(y) Minyey — fe(€x, ).
The finiteness of the set Y also implies that the set F(Y) is compact and the
function u© — fe (€, p) is continuous on F(Y) for every x € X. This shows in

relation (3.37) that we may apply Lemma 3.6 with the set X replaced by F(Y),
Y by X and h(x, y) by — fe(€x, 1) and so it follows that

o =minyeF(y) SUPyey Sfel€x, ). (3.38)

Finally by relation (3.35) with J replaced by X the desired result follows from
relation (3.38). U

Next we will reformulate Theorem 3.11 of Kassay and Kolumban ([101])
given in the previous subsection. Let us denote by (Y') the set of all finite subsets
of Y.
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Definition 3.2. The function f : X x ¥ — R is called weakly concavelike on
X if for every I belonging to (Y) it follows that

SUPreF(X) minye; fo(A, €y) < sup,cx minyes f(x, y).

Since €, belongs to F(X) it is easy to see that f is weakly concavelike on
X if and only if for every I € (Y) it follows that

SUPreF(X) minyel Sfe(X, Gy) = SUP,cx minyel fG,y)

and this equality also has an obvious interpretation within game theory. The
main result of Kassay and Kolumbdn is given by the following theorem
(cf. [101]).

Theorem 3.15. If X is a compact subset of a topological space and the function
f: X xY — Risweakly concavelike on X and upper semicontinuous on X for
every y € Y then it follows that

infue]-'(Y) maxyey fe(€y, H) =Mmaxyex infer Se(x, y).

At first sight this result might not be recognized as a minimax result. How-
ever, it is easy to verify for every x € X that

infyey f(x,y) =infycr(y) fe(€x, 1). (3.39)

By relation (3.39) an equivalent formulation of Theorem 3.15 is now given by

inf e Fyy maxyex fe(€x, u) = maxyex inf, e F(y) fel€x, 1)

and so the result of Kassay and Kolumban is actually a minimax result.
We now give an elementary proof for Theorem 3.15 using Wald’s minimax
theorem.

Proof. Denote a:=inf, c r(yymaxyex fe(€x, i), B:=maxyexinf,c 7y fe(€x, )

and suppose by contradiction that ¢ > 8. (The inequality § < « always holds.)
Let y so that « > y > B. Then by relation (3.39) and Lemma 3.6 we have

y > B =max,cyx infycy f(x,y) =infy c(y) maxycx minycy, f(x, y).

Therefore, there exists a finite subset Yo € (Y') such that max,cx minycy, f(x,
y) < y and this implies by weak concavelikeness that

SUp; e F(x) MiNyey, fe(r, €y) <y. (3.40)

Similarly to relation (3.39), it is easy to see that for every A € F(X) and
every u € F(Y) the relations

inf, e reyy) fe(h, ) =minyey, fe(X, €y)
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and

SUP;eF(x) Je(h, n) = maxyex fe(ex, 1)
hold, and these together with (3.40) and Wald’s theorem imply

o >y > sup,c rx) infue Fovg) fe(h, 1) = infy e F7ovy) Supyerx) fe(r, 1)
> infy e F(y) Sup, e rex) fe(h, w) = inf e r(y) maxcex fe(ex, n) =a,

a contradiction. This completes the proof. O

In 1952 Kneser (cf. [110]) proved in a two page note a very general minimax
result useful in game theory. Its proof is ingenious and very elementary and
uses only some simple computations and the well-known result that any upper
semicontinuous function attains its maximum on a compact set.

Theorem 3.16. (Kneser, 1952) If X is a nonempty convex, compact subset of a
topological vector space and Y is a nonempty convex subset of a vector space
and the function f : X x Y — R is affine in both variables and upper semicon-
tinuous on X for every y € Y then it follows that

maxyex infyey f(x,y) =infyey maxyex f(x, y). (3.41)

One year later, in 1953, generalizing the proof and result of Kneser, Ky Fan
(cf. [72]) published his celebrated minimax result. To show his result Ky Fan
introduced the following class of functions which we call Ky Fan convex (Ky
Fan concave) functions.

Definition 3.3. The function f : X x ¥ — R is called Ky Fan concave on X if
for every A € F>2(X) there exists some xp € X satisfying

Je(h, €y) < f(x0,¥)

for every y € Y. The function f : X x ¥ — R is called Ky Fan convex on Y if
for every u € F»(Y) there exists some yp € Y satisfying

Je(ex, ) > f(x, o)

for every x € X. Finally, the function f : X x ¥ — R is called Ky Fan concave-
convex on X x Y if f is Ky Fan concave on X and Ky Fan convex on Y.

By induction it is easy to show that one can replace in the above definition
F2(X) and F,(Y) by F(X) and F(Y). Although rather technical, the above con-
cept has a clear interpretation in game theory. It means that the payoff function
f has the property that any arbitrary mixed strategy is dominated by a pure strat-
egy. Eliminating the linear structure in Kneser’s proof Ky Fan (cf. [72]) showed
the following result.
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Theorem 3.17. (Ky Fan, 1953) If X is a compact subset of a topological space
and the function f : X x Y — R is Ky Fan concave-convex on X x Y and upper
semicontinuous on X for every y € Y then it follows that

maXyxex innyY fx,y)= infer maxyex f(x,y).

In what follows we show that Ky Fan’s minimax theorem can easily be
proved by Kassay-Kolumbén’s result. Indeed, it is easy to see that every Ky
Fan concave function on X is also weakly concavelike on X. By Theorem 3.15
and relation (3.39) it follows that

maxycy infyey f(x,y) =inf,e 7(y) maxeex fe(ex, p). (3.42)

Also, since f is Ky Fan convex on Y, for every u € F(Y) there exists yp € Y
such that f,(ex, ) > f(x, yo) for every x € X. Thus,

maxyex fe(€x, 4) > maxyex f(x, yo) > infer max,ex f(x,y)
implying that
infue]—'(Y) maxyex fe(€x, n) > infer max,ex f(x,y)

and this, together with (3.42) leads to

max,ey infyey f(x,y) > infyey maxyex f(x,y).

Since the reverse inequality always holds, we have equality in the last rela-
tion and the proof is complete.

We show now that the well-known strong separation result in convex analysis
(see Theorem 3.7) can easily be proved by Kneser’s minimax theorem. Next we
recall Theorem 3.7 with a slight change in notations.

Theorem 3.18. If X C R" is a closed convex set and Y C R" a compact convex
set and the intersection of X and Y is empty then there exists some sy € R"

satisfying
sup{s(—)rx:xeX} <inf{s(;ry:er}.

Proof. Since X C R” is a closed convex set and ¥ C R” is a compact convex
set we obtain that H := X — Y is a closed convex set. It is now easy to see
that the strong separation result as given in Theorem 3.18 holds if and only if
there exists some so € R” satisfying oy (sg) := sup{s(;'— x :x € H} <0. To verify
this we assume by contradiction that o (s) > 0 for every s € R". This clearly
implies oy (s) > 0 for every s belonging to the compact Euclidean unit ball E
and applying Kneser’s minimax result we obtain

supjcp infyep s Th =infep supyey s h > 0. (3.43)



54 Equilibrium Problems and Applications

Since by assumption the intersection of X and Y is nonempty we obtain that
0 does not belong to H := X — Y and this implies using H is closed that
infye g ||k]|| > 0. By this observation we obtain for every & € H that —h|h|!
belongs to E and so for every h € H it follows that infscg sTh < —||h||. This
implies that

. T .
SUppep infsep s h < suppey —lhll = —infren |2l <O

and we obtain a contradiction with relation (3.43). Hence there must exist some
so € R” satisfying o (sg) < 0 and we are done. I

Let A, be the unit simplex in R". Observe that without loss of generality
one may suppose that the vector so in Theorem 3.18 belongs to A,. An easy
consequence of Theorem 3.18 is the following result.

Lemma 3.7. If C C R" is a convex compact set, then it follows that
. T . T
inf,cc maxgea, @ ¥ =maxgen, infycc o ' u.
Proof. It is obvious that
. T . T
infyec MaxXgea, @ U > maxgea, infyec o u. (3.44)

To show that we actually have an equality in relation (3.44) we assume by con-
tradiction that

inf,cc maxgyen, o'u> maxgea, inf,ec olu:= y. (3.45)

Let e be the vector (1,....,1) in R" and introduce the mapping H : C — R"
given by H (1) :=u — Be with § satisfying

inf,ec maxgqea, o'u> B>vy. (3.46)

If we assume that H(C) N R” is nonempty there exists some ug € C satisfying
uo — Be < 0. This implies maxgyea,, aluy < B and we obtain a contradiction
with relation (3.46). Therefore H(C) NR”" is empty. Since H (C) is convex and
compact and R” is closed and convex, we may apply Theorem 3.18. Hence one
can find some «p € A, satisfying Ola— u — >0 for every u € C and using also
the definition of y listed in relation (3.45) this implies that

y >inf,ec ot(—)ru > B.

Hence we obtain a contradiction with relation (3.46) and the desired result is
proved. O

Finally we show that von Neumann’s minimax theorem (Theorem 3.12) is
an easy consequence of Lemma 3.7. In this way we close the equivalent chain
of results considered in this note.
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Proof of von Neumann’s theorem by Lemma 3.7. Denote m := card(X) and
n := card(Y). Introduce the mapping L : 7(¥Y) — R given by

L) :=(fe(ex, ))xex-

It is easy to see that the range L(F(Y)) € R™ is a convex compact set. Applying
now Lemma 3.7 yields

. i T
inf e Fyymaxyer(x) fe(r, n) = infyep (F(yy) MaXgea, @ u
= MmaXgeA, infueL(]:(Y)) aTu

= max e F(x) infc vy fe(r, 1),

which completes the proof. O

NOTES

1. Juliusz Pawel Schauder (1899-1943) was a Polish mathematician, known for his work in func-
tional analysis, partial differential equations, and mathematical physics.

2. Ky Fan (1914-2010) was an American mathematician and Emeritus Professor of Mathematics
at the University of California, Santa Barbara.

3. Theorem 3.1 was first published by Kassay and Kolumban in 1990 [100] and one year later,
independently by Chang and Zhang [55].

4. John von Neumann (1903-1957) was a Hungarian-American mathematician, physicist, computer
scientist, and polymath. He made major contributions to a number of fields, including mathe-
matics (foundations of mathematics, functional analysis, ergodic theory, representation theory,
operator algebras, geometry, topology, and numerical analysis), physics (quantum mechanics,
hydrodynamics, and quantum statistical mechanics), economics (game theory), computing (Von
Neumann architecture, linear programming, self-replicating machines, stochastic computing),
and statistics.

‘Von Neumann was generally regarded as the foremost mathematician of his time and said to be
“the last representative of the great mathematicians”. He was a pioneer of the application of oper-
ator theory to quantum mechanics in the development of functional analysis, and a key figure in
the development of game theory and the concepts of cellular automata, the universal constructor,
and the digital computer. He published over 150 papers in his life: about 60 in pure mathemat-
ics, 20 in physics, and 60 in applied mathematics, the remainder being on special mathematical
subjects or nonmathematical ones. His last work, an unfinished manuscript written while in the
hospital, was later published in book form as The Computer and the Brain.
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The study of mathematics, like the Nile, begins in minuteness but ends in

magnificence.
Charles Caleb Colton (1780-1832)

Chapter points

e The results of this chapter are related to the existence of solutions for different kinds
of vector and set-valued equilibrium problems.

e A special attention is given to the case when the equilibrium problem contains the
sum of two bifunctions.

e The content of this chapter is based on recent results of the authors.

4.1 EXISTENCE OF SOLUTIONS OF VECTOR EQUILIBRIUM
PROBLEMS

In Chapter 2 we already defined the weak and the strong vector equilibrium
problems. Let us recall these problems for convenience. Let A and B be two
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nonempty sets, ¥ be a real topological vector space and C a proper convex cone
of it with intC # (. For the vector-valued function f : A x B — Y, the weak
vector equilibrium problem (abbreviated (WVEP)) is to find a € A such that

f(a,b) & —intC forall b € B, 4.1)

while the strong vector equilibrium problem (abbreviated (SVEP)) is to find
a € A such that

f(a,b) ¢ —C\ {0} forallbe B. 4.2)

In the next two subsections we discuss existence results together with some
applications of these problems. We start with (SVEP).

4.1.1 The Strong Vector Equilibrium Problem

We begin with a general existence result on (SVEP) which has been established
in [40] and can be seen as an extension of Theorem 3.11 presented in Chapter 3.
Let us state our framework and recall some necessary concepts.

Given the topological vector space Y, consider the following partial order
relation induced on Y by a convex pointed cone C C Y with int C # :

y1 <c yz ifand only if y — y; € C.

We recall that a cone is pointed if C N (—C) = {0}. The (positive) dual of the
cone C is the set

C*={y*eY* | y*(c) >0, forall c € C},
while the quasi-interior of the cone C* is the set
C* ={y* € C*|y*(¢) > 0, forall c € C \ {0}}.
A nonempty convex subset V of C is called a base of C if
C={v:1>0,veV}and0¢clV.

If C is a nontrivial convex pointed cone of a Hausdorff locally convex space Y,
then C* # @ if and only if C has a base.

The proof of the next result follows the idea of Theorem 3.11 adapted for the
vector case. Instead of the finite dimensional separation theorem, we shall use
its infinite dimensional counterpart: two nonempty disjoint convex subsets of a
topological vector space can be separated by a closed hyperplane provided one
of them has an interior point (see, for instance, [3]).
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Let A and B be two nonempty sets, ¥ be a real topological vector space,
C a proper convex cone of itand f: A x B — Y.

Theorem 4.1. Suppose that f satisfies the following assumptions:

(i) if the system {Uy | b € B} covers A, then it contains a finite subcover,
where

Up={aeAl| f(a,b) € —C\{0}};
(i) for each ay,...,am € A, A,...,Am >0 with A + ... + A, = 1,
bi,...,b, € B there exists u* € C* such that

min Y Aju*(f(ai,bj)) <sup min u*(f(a,bj));
acAl=i

1<j<n“ <j<n
1=

(iii) foreachby,...,b, € B, z},..., 2 € C* not all zero, it holds
n
supsz(f(a,bj)) > 0.

aeAj:1

Then, the strong vector equilibrium problem (SVEP) admits a solution.

Proof. Suppose by contradiction that (SVEP) admits no solution, i.e., for each
a € A there exists b(a) € B such that

fla,b(a)) € =C\ {0}.

Since the family {Up4)}aca, where

Up):=1{a" € A| f(d',b(a)) € —C \ {0}, 4.3)
covers the set A, then assumption (i) guarantees that there exist by,...,b, € B
such that
n
Ac |Ju,. (4.4)
j=1

We define the vector-valued function F : A — Y" by
F(a) = (f(a, b1)9 MR f(aa bn)),
and we have
conv F(A) N (C\ {0)" =4, 4.5)

where conv F(A) denotes the convex hull of the set F(A). To prove it, sup-
pose by contradiction there exist aj,...,a,; € A and Af,..., A, > 0 with
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A1+ ... + A = 1 such that

D hiF(a) € (C\{0D"

i=1

This is equivalent to

> %if(ai.bj) € C\ {0} foreach j € {1,....n}. (4.6)

i=1
Let u* € C* be a functional for which assumption (ii) holds. Applying u* to the
above relation and taking the minimum over all j € {1, ..., n}, we get

m

min Aiu*(f(ai, b])) > 0. (47)

I=sj=n*
1=
Thus, assumption (ii) and (4.7) imply
sup min u*(f(a,b;)) > 0. (4.8)

acAl=j=n

Relation (4.4) guarantees that for each a € A there exists jo = jo(a) € {1,...,n}
such thata € Ubjo’ ie., f(a,bj) e —C\ {0} for each a € A. Applying u™* € ct,
we get

u*(f(a,bjo)) <0 forall a € A.

Taking the minimum over j € {1, ..., n} and then the supremum over a € A in
the previous relation, we obtain

sup min u*(f(a,b;)) <0, 4.9

acAlZj=n

which is a contradiction to (4.8). Hence, condition (4.5) holds.
Therefore, the separation theorem implies that there exists a nonzero func-
tional z* € (Y™)* such that

7*(u) <0, forall u € conv F(A) (4.10)
and
7*(k) >0, forallk € (C\ {O)". “4.11)

Using the representation z* = (z],...,z;;), we deduce z’; e C* for all
j€f{l,...,n} by a standard argument.
By (4.10) we have z*(F (a)) <0 for all a € A, or equivalently,

Y Z(flab) <0.

j=1
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Since the above inequality holds for each a € A we obtain

n

sup Y 25(f(a.bj)) <0,

acA =1
which is a contradiction to assumption (iii). Il

Next we show that some continuity and generalized convexity properties
of the bifunction f will guarantee the assumptions of Theorem 4.1. The next
two continuity type concepts are generalizations of the upper semicontinuity of
real-valued functions. (See [118] for other generalizations.)

Definition 4.1. A vector-valued function F : A — Z is said to be

(i) (see[118]) C-upper semicontinuous on A (C-usc in short) if for each x € A
and any c € int C, there exists an open neighborhood U C A of x such that
Fu)e F(x)4+c—intC forall u € U,

(ii) (see [40]) properly C-upper semicontinuous on A (properly C-usc in short)
if for each x € A and any c € C \ {0}, there exists an open neighborhood
UcCAofxsuchthat F(u)e F(x)+c—C\{O}forallu e U.

The function F is called (properly) C-lower semicontinuous if —F is (properly)
C-upper semicontinuous.

The next characterizations of upper semicontinuity has been given by
T. Tanaka [166].

Lemma 4.1. The following three statements are equivalent:

(i) F is C-upper semicontinuous on X;
(ii) for any x € X, for any k € intC, there exists a neighborhood U C X of x
such that F(u) € F(x) +k — intC forallu € U;
(iii) foranya €Y, the set {x € X : F(x) — a € —intC} is open.

Below we give a characterization of proper C-upper semicontinuity.

Proposition 4.1. Let F : A — Z. The following properties are equivalent:

(i) F is properly C-upper semicontinuous on A,
(ii) the set F~'(z — C\{0}) is open in A for each z € Z.

Proof. Letz € Z.1f F~1(z — C\{0}) = @, then (ii) holds. Assume that there ex-
ists xg € F~!(z — C \ {0}). Thus, we have ¢ := z — F(xg) € C \ {0}. By the
definition of properly C-usc, there exists an open neighborhood U of xy such
that it holds

F(x) € F(xo) +¢—C\{0}=z—C\ {0}
forall x € U. So, F~1(z — C \ {0}) is an open subset of the space A.
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For the reverse implication let xg € A and ¢ € C \ {0}. Since xp €
F~Y(F(x0) + ¢ — C \ {0}), which is an open set by condition (ii), there ex-
ists an open neighborhood U of x¢ such that

xe F ' (F(xp) +c—C\{0}) forall x € U,

and therefore F is properly C-usc at xg. Since xo was arbitrarily taken, we de-
duce that F is properly C-usc on A. O

It is clear that every properly C-upper semicontinuous function is C-upper
semicontinuous, but not vice versa. This can be easily seen if we take into ac-
count the characterization above. For example, set A = Z and consider any cone
C C Z such that C \ {0} is not an open set; then the identity function is not prop-
erly C-usc.

The next proposition provides sufficient conditions for assumption (i) of
Theorem 4.1.

Proposition 4.2. Suppose that A is a compact topological space and the func-
tion f(-,b): A — Z is properly C-usc on A for each b € B. Then, the assump-
tion (i) of Theorem 4.1 is satisfied.

Proof. Let Uy :={a € A| f(a,b) € —C \ {0}}, for any b € B. In what follows
we show that the family of these sets is an open covering of A.

Take ag € Up, and consider ¢’ := — f(ag, b) € C \ {0}. Since the function
f (-, b) is properly C-usc at ap € A, there exists a neighborhood U C A of ag
such that

fu.b) € flao,b) +¢ —C\{0)
= f(a0.b) — f(a0.b) — C\ {0}
=—C\{0}

for all u € U. Hence, we get f(u,b) € —C \ {0} for all u € U, which implies
that Uj, is an open set. Therefore, assumption (i) of Theorem 4.1 follows from
the compactness of A. O

Next we need the following definition (see [40]).

Definition 4.2. A bifunction f: A x B — Z is said to be

(i) C-subconcavelike in its first variable if for all [ € intC, x1,x2 € A,
t € [0, 1] there exists x € A such that

f,y)>ctfxi,y)+ (1 —1)f(x2,y) — I forall y € B;

(ii) C-subconvexlike in its second variable if for all [ € intC, y1, y, € B and
t € [0, 1], there exists y € B such that

Fx,y) <ctf@,y1)+A—1)f(x,y)+1forall x € A.
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@ifi) C-subconcavelike-subconvexlike on A x B if it is C-subconcavelike in its
first variable and C-subconvexlike in its second variable.

Proposition 4.2 and the C-subconcavelikeness of a bifunction allow to
achieve the following existence result as a corollary of Theorem 4.1.

Corollary 4.1. Suppose A is a compact topological space, C a closed convex
cone with a nonempty interior such that C* # @ and the bifunction f satisfies
the conditions:

(i) f(,b) is properly C-usc for all b € B and [ is C-subconcavelike in its

first variable;
(i) foreachby,...,by€ B, zj,...,z; € C* notall zero it holds

supZz (fla,bj))>0.

aEA

Then, the vector equilibrium problem (SVEP) admits a solution.

Proof. 1t is enough to show that the C-subconcavelikeness of the function f
in its first variable implies condition (ii) of Theorem 4.1. Take ay, ..., a, € A,
bi,....by € B A1, ..., Ay >0 with Ay + ...+ A, = 1 and u* € C%.

Thanks to the C-subconcavelikeness of f in its first variable, for each
[ € int C there exists a € A such that

m
Zkif(ai,bj) =<c f(a,bj)+1 foreach je{l,...,n}. (4.12)
i=1

Applying u* to (4.12), we obtain

> diu* f(ai.bj) <u*(f(@ b)) +u (1) foreach je{l,....n}, (4.13)
i=1

and taking the minimum over j we get

m

lm'in Au® (f(a,,b))<lm1nu (f(ab))+u ()
ijnizl

<sup min u (f(a,bj))—i—u*(l).

acAl=j=n

Since this inequality holds for each [ € int C, we obtain the assumption (ii) of
Theorem 4.1 just taking [ — 0. O

In the special case Z =R and C = R, Corollary 4.1 collapses to the follow-
ing result. (In this case for C-subconcavelike we simply write subconcavelike.)
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Corollary 4.2. Suppose A is a compact topological space and the bifunction f
satisfies the conditions:

(i) f(,b) isuscforall b € B and subconcavelike in its first variable,
(i) foreachby,...,b, €B, iu1,..., 1w, > 0it holds

n
SupZ/Ljf(a,bj)>0.
j=1

acA i _

Then, the scalar equilibrium problem (EP) admits a solution.
The next result follows from Theorem 4.1 via the above corollary.

Theorem 4.2. Let A be a nonempty compact subset of a metrizable topolog-
ical vector space E, C a closed convex cone with a nonempty interior and
e* € Ct. Suppose that f : A x B — Z is C-subconcavelike-subconvexlike and
the function a — e*(f (a, b)) is upper semicontinuous on A for each fixed b € B.
Furthermore assume that

supe*(f(a,b)) >0, Vb€ B.

acA
Then, the strong vector equilibrium problem (SVEP) admits a solution.

Proof. We prove the theorem in two steps.

Step 1. Let t € C \ {0} and define the function ¥ : A x B — Z by ¥(a,b) =
f(a,b) + 1 for all a € A and b € B. For the given e* € C* we consider the
real-valued function e¢* o ¢ : A x B — R, which is defined as (e* o ¥)(a, b) =
e*(Y(a, b)) for all a € A and b € B. We show that this function satisfies the
assumptions of Corollary 4.2. Given any € > 0, there exists / € int C such that
e*(l) = €. Since f is C-subconcavelike in its first variable, for each aj, a» € A
and ¢ € [0, 1] there exists a € A such that

v(a,b) >cty(a;, b) + (1 —t)¥(az, b) — I forall b e B.
Applying e* to this inequality we obtain
e*(Y(a, b)) = te*(Y(ay, b)) + (1 — )e* (Y (a2, b)) — € for all b € B.

Thus, the function e¢* o ¥ is subconcavelike in its first variable.

Take by,...,b, € B, u1, ..., hp =0 with uy +--- + u, = 1. Since f is
C-subconvexlike in its second variable, we have that for each [’ € int C there
exists an element b € B such that

n
Y(a.b)<c Y pjp(a.bj)+1 foralla e A. (4.14)
j=1
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Applying the nonzero functional ¢* to relation (4.14) we get

(W (a.b) <Y pje*(Y(a.bj) +e* (') foralla e A. (4.15)
j=1

By the assumptions and inequality (4.15), we deduce that

e*(r) < supe*(f(a, b))+ e*(r) <sup2u]e (W (a, b)) +e* ().

acA / 1

Taking the limit as [’ — 0, we obtain
0<e’() < supZM,e (W (a.b))).
1 1

Hence, the assumptions of Corollary 4.2 are satisfied. Therefore, there exists a
solution a € A of (EP), i.e.,

e*(f(a,b)) +e*(r)>0forall b e B.

Step 2. Applying Step 1 with e*/n, we get that for all n € N there exists a point
a, € A such that

1
e*(f(ay, b))+ —e*(t) >0forallbc Bandn € N. (4.16)
n

In this way we achieve a sequence {a,} of points of the compact set A. Since
E is metrizable, compactness guarantees sequential compactness: thus, there
exists a convergent subsequence of {a,} (also denoted by {a,} for the sake of
simplicity), i.e., there is a € A such that a, — a when n — oco. We show that a
solves (SVEP).

Since a + e*(f (a, b)) is upper semicontinuous on A for any point b € B,
we have that it is upper semicontinuous at 4, i.e., for any € > 0 there exists
ng € N such that

e*(f(ay, b)) <e*(f(a,b)) + e for all n > ng.
Thanks to condition (4.16), we deduce
0 <e*(f(an, b)) + (1/n)e* () < e*(f (@, b)) + (1/n)e*(r) + e
for all n > ng. Taking n — oo, we have

0<e*(f(a b)) +e.
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Since this inequality holds for any €, we conclude that
0=<e*(f(a.b)).
Since this inequality holds for any b € B, then a is a solution of (SVEP). (]

When E is a normed space, according to Eberlein-Smulian theorem (see, for
instance, [3]) weak compactness is equivalent to weak sequential compactness:
therefore, the following stronger result can be achieved for the case of normed
spaces, just arguing as in the previous proof.

Theorem 4.3. Let A be a nonempty weakly compact subset of a normed
space E, C a closed convex cone with a nonempty interior and e¢* € C*. Sup-
pose that f : A x B — Z is C-subconcavelike-subconvexlike and the function
a > e*(f(a, b)) is weakly upper semicontinuous on A for each fixed b € B. Fur-
thermore assume sup, 4 €*(f(a, b)) > 0 for all b € B. Then, the strong vector
equilibrium problem (SVEP) admits a solution.

Theorem 4.3 allows to get the following slight generalization of Theorem 3.2
of [84], in which convexlikeness is replaced by the weaker subconvexlikeness.

Corollary 4.3. Let A be a nonempty weakly compact subset of a normed
space E, C a closed convex cone with a nonempty interior and e* € C*.
Suppose f: A x A — Z is C-subconcavelike-subconvexlike and the function
a +— e*(f(a, b)) is weakly upper semicontinuous on A for each fixed b € A.
Furthermore assume f(a,a) € C forall a € A. Then, the strong vector equilib-
rium problem (SVEP) admits a solution.

Proof. The thesis follows immediately from Theorem 4.3, just taking A = B
and noticing that f(a, a) € C for all a € A implies

supe*(f(a, b)) > e*(f(b,b)) >0forallbe A. O

acA

Theorem 4.3 extends Theorem 3.2 of [84] also in two other ways: two dif-
ferent sets A and B are considered and the equilibrium condition f(a,a) € C is
replaced by a weaker assumption involving appropriate suprema over A.

4.1.2 The Weak Vector Equilibrium Problems

In this subsection we provide existence results of (WVEP). Unless otherwise
specified, we keep the notations used in the previous subsection. Recall the fol-
lowing well-known property, which is easy to prove.

Lemma 4.2. Ifz* € C* is a nonzero functional, then z*(z) > 0 for all z € intC.

The proof of the next result follows the line given in Theorem 4.1.
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Theorem 4.4. Let A be a compact set and let f : A X B — Z be a function such
that

(i) foreachy € B, the function f(-,y): A — Z is C-usc on A;
m
(i) for each %\.....%n € A, A1, . = 0with Y A =1,51.....5, € B

i=1
there exists u* € C* \ {0} such that

m
min riu*(f(xi, y))) <sup min u*(f(X,y,));
0 1 i (f( i y]))_geglfjfn (f( y]))
i—
(iii) foreachy,...,y, € B, z},...,z; € C* not all zero one has

sup » _25(f (X, 5))) = 0.
j=1

X€eA i _
Then the equilibrium problem (WVEP) admits a solution.

Proof. Suppose by contradiction that (WVEP) has no solution, i.e., for each
X € A there exists y € B with the property f(x,y) € —intC. This means that
for each x € A there exists y € B and k € int C such that

f(x,y)+ke—intC.
Consider the sets
Usk:={x€A| f(x,y)+ke—intC},

where y € B and k € intC. In what follows we show that the family of these
sets forms an open covering of the compact set A.
Let xo € Uy x and k € intC. Since X € Uy x we have that

f (%o, 7) + k € —int C that is, — f (%o, ) — k € int C.

Denote k' := — f (Xg, b) — k, so k’ € int C. Since the function f (-, y) is C-usc
at Xo € A, we obtain for &’ that there exists a neighborhood Uz, C E of xg such
that

f,3) € f(&o,y) + k' —intC
= f(X0,y) — f(x0,y) —k —intC
=—k—intC, forallu € Uz,.

Hence we have that f(u, y) + k € —intC for all u € Ug,, which means that
Uy k is an open set.

s
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Since the family {Uj} is an open covering of the compact set A, we
can select a finite subfamily which covers the same set A, i.e., there exist
Y1,-..,Yn € Band kq, ..., k, € intC such that

n
Ac |JUs,x;- 4.17)
j=1
For these ki, ..., k, € intC, we have that there exist Vi,..., V, balanced

neighborhoods of the origin of Z such that k; +V; C C forall j € {1,...,n}.
Define V := Vi N---NV,, thus V is a balanced neighborhood of the origin
of the space Z. Let ko € V NintC, so we have —ko € V. Hence,

ki—koek;j+V Ck;j+V;CC, forall je{l,...,n},
which gives
kj—koeC, forall je{l,...,n}. (4.18)

Now define the vector-valued function F : A — Z" by

F®) = (f& 1) +ko, . F(E Fa) +ko).
Assert that
conv F(A) N (intC)" =@, (4.19)
where conv F(A) denotes the convex hull of the set F(A). Zupposing the con-

trary, there exist xq,...,X, € A and Ay, ..., A, > 0 with Z)‘i =1 such that
i=1

m
Z Ai F(x;) € (intC)", or equivalently,
i=1
m
> Milf (. §)) + kol €intC, for each j € {1, ....n}, which gives

i=1

m
> ki f(i.5)) +ko €intC, foreach j € {l,...,n}. (4.20)
i=1

Let u® € C* be a nonzero functional for which (ii) holds. Applying u™* to the
relation above and taking into account Lemma 4.2 we obtain that

> nut (£l §))) + u* (ko) > 0.
i=1
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Passing to the minimum over j we have
m

min Y it (f i, 5) > —u*(ko), 4.21)

1<j<n*
1=

thus, assumption (ii) and relation (4.21) imply that

sup min u*(f(a,b;)) > —u*(ko). 4.22)
acAl=sjz=n
For each x € A, by relation (4.17) we have that there exists jo € {1,...,n}

such that a € UbIO’kfo’ ie., f(a,bj,) +kj, € —int C. This, together with (4.18)
imply that

f(a,bj,) + ko€ —kj,+ko—intC C —intC.

By Lemma 4.2 and using the fact that u* € C* we obtain that
W (&, 3jy)) +u* (ko) <O.
Thus for eacha € A

min u*(f(a,b;)) < —u*(ko),

I<j<n

and passing to supremum over a we get a contradiction.
By the separation theorem of convex sets, we have that there exists
z* € (Z™)* a nonzero functional such that

7*(u) <0, forall u e convF(A) and (4.23)
Z*(¢) >0, forall ¢ € (intC)". (4.24)

Using the representation z* = (2], ..., z;;), by a standard argument we deduce
that z¥ € C* forall j € {l1,...,n}.

In particular, by (4.23), we have z*(u) < 0 for all u € F(A). This means that
for any x € A, 7*(F(x)) <0, or equivalently,

> Z(f (5 +ko) <0

j=1

Taking into account the linearity of z}’f e C*forall j €{l,...,n},Lemma4.2
and the fact that not all zj are zero we obtain

S S (fEIN) == 2hko) <0
Jj=1 j=I1
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Passing to supremum over x € A in the upper relation we deduce that

sup » " 25(f(&.5)) <0.
j=1

Xe€A
which is a contradiction to assumption (iii). This completes the proof. O

It is easy to check by induction that the concept of C-subconcavelikeness
given in Definition 4.2 can be characterized as follows.

Proposition 4.3. The function f : A x B — Z is C-subconcavelike in its first
variable if and only if for eachl € intC, ay,...,am € A, A, ..., Am = 0 with

m
Zki =1 there exists a € A such that

i=1

f@.by=c > Aif(ai.b)—1, forallbe B.

i=1
Using Proposition 4.3 we obtain by Theorem 4.4 the following result.

Corollary 4.4. Let A be a compact set and let f : A X B — Z be a function
such that

(i) f is C-usc and C-subconcavelike in its first variable;
(ii) foreachy,,...,y, € B, Z}, ..., 2y € C* not all zero one has

n
sup Y " ZH(f(*.7,)) = 0.
XeA j=1

Then the equilibrium problem (WVEP) admits a solution.

Proof. 1t is enough to show that assumption (ii) of Theorem 4.4 is satisfied. Let
us prove that the C-subconcavelikeness of the function f implies assumption (ii)
of the above theorem.

m
FiX X¥1.....%m € A, 1.....5, € B, A1,.... Ay = 0 with Y "%; =1, and
i=1
u* € C*\{0}.
By the C-subconcavelikeness of f in its first variable, for each/ € int C there
exists a € A such that

> Mif&:Y;) =c f@¥;)+1. foreach je(l,....n). (4.25)

i=1
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Applying u*, relation (4.25) becomes

D nut (L) <u(fRE.Y)) +ur(). foreach je{l,....n}. (4.26)

i=1
which, by passing to minimum over j yields

m

min Y At (f(F,5;)) glirljjgnu*(f(i,yj))+u*(l)

I<j=nf
i=

<sup min u*(fX.;))+u*{).
TeAlsj=sn
Since this relation holds for each / € int C we obtain assumption (ii) of The-
orem 4.4. Hence (WVEP) admits a solution. O

4.2 EXISTENCE OF SOLUTIONS OF SET-VALUED
EQUILIBRIUM PROBLEMS

In this section, we obtain different results on the existence of solutions of set-
valued equilibrium problems generalizing in a common way several old ones
for both single-valued and set-valued equilibrium problems.

Set-valued equilibrium problems have been recently investigated in [6] under
mild conditions of continuity, and also under the notion of self-segment-dense
subset first introduced in [114]. We focus in this section only on continuity and
convexity. We are aware of the rich development in last years of the field of
equilibrium problems, which has taken different directions and involved several
tools such as vector equilibrium problems.

We first present the strong and weak set-valued equilibrium problems. Next,
we obtain three main results on the existence of solutions of strong and weak
set-valued equilibrium problems, which generalize those for set-valued and
single-valued equilibrium problems. Applications include Browder variational
inclusions in the realm of real normed vector spaces. Results on the existence of
solutions of Browder variational inclusions involving set-valued operators, with
bounded in norm values and satisfying a condition related to the existence of a
maximum rather than the weak* compactness, are presented. Results involving
demicontinuous set-valued operators are also given.

4.2.1 The Strong and Weak Set-Valued Equilibrium Problem

Let C be a nonempty subset of a real topological Hausdorff vector space and
® : C x C = R be a set-valued mapping called a set-valued bifunction. Recall
from Chapter 2 that the strong set-valued equilibrium problem is a problem of
the form

find x* € C such that ® (x*, y) CR. VyeC. (Ssvep)
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The weak set-valued equilibrium problem is a problem of the form
find x* € C such that ® (x*, y) "Ry #¢ VyeC. (Wsvep)

In the special case where @ is a single-valued mapping, the strong and the
weak set-valued equilibrium problems are the same, and coincide with what is
often called, an equilibrium problem in the sense of Blum, Muu, and Oettli or
inequality of Ky Fan-type, due to their contribution to the field.

Example 4.1. Let C be a nonempty, closed, and convex subset of a real normed
vector space X. Endowed with the weak topology, X is a real topological Haus-
dorff vector space. Let F : C = X* be a set-valued operator. The problem

find xo € C such that {(x;, y — x0) : x5 € F(xo)} CRy forallyeC

is an example of a strong set-valued equilibrium problem in the real topological
Hausdorff vector space X. The problem

find xo € C such that {(xj,y —x0) : xj € F(xo)} "Ry #@ forallyeC

is an example of a weak set-valued equilibrium problem in the real topological
Hausdorff vector space X.

In practice, examples are often taken in the settings of real normed vector
spaces which are special cases of real topological Hausdorff vector spaces. The
following example is an application of the strong set-valued equilibrium prob-
lems to fixed point theory.

Example 4.2. Let C be a nonempty, closed, and convex subset of a real normed
vector space X and F : C = X™* be a set-valued operator. Solving the strong
set-valued equilibrium problem

find x¢ € C such that
dist (y, F(xg)) — dist (xg, F'(x0))[0, +oo[C Ry forallyeC

provides us with a tool to obtain a version of Kakutani fixed point theorem on
the existence of fixed points of F.

The following example is an application of the weak set-valued equilibrium
problems to economic equilibrium theory.

Example 4.3. Consider the simplex

n
M":={x:=(x1,...,x,) eR: inzl
i=1

and a set-valued mapping C : M" =% R". According to Debreu-Gale-Nikaido
theorem, under some conditions and if the Walras law holds which states that
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for every (x, y) in the graph of C we have (y, x) > 0, then there exists xg € M"
such that

C (x0) NR™ £

For every x € M" and y € R", we set

o (C(x),y):= sup (z,¥),
zeC(x)

and we finally define the set-valued mapping ® : M" x M" = R by
P (x,y) :=]—-00,0 (C(x),y)].
Solving the weak set-valued equilibrium problem
find x* € C such that ® (x*, y) NRy #0 VyeC,

provides us with a tool to obtain a version of Debreu-Gale-Nikaido-type theorem
on the existence of xg € M" such that

C (x0) NR™L #£ ¢,

This result is a Debreu-Gale-Nikaido-type theorem, which extends the famous
classical result in economic equilibrium theory by weakening the conditions
on the collective Walras law. It has been obtained in [115, Theorem 5.1] un-
der the weakened condition of assuming that the Walras law holds only on a
self-segment-dense subset D of M".

4.2.2 Concepts of Continuity

The notions of convexity (concavity) and convexly quasi-convexity (concavely
quasi-convexity) of set-valued mappings have been introduced in Chapter 1.
Now we deal with continuity concepts of set-valued mappings. Lower and upper
semicontinuity (defined also in Chapter 1) are the most known among them.
However, these concepts applied to single-valued mappings, they produce the
continuity, which is too strong in many applications.

As for convexity and concavity, the notions of lower and upper semicontinu-
ity of set-valued mappings are not limited to extended real set-valued mappings
and therefore, they may be too stronger than the lower and upper semicontinuity
of extended real single-valued mappings. Here, we develop weaker notions of
lower and upper semicontinuity for extended real set-valued mappings, which
generalize both those for set-valued mappings and extended real single-valued
mappings.

Let X be a Hausdorff topological space and F : X = R an extended real
set-valued mapping. We first derive two definitions from lower semicontinuity
of set-valued mappings.
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We say that F is [-lower semicontinuous at x € X if for every A € R such
that F (x) N ]Xx, +o00] # @, there exists an open neighborhood U of x such that
F (x/) N1A, +oo] # @, for every x’ € U.

We observe that the notion of I-lower semicontinuous generalizes both lower
semicontinuity of extended real single-valued mappings and that of lower semi-
continuity of set-valued mappings.

We say that F is 1-lower semicontinuous on a subset S of X if F is l-lower
semicontinuous at every point of S.

Proposition 4.4. Let X be a Hausdorff topological space, S a subset of X, and
F : X = R a set-valued mapping. Then, F is l-lower semicontinuous on S if and
only if for every . € R, we have

F*([—oo,A)NS=cl (F ([—o0,A])) N S.

Proof. Assume that F is l-lower semicontinuous on S and let A € R. Let
xecl (Ft([—oo,A)) N S. If x ¢ FT ([—o0,]), then F (x) N ]x, +00] # ¢.
Since x € §, then there exists an open neighborhood U of x such that F (x/ ) N
A, +o00[ # @, for every x’ € U. It follows that U N F+ ([—oo, A]) = @, which
contradicts the fact that x € cl (F* ([—o0, 1])).

Conversely, let x € S and A € R be such that F(x) N ]JA,+o0] # @.
Then x ¢ F* ([—o0, A]) and therefore, x ¢ ¢l (FT ([—o0, A])). Put U = X \
cl (F+ ([—o0, A])), which is an open neighborhood of x. For every x” € U, we
have x’ ¢ cl (F* ([—o0,1])) and then, x" ¢ F* ([—00, A]). We conclude that
F(x’)ﬂ])\,—i-oo];é@,foreveryx’eU. O

Example 4.4. Consider the extended real set-valued mapping F : R = R de-
fined by

Clearly, F is l-lower semicontinuous on R. However, F is not lower semicontin-

uous at 0. Indeed, take V = ]a, b[,a,b € Ry anda < b. We have F (0)NV # @,

but any open neighborhood of 0 contains a small enough point x such that
1

— >b.

i

We say that F is [-upper semicontinuous at x € X, if for every A € R such
that F' (x) N [—oo, A[ # @, there exists an open neighborhood U of x such that
F (x') N[—o00, A[ # ¥, for every x" € U.

Clearly, the notion of l-upper semicontinuous generalizes both upper semi-
continuity of extended real single-valued mappings and lower semicontinuity of
set-valued mappings. Also, an extended real set-valued mapping F is l-lower
semicontinuous at x € X if and only if —F is l-upper semicontinuous at x.

We say that F is l-upper semicontinuous on a subset S of X if F is l-upper
semicontinuous at every point of S.
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By a similar proof to that of Proposition 4.4, we obtain the following result
for 1-upper semicontinuous set-valued mappings.

Proposition 4.5. Let X be a Hausdorff topological space, S a subset of X, and
F : X = R a set-valued mapping. Then, F is l-upper semicontinuous on S if
and only if for every A € R, we have

F* (A, 4oo])NS=cl (FT ([x,+o0])) N S.

Example 4.5. Consider the extended real set-valued mapping F : R = R de-
fined by

[—o0,0], if x=0,
F(x) = [ 1

00, _IYI] , otherwise.

Clearly F is l-upper semicontinuous on R, but it is not lower semicontinuous
at 0.

Now, we derive two other definitions from upper semicontinuity of set-
valued mappings.

We say that F is u-lower semicontinuous at x € X if for every A € R such that
F (x) C ]A, +0o0], there exists an open neighborhood U of x such that F (x’ ) C
A, 4+00], for every x’ € U.

We observe that the notion of u-lower semicontinuous generalizes both lower
semicontinuity of extended real single-valued mappings and that of upper semi-
continuity of set-valued mappings.

We say that F' is u-lower semicontinuous on a subset S of X if F is u-lower
semicontinuous at every point of S.

Proposition 4.6. Let X be a Hausdorff topological space, S a subset of X, and
F : X = R a set-valued mapping. Then, F is u-lower semicontinuous on S if
and only if for every A € R, we have

F~ ([—oo,A) NS =cl (F~ ([—o0,A])) NS.

Proof. Assume that F is u-lower semicontinuous on § and let A € R. Let
x€cl (F~([—o0,A))NS.If x ¢ F~ ([—o0, A]), then F (x) C ], +00]. Since
x € S, then there exists an open neighborhood U of x such that F (x’) C
1A, 400, for every x’ € U. It follows that U N F~ ([—o0, A]) = @, which con-
tradicts the fact that x € cl (F~ ([—o0, A])).

Conversely, let x € § and A € R be such that F (x) C JA, +0oc]. Then x ¢
F~([—oo,A]) and therefore, x ¢ cl (F_ ([—oo,k])). Put U = X \
cl (F~ ([—o0, A])), which is an open neighborhood of x. For every x’ € U,
we have x’ ¢ cl (F~ ([—oo, A])) and then, x" ¢ F~ ([—00, A]). We conclude
that F (x') C ], +00], for every x" € U. O
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Example 4.6. Consider the extended real set-valued mapping F : R = R de-
fined by

{0}, if x=0,
F((x):= [1

e +oo] , otherwise.

Clearly, F is u-lower semicontinuous on R. However, F is not upper semicontin-
uous at 0. Indeed, take V = la, b[,a € R_ and b € R;. We have F (0) C V, but
any open neighborhood of 0 contains a small enough point x such that ﬁ > b.

We say that F' is u-upper semicontinuous at x € X if for every A € R such
that F (x) C [—oo, A[, there exists an open neighborhood U of x such that
F (x') C [—o0, A[, for every x" € U.

Clearly, the notion of u-upper semicontinuous generalizes both upper semi-
continuity of extended real single-valued mappings and upper semicontinuity of
set-valued mappings. Also, an extended real set-valued mapping F' is u-lower
semicontinuous at x € X if and only if —F is u-upper semicontinuous at x.

We say that F is u-upper semicontinuous on a subset S of X if F is u-upper
semicontinuous at every point of S.

By a similar proof to that of Proposition 4.6, we obtain the following result
for u-upper semicontinuous set-valued mappings.

Proposition 4.7. Let X be a Hausdorff topological space, S a subset of X, and
F : X = R a set-valued mapping. Then, F is u-upper semicontinuous on S if
and only if for every A € R, we have

F™ ([, +o0])NS=cl (F~ ([A,+00])) N S.

Example 4.7. Consider the extended real set-valued mapping F : R = R de-
fined by

{0}, if x =0,
F(x):=
[—oo, —ﬁ] . otherwise.

Clearly, F is u-upper semicontinuous on R, but it is not upper semicontinuous
at 0.

As a summary, we have the following characterizations for extended real
single-valued mappings.

Proposition 4.8. Let X be a Hausdorff topological space and xo € X. For an
extended real single-valued mapping f : X — R, the following conditions are
equivalent:

1. f is lower semicontinuous at x,
2. f is l-lower semicontinuous at x,
3. f is u-lower semicontinuous at x.
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Proposition 4.9. Let X be a Hausdorff topological space and xo € X. For an
extended real single-valued mapping f : X — R, the following conditions are
equivalent:

1. f is upper semicontinuous at x,
2. f is l-upper semicontinuous at x,
3. f is u-upper semicontinuous at x.

4.2.3 Strong and Weak Set-Valued Equilibrium Problems:
Existence of Solutions

In what follows, we deal with the existence of solutions of both strong set-valued
equilibrium problems and weak set-valued equilibrium problems.

We first recall for convenience the notion of KKM mapping (given in Chap-
ter 3) and the intersection lemma due to Ky Fan [73], (Theorem 3.2) which
generalizes the Tychonoff fixed point theorem.

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

n
conv{xy,...x,} C U F(xp).
i=1
By Ky Fan’s lemma [73], if

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

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

Ot (y):i={xeC: d(x,y)NRL #¢¥} forallyeC,
and
Ot (y)i={xeC: ®(x,y)CR,} forallyeC.

We remark that @1+ (y) C ®* (y), forevery y € C and

1. x¢ € C is a solution of the set-valued equilibrium problem (Wsvep) if and

only if xo € (,ec DT (),
2. xp € C is a solution of the set-valued equilibrium problem (Ssvep) if and

only if xo € (,ec 7 ().
Set

cddt (y)=cl (T (y)) and cl®F (y)=cl (®T (1)),

the closure of ®* (y) and ®** (y) respectively, for every y € C.
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Lemma 4.3. Let C be a nonempty and convex subset of a real topological vec-
tor space. Let ® : C x C = R be a set-valued mapping, and assume that the
following conditions hold:

1. ®(x,x) CR4, forevery x € C;

2. @ is convexly quasi-convex in its second variable on C.

Then the set-valued mappings cl®™+ : C = C and c1®" : C = C are KKM
mappings.

Proof. It suffices to prove that the set-valued mapping ®*+ : C = C is a
KKM mapping. Let {y1,...,y,} C C and {A{,...,A,} C Ry be such that
Yo A =1.Put 3 =37 Ay By assumption (2), for {zi,...,z,} with
zi € D(y,y;) foreveryi =1, ..., n, there exists z € ® (y, y) such that

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

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

n n
D o hyi=5ed™ (v,) cl ot on),
i=1

i=1
which proves that @+ is a KKM mapping. O

The following result generalizes both [7, Theorem 3.1] obtained for set-
valued equilibrium problems when the self-segment-dense set D is equal to C,
and [8, Theorem 3.1] for single-valued equilibrium problems.

Theorem 4.5. Let C be a nonempty, closed, and convex subset of a real topo-

logical vector space. Let ® : C x C = R be a set-valued mapping, and assume

that the following conditions hold:

1. ®(x,x) CRy, foreveryx € C;

2. O is convexly quasi-convex in its second variable on C;,

3. there exist a compact set K of C and a point yg € K such that ® (x, yo) N
R* #£@, foreveryx € C\ K;

4. O is l-upper semicontinuous in its first variable on K.

Then the set of solutions of the set-valued equilibrium problem (Ssvep) is a

nonempty and compact set.

Proof. Assumption (1) yields @ (y) is nonempty, for every y € C. We ob-
serve that c1®*+ (y) is closed for every y € C, and cl ®*T (yp) is compact
since it lies in K by assumption (3).
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The set-valued mapping cl @+ : C = C is a KKM mapping by Lemma 4.3.
Then, by using Ky Fan lemma, we have

ﬂ cl ot (y) £ 0.

yeC

Since the subset @+ (yg) is contained in the compact K, then

et m=) (e »NnK),

yeC yeC

and

ﬂ cdott (y) = ﬂ (clo™ (»)NK).

yeC yeC

We remark that for all y € C, @7 (y) is the upper inverse set ®* ([0, +-00[, y)
of [0, +o0[ by the set-valued mapping & (., y) which is l-upper semicontinu-
ous on K. Then, by Proposition 4.5, we have c1®™+ (y) N K = ®TF (y) N K.
Therefore

(et =) (e mnK)=) (@ »mnK)=]o" (.

yeC yeC yeC yeC

It follows that the set of solutions of the strong set-valued equilibrium prob-
lem (Ssvep) is nonempty, and compact since it is closed and contained in the
compact set K. O

Now, we turn to weak set-valued equilibrium problems. First, we obtain
the following result which also generalizes [8, Theorem 3.1] for single-valued
equilibrium problems by using u-upper semicontinuity which is derived from
upper semicontinuity of set-valued mappings rather than l-upper semicontinuity
in Theorem 4.5 which is derived from lower semicontinuity.

Theorem 4.6. Let C be a nonempty, closed, and convex subset of a real topo-
logical vector space. Let ® : C x C = R be a set-valued mapping, and assume
that the following conditions hold:

1. ®(x,x) CRy, foreveryx € C;

2. @ is convexly quasi-convex in its second variable on C;

3. there exist a compact set K of C and a point yo € K such that ® (x, yp) C
R*, for every x € C \ K;

4. O is u-upper semicontinuous in its first variable on K.

Then the set of solutions of the set-valued equilibrium problem (Wsvep) is a

nonempty and compact set.
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Proof. Assumption (1) yields that ®* (y) is nonempty, for every y € C. We
observe that cl @ (y) is closed for every y € C, and cl @™ (yg) is compact since
it lies in K, by assumption (3).

The set-valued mapping c1 @™ : C = C is a KKM mapping by Lemma 4.3.
Then, by the Ky Fan lemma, we have

ﬂclcl>+(y)7é®.

yeC

Since the subset ®* (yp) is contained in the compact K, then

ot m=()(@"»mnkK),

yeC yeC

and

ﬂc1q>+(y)= ﬂ (cldt () NK).

yeC yeC

We remark that for all y € C, ®T (y) is the lower inverse set ®~ ([0, +oo[, y)
of [0, +oc[ by the set-valued mapping @ (., y) which is u-upper semicontinuous
on K. Then, by Proposition 4.7, we have cl @+ (y) NK = ®T (y)N K. Therefore

ot =)ot mnK)=)(@*MNnK)=[)" (.

yeC yeC yeC yeC

It follows that the set of solutions of the set-valued equilibrium problem (Wsvep)

is nonempty and compact, since it is closed and contained in the compact set K.
O

In many applications, the set-valued @ is concave in its second variable. We
give here the following result for concavely quasi-convex set-valued mappings.

Lemma 4.4. Let C be a nonempty convex subset of a real topological vector
space. Let ® : C x C =3 R be a set-valued mapping, and assume that the fol-
lowing conditions hold:

1. & (x,x) "Ry #0, for every x € C;

2. ® is concavely quasi-convex in its second variable on C.

Then, the set-valued mapping cl1®* : C = C is a KKM mapping.

Proof. Let {y1,...,y,} CCand {A,...,A,} C Ry be such that >/ | A; = 1.
Put § =3""_, A;yi. By assumption (2), for z € ® (¥, ¥), there exist {z1, ..., z,}
with z; € ® (¥, y;) forevery i =1, ..., n, such that

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

It follows that there exists ig € {1, ..., n} such that ® (y, yio) N Ry # @. Oth-
erwise, all the z; are in R*, and therefore z € R*. Since z € ® (¥, y), then
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® (y,y) C R*, which yields a contradiction since ® (¥, y) N R4 # @ by as-
sumption (1). We conclude that

n n
Y ryi=5ed" (yy) clJoT (),
i=1

i=1
which proves that c1 ® is a KKM mapping. U

The following result generalizes both [7, Theorem 3.2] obtained for set-
valued equilibrium problems when the self-segment-dense set D is equal to C,
and [7, Theorem 3.1] for single-valued equilibrium problems. Here, we remark
that the conclusion is the same as in Theorem 4.6 for convexly quasi-convex
set-valued mappings, but with weaker first condition.

Theorem 4.7. Let C be a nonempty, closed, and convex subset of a real topo-
logical vector space. Let ® : C x C = R be a set-valued mapping, and assume
that the following conditions hold:

1. ®(x,x) NR4 #0, for every x € C;

2. ® is concavely quasi-convex in its second variable on C;

3. there exist a compact set K of C and a point yo € K such that ® (x, yp) C
R*, for every x € C \ K

4. O is u-upper semicontinuous in its first variable on K.

Then, the set of solutions of the set-valued equilibrium problem (Wsvep) is a
nonempty and compact set.

Proof. By using Lemma 4.4 instead of Lemma 4.3, the proof follows step by
step that of Theorem 4.6. O

4.2.4 Application to Browder Variational Inclusions

Browder variational inclusions appear as a generalization of Browder-Hartman-
Stampacchia variational inequalities and have many applications, including ap-
plications to nonlinear elliptic boundary value problems and the surjectivity of
set-valued mappings.

Let C be a nonempty, closed, and convex subset of a real normed vector
space X. A set-valued operator F : C = X* is said to be coercive on C if there
exists yg € C such that

infyeepeo (X, x — yo)

m
llx|—>+o0 llx]
xeC

= +o0.

We observe that if F' is coercive on C, then there exists R > 0 such that
yo € Kg and (x*, yo —x) C R*, for every x € C \ Kg and every x* € F (x),
where Kg = {x € C: ||x|| < R}. Clearly, Ky is weakly compact whenever X is
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reflexive. The set K (which may not be unique) is called a set of coerciveness.
In what follows, we will need a compact set of coerciveness. Unfortunately,
closed balls in X are not compact except if X is finite dimensional space.

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 x € C such that (A, x) CRy or (A, x) "Ry #@”
are called Browder variational inclusions.

We note that the condition of either X is a Banach space or the set-valued
operator F' has convex values on the set of coerciveness is required.

In the next result, we do not need the weak™® compactness of the values of
the set-valued operator. We say that a subset S of X* arttains its pairwise up-
per bounds on a subset A if for every z € A, the set {(x*,z): x* € S} has a
maximum in R. We observe that if a subset S of X* is weak* compact, then
the set {{(x™*, z): x* € S} is compact, and therefore it attains its minimum and a
maximum, for every z € X.

By using our notions of semicontinuity and convexity of real set-valued map-
pings, we obtain the following existence result. Here, Theorem 4.7 will be used
because the constructed real set-valued bifunction in the proof is concave in its
second variable.

Theorem 4.8. Let X be a real normed vector space, C a nonempty, closed, and
convex subset of X. Suppose that F : C = X* has the following conditions:

1. there exist a compact subset K of C and yy € K such that (F (x), yo—x) C
R*, for everyx € C \ K

2. F is upper semicontinuous on K;

3. for every x € K, F (x) is norm bounded and attains its pairwise upper
bounds on C — x.

Then there exists X € K such that (F (x),y —X) "Ry # 0, forevery y € C.

Proof. Define the set-valued mapping @ : C x C = R by

P (x,y):=(Fx),y—x).

We show that hypotheses of Theorem 4.7 are satisfied. We remark that &
is concave in its second variable, and then it is concavely quasi-convex in its
second variable. Except the last condition, all the other conditions hold easily
from our assumptions.

To prove that @ is u-upper semicontinuous in its first variable on K, fix
yeC,andletx € K and A € R be such that ® (x, y) C ]—o0, A[. It follows that
(F (x),y—x) C1—00,AL. Set Ay := max ((F (x),y — x)) <A, 8 := 25 and

81 ::min{ 0 , > }
3Ax+1 3dyIl+D
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where ||.|| denotes the norm of X. Set O := Ux*eF(x) Bx+ (x*,81), where
By (x*,81) ={z € X*: ||z — x*|l« < 81}, and ||.||« denotes the norm of X*. We
observe that F (x) is contained in the open set O, and by the upper semiconti-
nuity of ' on K, let n > 0 be such that F (w) C O forevery w € Bx (x,n)NC,
where By (x,n) = {we X: ||lw —x]|| <n}. Since F (x) is norm bounded, put
| F (x) ||« :=sup{llx*|l«: x* € F (x)} which is in R. Finally, we set

8

‘=mn{ ——— 1
’“ mm{3(||F(x>||*+1)’”’ }

and U = By (x, n1) N C which is an open subset of C containing x.
We show that ® (z, y) C ]—00, A[, for every z € U. To do this, let z € U and
z* € F (2). Let x} € F (x) be such that z* € By« (x, 81). We have

(5 y —2) = (x5, y —x)| = | (x5 — 25, 2) + (x§ x — 2) — (x5 — 2%, 3)]
< llxg — 2*ellzll + g llllx = 2l + llg — 2*1ally

S (llxll +n1) Sllxg Il Syl
3(xl+D - 3AF® I1+1) 3yl +1)
8+8+8 s

<-4+ -4 -=34.
3 3 3

It follows that (z*,y —z) < (x§,y —x) +8 <A, + 6 = % < A. Since z is

arbitrary in U and z* is arbitrary in F (z), then ® (z, y) C ]—o0, A[, for every
z € U. This means that ® is u-upper semicontinuous in its first variable on K.
O

Next, we obtain the following results on the existence of solutions of Brow-
der variational inclusions under assumptions of demicontinuity.

Recall that an open half-space in a real Hausdorff topological vector space
E is a subset of the form

fueE:pm)<r}

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. Recall that a set-valued operator F : X == E is said to be upper
demicontinuous at x € X if for every open half-space H containing F (x), there
exists a neighborhood U of x such that F (x') C H for all x’ € U. Next, F is
said to be upper demicontinuous on X if it is upper demicontinuous at every
point of X. We say that F is upper demicontinuous on a subset S of X if it is
upper demicontinuous at every point of S.

Proposition 4.10. Let X be a real normed vector space, C be a nonempty,
closed, and convex subset of X, and S C C. Suppose that F : C = X* has the
following conditions:
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1. F is upper semicontinuous on S to X* endowed with the weak* topology;
2. F has weak™* compact values on S.

Then F is upper demicontinuous 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
{u €X*: o) <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)) is compact and ¢ (F (x)) C
]—o0, r[. Set ry := max (¢ (F (x))) <r, § :== 5= and §; := H%H' Note that
ol € R* since ¢ is also continuous with respect to the strong topology, and not
identically zero. Finally, put O := UX*GF(X) Bx+ (x*,81), where Bxx (x*,81) =
{ze X*: |lz—x™|l+ <381}, and ||.||« denotes the norm of X*. We observe that
F (x) is contained in the open set O, and by the upper semicontinuity of F
on K, let U be an open subset of C such that F (z) C O, foreveryz € U.

We show that F (z) C H, for every z € U. To do this, let z € U and
z¥ € F (z). Let x} € F (x) be such that z* € By~ (x;, 81). We have

)
[ (%) = ¢ (x5)| < el = x5 < Nellon = gl =3.
It follows that ¢ (z*) < @ (x(*)‘) +8<r +6é= % < r. Since z is arbitrary in
U and z* is arbitrary in F (z), then F (z) C H, for every z € U. This means that
F is upper demicontinuous on K. O

Now, by using the notion of demicontinuous set-valued operators, we ob-
tain the following result on the existence of solutions of Browder variational
inclusions.

Theorem 4.9. Let X be a real normed vector space, C a nonempty, closed, and
convex subset of X. Suppose that F : C = X* has the following conditions:

1. there exist a compact subset K of C and yo € C such that (F (x),y —x) C
R*, for everyx € C \ K;
2. F is upper demicontinuous on K to X* endowed with the weak* topology.

Then, there exists x € K such that (F (x),y —x) NR4 # @, for every y € C.

Proof. Define the set-valued mapping ® : C x C = R by

@ (x,y):=(Fx),y—x).

It remains to prove that @ is u-upper semicontinuous in its first variable on K.
Fix y € C, and let x € K and A € R be such that ® (x, y) C ]—o0, A[. That is,
(F (x),y — x) C ]—00, A[. Consider ¢ defined on X* by ¢ (u) := (u,y — x),
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for very u € X*. Then ¢ is not identically zero linear functional on X* and it is
weak* continuous. It follows that F (x) is in the open half-space

H:{ueX*:go(u)<A}

in X*. Since F is upper demicontinuous on K, let U be an open neighborhood
of x such that F (x") C H, for every x’ € U. It follows that ® (x’, y) C ]—o0, A[
for every x’ € U, which proves that ® is u-upper semicontinuous in its first
variable on K. O

4.3 EQUILIBRIUM PROBLEMS GIVEN BY THE SUM OF TWO
FUNCTIONS

An interesting special case of the equilibrium problem is, where the bifunction
is given in the form f(x,y) = g(x,y) + h(x,y) with g,h: Ax A—->R. It
was investigated already in [42], where the authors obtained existence results
by imposing their assumptions separately on g and h. As stressed in [42], if
g =0, the result becomes a variant of Ky Fan’s theorem [74], whereas for h =0
it becomes a variant of the Browder-Minty theorem for variational inequalities
(see, for instance, [45]).

4.3.1 The Vector-Valued Case

In this subsection we present the results obtained by Kassay and Miholca
in [103] related to weak vector equilibrium problems, in the special case when
the (vector-valued) bifunction is given by the sum of two other bifunctions.

Let X be a real topological vector space and A C X. Consider another real
topological vector space Y, partially ordered by a proper convex cone C C Y
with nonempty interior. Let g, 7 : A x A — Y and consider the problem of find-
ing an element x € A, such that:

gx,y)+h(x,y) ¢ —intC forall yeA. (SWVEP)

Throughout this section, if not otherwise stated, A, B C X are nonempty
convex sets (B being typically a compact subset of A, but not always). Let us
first recall the following concept. If B C A, then corea B, the core of B relative
to A, is defined through

a€coreaB<= (ae B and BN (a,y]#®Y forall y e A\B),

where (a, y]={la+ (1 —A)y: X € [0, 1)}. Note that core4 A = A.
The following simple property will be useful in the sequel.

Lemma 4.5. Forall x,y € Y we have:

xeC, y¢ —intC=>x+y¢—intC.
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The convexity concept for scalar functions has been extended in a natural
way for vector-valued functions, according to the partial order introduced by
the cone C.

Definition 4.3. A function F : X — Y is called C-convex, iff foreach x,y € A
and A € [0, 1],

AFX)+(0—-MF@y)— Fx+ (1 —-2y)eC.

F is said to be C-concave iff — F is C-convex.

Next we present some monotonicity conditions for vector-valued bifunc-
tions. In order to do this, let us first recall several specific monotonicity concepts
for scalar bifunctions considered within the literature in the recent years. Most
of these notions were inspired by similar (generalized) monotonicity concepts
defined for operators acting from a topological vector space to its dual space.

Definition 4.4. The bifunction f: A x A — R is said to be

(i) monotone iff f(x,y)+ f(y,x) <Oforallx,y € A;
(ii) properly quasi-monotone iff for arbitrary integer n > 1, all x1,--- ,x, € A
andall A1, -+, A, > Osuch that )/, A; =1 it holds that

n
121,'1?" f(xi, Z)ijj) <0.
j=1

Proper quasi-monotonicity was introduced by Zhou and Chen in [176] un-
der the name of 0-diagonal quasi-concavity. Aiming to obtain existence results
for (scalar) equilibrium problems, the authors of [93] introduced the following
(slightly stronger) variant of proper quasi-monotonicity (called by themselves
property P47):

Definition 4.5. (cf. [93]) A bifunction f: A x A — R is said to be essentially
quasi-monotone iff for arbitrary integer n > 1, for every xi,---,x, € A and
A+, A > 0suchthat Y7 | A; =1, it holds that

i=1

n n
D S (i) hjxj) <0.
i=1 j=1

The concept of essential quasi-monotonicity has been extended to vector-
valued bifunctions in [103] as follows:

Definition 4.6. A bifunction f: A x A — Y is said to be C-essentially quasi-
monotone iff for arbitrary integer n > 1, for all x1, ...x, € Aand all A1, ...A, >0
such that )/, A; = 1 it holds that

n n
D hif i Y hjxj) ¢ intC.
i=1 j=1



Existence of Solutions of Equilibrium Problems Chapter | 4 87

The next simple property provides sufficient conditions for C-essential
quasi-monotonicity.

Proposition 4.11. Suppose that f : A x A — Y is C-monotone and C-convex
in the second argument. Then f is C-essentially quasi-monotone.

Proof. Take xi,...x, € A and A1, ...A; > 0 such that Zle Ai =1 and set z :=
> i=1Ajx;. Then

D hif@iz) < DD hikjflxix))
i=1

i=1 j=1

1 n
=5 E ik (f (i xj)+ f(xj,x) <c 0. 0
ij=1

The next example shows that a C-essentially quasi-monotone bifunction is
not necessarily C-monotone, even if it is C-convex in the second argument.

Example 4.8. Let f :[0,1] x [0,1] — R? given by f = (f1, f2), where
filx,y) =|x —yl, fa(x,y) =0 for every x, y € [0, 1]. It is easy to see that
fis Ri-essentially quasi-monotone, ]Ri-convex in the second argument, but
not Ri-monotone, since f(1,0)+ £(0,1)=(2,0) ¢ —R%r.

To start, let us first prove the following three lemmas. All of them serve
as tools for the proofs of the main results. Moreover, the first one can also be
seen as an existence result for a special vector equilibrium problem, therefore it
seems interesting on its own.

Lemma 4.6. Suppose that B is a compact subset of X, let g: B x B — Y and
h: B x B — Y be given bifunctions satisfying:

(i) g is C-essentially quasi-monotone and C-lower semicontinuous in the sec-
ond argument;

(ii) & is C-upper semicontinuous in the first argument and C-convex in the
second argument; h(x, x) € C for all x € B.

Then there exists X € B such that
h(x,y) —g(y.x) ¢ —intC,
forall y € B.
Proof. Let, for each fixed y € B,
S(y):={xeB:h(x,y)—g(,x) ¢ —intC}. 4.27)

Let us show that NyepS(y) # ¥. Indeed, let {y1, y2,..., y»} C B and set I :=
{1,2,...,n}. Take arbitrary z € conv{y; :i € I}. Thenz =), _,; A;y; withx; >0

iel
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and Zi <7 Ai = 1. Assume, by contradiction, that

h(z,yi) — g(yi,z) € —intC,
for all i € I. From this we have

D hih(z. ) =D rig(yi.2) € —intC. (4.28)

iel iel
Since g is C-essentially quasi-monotone it follows that

D higin Y hivi) ¢ intC. (4.29)

iel iel

On the other hand, since /4 (x, x) € C for all x € B, and & is C-convex in the
second argument,

> hih(z, yi) e C. (4.30)
iel
Therefore, by Lemma 4.5, (4.29) and (4.30) it follows that
D ik yi) =Y rig(yi,2) & —intC, (431)
iel iel

which contradicts (4.28). Hence we obtain

conv{y; i €l}C .UIS(yi).
le

Now, since h is C-upper semicontinuous in the first argument, and g is
C-lower semicontinuous in the second argument, it follows that the function
F defined by F(x) = h(x,y) — g(y, x) is C-upper semicontinuous. By Lem-
ma 4.1 (iii), the sets S(y) are closed for every y € B, and since B is compact,
they are compact too. Hence, by the KKM theorem (Chapter 3, Theorem 3.2),
NyepS(y) # V. Therefore, there exists at least one X € B such that

h(x,y) —g(y,X) ¢ —intC,
forall y € B. 0

The next lemma makes the connection between the special equilibrium prob-
lem considered in Lemma 4.6 and the equilibrium problem we are interested in.

Lemma 4.7. Let g: B x B— Y and h: B x B — Y be given bifunctions
satisfying:

(i) g is C-convex in the second argument, g(x, x) € C for all x € B, and for
all x, y € B the functiont € [0, 1] — g(ty + (1 — t)x, y) is C-upper semi-
continuous at 0;

(ii) h is C-convex in the second argument; h(x,x) =0 for all x € B.
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If there exists X € B such that h(x,y) — g(y,x) ¢ —intC for all y € B, then
h(x,y)+g,y) ¢ —intC forall y € B.

Proof. Let y € B be arbitrary and let x, := Ay 4+ (1 — A)Xx, 0 < A < 1. Then
X). € B. By the hypothesis we obtain

(I =2h(Cx,x3) — (1 =A)g(xy,x) ¢ —intC. (4.32)

Since g is C-convex in the second argument and g(x, x) € C for all x € B, then
forall0 <A <1,

Ag(xn, V) + (1 —A)glxn,x) eC. (4.33)
By Lemma 4.5, (4.32) and (4.33) we have

(I = hX, x) +2g(xy, y) ¢ —intC. (4.34)
Since & is C-convex in the second argument and s (x, x) = 0 for all x € B, then
ARG, y)+ (1 —Ah(X,X) — h(x,x3) =Xh(x,y) —h(X,x)) € C.
Thus

(1 =2k, y) — (1 —2h(x,x) eC. (4.35)
From (4.34) and (4.35) and using Lemma 4.5, we have

(1 =2rh(x,y) + rg(x;,y) ¢ —intC.
Dividing the last relation by A > 0 we obtain
(I —=Mh(G,y) + gxp, y) ¢ —intC, (4.36)
for all 0 < A < 1. We will prove that (4.36) implies
h(x,y) +g(x,y) ¢ —intC.
Suppose by contradiction that
hx,y)+g(x,y) € —intC.
Hence there exists k € intC such that
h(x,y)+ g, y) +ke—intC. (4.37)

Since the set % —intC is open and 0 € % — intC, there exists p > 0 such that

k
—Ah(X.y) € 5 —inC. (4.38)
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for all 0 < A < w. Since for all x,y € B the function ¢t € [0,1] —
gy + (1 —t)x,y) is C-upper semicontinuous at 0, it follows that there ex-
ists & > O such that

k

for all 0 < A <. Let us take n = min{u, 6}. By (4.37), (4.38), and (4.39) we
obtain that

g, y) + (A =1h(x,y) € —intC,

for all 0 < A < 5, which contradicts (4.36). Therefore,
h(x,y) +g(X,y) ¢ —iniC. 0

Finally, the technical result below serves for exploiting the coercivity condi-
tion we are going to assume in Theorem 5.5 below (assumption (iii)).

Lemma 4.8. Let B C A. Assume that F : A — Y is C-convex, xg € corea B,
F(xo) € —C, and F(y) ¢ —intC for all y € B. Then F(y) ¢ —intC for all
yeA.

Proof. Assume that there exists a y € A such that f(y) € —intC and set for each
A e[0,1] x) := 1y + (1 — A)xp. By C-convexity

F(xp) <c AF(y)+(1=X)F(xp) € —intC—C C —intC, VA e (0,1]. (4.40)

On the other hand, since xo € core B, there exists a sufficiently small A > O for
which x, € B, and this contradicts (4.40). O

Remark 4.1. As the next example shows, the assumption F(xg) € —C within
Lemma 4.8 cannot be weakened to F(xq) ¢ intC.

Example 49. Let X =A:=R, B:=[-1,1], Y :=R% C:=R%, F(x) =
(x 4+ 1,x — 1), and xo = 0. Then F is obviously Ri—convex (furthermore,
both components are affine functions), xg € cores B, F(xo) = (1, —1) ¢ intC

and F(y) ¢ —intC for each y € B. However, for instance, for y = —2 we get
F(-2)=(-1,-3) € —intC.

Now we are in a position to state our main result. Note that the assumption of
compactness upon the domain in Lemma 4.6 was essential for its proof. How-
ever, this condition appears rather demanding when dealing with equilibrium
problems since it cannot be guaranteed in many applications. To overcome this
difficulty, it is common to assume different kinds of coercivity conditions. We
take over the coercivity condition originated in the scalar case from [42].
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Theorem 4.10. Supposethatg: A x A— Y andh: A x A — Y satisfy:

(i) g is C-essentially quasi-monotone, C-convex and C-lower semicontinu-

ous in the second argument; g(x,x) € CN(—=C) forall x € A, and for all
X,y € A the function t € [0,1] — g(ty + (1 — t)x,y) is C-upper semi-
continuous at 0;

(ii) h is C-upper semicontinuous in the first argument and C-convex in the
second argument; h(x,x) =0 for all x € A;

(iii) There exists a nonempty compact convex subset C of A such that for every
x € C\ coresC there exists an a € coresC such that

gx,a)+h(x,a)e —C.
Then there exists x € C such that
8, y) +h(x,y) ¢ —intC,
forall y € A.
Proof. By Lemma 4.6, it follows that there exists at least one X € C such that
h(x,y) — g(y,x) ¢ —intC,
for all y € C. By Lemma 4.7, we obtain that
h(x,y)+gXx,y) ¢ —intC,
forall y e C.Set F(-) =h(x, ) + g(x, -). It is obvious that F is C-convex and
F(y) ¢ —intC,

forally € C.If x € coresC, thenset xg :=x.If x € C\coresC, then set xg :=a,
where a is as in assumption (iii). In both cases xg € core4C, and F (xg) € —C.
Hence, by Lemma 4.8, it follows that

F(y) ¢ —intC,
for all y € A. Thus, there exists X € C such that

g(x,y) +h(x,y) ¢ —intC,
forall y € A. O

The next result due to Kazmi [105] is a particular case of Theorem 4.10.
X and Y are the same as before, A C X is a nonempty closed convex set and
C C Y is a proper pointed closed convex cone with nonempty interior.

Corollary 4.5. ([105], Theorem 7) Suppose that g : A x A — Y and
h:AxA—Y satisfy:
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(i) g is C-monotone, C-convex, and continuous in the second argument,
g(x,x)=0forall x € A, and for all x,y € A the function t € [0, 1] —
gty + (1 —1t)x,y) is continuous at 0;

(ii) & is continuous in the first argument and C-convex in the second argu-
ment; h(x,x) =0 forall x € A;

(iii) There exists a nonempty compact convex subset C of A such that for every
x € C\ coresC there exists an a € core s C such that

g(x,a)+h(x,a)e —C.
Then there exists x € C such that

g(x,y)+h(x,y) ¢ —intC,
forall y € A.

Proof. The continuity assumptions obviously imply C-lower (upper) semi-
continuity, while the essential quasi-monotonicity of g follows by Proposi-
tion 4.11. O

Remark 4.2. Theorem 4.10 improves from several points of view the above
result of Kazmi. With respect to the monotonicity, notice that the bifunction f
defined in Example 4.8 satisfies all requirements demanded upon g in item (i)
of Theorem 4.10, but since it is not R%_-monotone, it doesn’t satisfy item (i)
of Corollary 4.5. Another improvement, related to the continuity assumptions,
can be identified within the next example, obtained by a slight modification of
Example 9.27 in [25].

Example 4.10. Let A :={(x, y) € R?: x > 0} U{(0, 0)} and consider the func-
tion F : A — R given by

2

y
F(X,y)z < x>0
0, x=0.

It is obvious that F is convex and lower semicontinuous, but not continuous
at (0, 0). Indeed, take any sequence {x,},cN With x, > 0 and x,, — 0 whenever
n — o0. Then F(x,2l, x,) = 1 for each n, but F(0,0) =0, i.e., F is not contin-
uous at (0,0). Now let Y := R and C := [0, 0c0), and consider the bifunction
g:AxA— R given by g(a,b) := F(b) — F(a), where a = (x,y), b =
(u, v) € A. Then g satisfies all assumptions of Theorem 4.10 (i), but not item (i)
of Corollary 4.5, due to the lack of continuity.

Thanks to the improvements made for Theorem 7 of Kazmi [105], the next
result of Blum and Oettli [42] becomes a particular case of Theorem 4.10.

Corollary 4.6. ([42], Theorem 1) Let X be a real topological vector space,
A C X a nonempty closed convex set, g : A X A— Rand h: A x A— R
satisfying:
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(i) g is monotone (Definition 4.4 (i)), convex, and lower semicontinuous in
the second argument; g(x,x) =0 for all x € A, and for all x,y € A the
functiont € [0, 1] — gty + (1 — t)x, y) is upper semicontinuous at 0,

(ii) h is upper semicontinuous in the first argument and convex in the second
argument; h(x,x) =0 forall x € A;

(iii) There exists a nonempty compact convex subset C of A such that for every
x € C\ coresC there exists an a € coreC such that

g(x,a)+h(x,a) <0.

Then there exists x € C such that

g, y)+h(x,y) =0,
forall y € A.
Proof. SetY :=R and C := [0, o0) and apply Theorem 4.10. O

Next we prove a corollary of Theorem 4.10 in which no monotonicity as-
sumptions are made on the bifunction g; the lack of this requirement is sub-
stituted by assuming C-concavity of g in its first argument. In this way, the
algebraic conditions upon g become symmetric. Apparently, this provides us a
new result even in the particular case of scalar functions (i.e., where Y := R and
C =10, 0)).

Corollary 4.7. Supposethatg: A x A— Y andh: A x A — Y satisfy:

(i) g is C-concave in the first argument, C-convex and C-lower semicontin-
uous in the second argument; g(x,x) € C N (—=C) for all x € A, and for
all x,y € A the functiont € [0, 1] — g(ty + (1 —t)x, y) is C-upper semi-
continuous at 0;

(ii) & is C-upper semicontinuous in the first argument and C-convex in the
second argument; h(x, x) =0 for all x € A;

(i) There exists a nonempty compact convex subset C of A such that for every
x € C\ coresC there exists an a € core s C such that

g(x,a)+h(x,a)e —C.

Then there exists x € C such that

g(x,y)+h(x,y) ¢ —intC,
forall y € A.

Proof. Letn > 1, x1, ..., xp € A, A1, ..., Ay > 0 with Y7, A; = 1 be arbitrary
and set z := ) "_; A;x;. Then by concavity of g with respect to its first variable,
we have

n n
Z)»ig(xi,z) — g(z?»ixi,z) € —C.

i=1 i=1
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Since

n
g(Z rixi,z) = g(z,z) € —=C,

i=1

it follows by summing up these relations that

n
> higlxiz) e —C,

i=1

implying that

n

> hig(xi,z) ¢ iniC.

i=1
which means that g is C-essentially quasi-monotone, and such the statement
follows by Theorem 4.10. O

Let us remark that the assumptions of Corollary 4.7 do not imply the mono-
tonicity of g even in the simplest case when X =Y =R and C = R,.. The next
example shows an instance when all assumptions of Corollary 4.7 hold, but g is
not monotone.

Example 4.11. Let F : R — R be a convex and lower bounded function and
consider the numbers @ and b such that 0 < b < a < 2b. Set

g(x,y) =ax(y —x) +b(y —x)%, h(x,y) = F(y) — F(x) and
fx,y)=g(x,y)+hx,y).

Itis obvious that g(x, x) = 0 and the function g is concave in the first, convex
in the second argument; moreover, it is (globally) continuous. The concavity
of g follows by b < a. The same properties are valid for 4. Moreover, the lower
boundedness of F assures that limyy | oo [F (x) + (a — b)x?] = +o0, and from
this we conclude that lim|y|—, ;o f(x,0) = —o0, showing that the coercivity
assumption (iii) of Corollary 4.7 holds with a = 0. Thus, all hypotheses of this
corollary hold. On the other hand, g is not monotone, since

g, )+ g, x)=Q2b—a)(y —x)*>>0, Yx#y.

We conclude that Corollary 4.7 can be applied for the bifunctions given in
Example 4.11, but it is not the case either for Corollary 4.5, or Corollary 4.6.

In what follows we provide several sufficient conditions for the coercivity
required in assumption (iii) of Theorem 4.10 (or Corollary 4.7) when X is a
reflexive Banach space endowed with the weak topology. It is well-known that
in this setting every closed, convex, and bounded set (in particular closed balls)
is (weakly) compact. Hence, all conditions which we formulate below are vac-
uously satisfied when the (closed and convex) set A C X is bounded. Thus, in
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the sequel we shall suppose that A is closed, convex and unbounded. Leta € A
be a fixed element, g, h: A x A — Y be given bifunctions. Let us start with the
following:

(C) there exists p > 0 such that forallx € A: ||x —al| = p one has g(x, a) +
h(x,a) e —C.

Proposition 4.12. Under condition (C), assumption (iii) in Theorem 4.10 is
satisfied.

Proof. Let B :={x € A:|x — a| < p}. Then B is weakly compact and
a € coreg B. Moreover, x € B \ coregB iff |x — a| = p. Thus g(x,a) +
h(x,a) € —C, hence (iii) is fulfilled. [l

Next we give mild sufficient conditions separately on g and 4 for (C). Con-
sider the following assumptions.

(G) (upper boundedness of g(-,a) on a closed ball): there exist M € Y and
r > 0 such that

M —g(x,a) e C, whenever x € A, ||[x —al <r,

and

(H) there exists an element u € —intC such that for all ¢ > O there is an R > 0
satisfying

VxeA: ||x—al>R: tullx —al| —h(x,a) € C.
Remark 4.3. (H) is obviously fulfilled when ¥ :=R, C := [0, co) and
h(x,a)

[lx —al

— —o0 whenever ||x —al| > oo, x € A.

(Condition (c) in [42].) Indeed, take u = —1 and arbitrary ¢ > 0. Since

h(x,a)

llx —all

— —oo whenever ||x —al — oo,

we can find R > 0 such that for all x € A:

h(x,a) -

lx —all =R, =<
lx —al

’

proving the assertion.
Next we need the following technical lemma concerning the function g.

Lemma 4.9. Suppose that g satisfies (G) and g(-,a) is C-concave with
g(a,a) € C. Then
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M g(x,a)

rox—all

eC, VxeA,|x—a|=r

where the vector M and the number r are defined in (G).

Proof. Let x € A such that ||[x —al| > r. Set

r r
yi= x+<1— )a
lx —all lx —all

Since A is convex, it follows that y € A and ||y — a|| = r. Therefore,

M —g(y,a) e C. 4.41)

Since g(+, a) is C-concave,

ey, a) — —— g(x,a)— (1 _ T )g(a,a) ecC. (4.42)
lx —all lx —all

Summing up (4.41) and (4.42) we obtain that

r r
B TETTR (1 B ||x—a||)g(“’“) €C

This implies by
’
(1 — ) gla,a)eC

lx —all

that
- gx,a)eC,

lx —all

which proves the assertion. O

Now we are able to provide sufficient conditions, separately on g and on £,
for the coercivity assumption (iii) in Theorem 4.10.
Proposition 4.13. Assume that

(i) g satisfies (G) and g(-, a) is C-concave with g(a,a) € C;
(ii) £ satisfies (H).

Then condition (iii) of Theorem 4.10 is fulfilled.

Proof. Letv:= M/r, with M and r provided by (G) and take u € —intC given
by (H). It is easy to see that there exists a sufficiently large # > 0 such that

v+tu € —intC. (4.43)
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Take R > 0 according to (H) and let x € A such that ||x — a|| > max{R, r}. By
Lemma 4.9

X,d
_ 8w
llx —all

which, together with (4.43) implies that

g(x. ) +tu € —intC. (4.44)
lx —all
On the other hand, by (H),
h(x,a)
lx —all

which, together with (4.44) implies that

g,a)  hx,a)
x—al  llx—al

€ —intC.

This implies that g(x,a) + h(x,a) € —intC, i.e., condition (C) is satisfied.
Hence, the statement follows by Proposition 4.12. (I

The next result, of Weierstrass type, might have some interest on its
own: gives sufficient conditions for lower (upper) boundedness of a C-lower
(C-upper) semicontinuous function.

Lemma 4.10. Let C be a compact subset of X and F : C — Y.

(i) if F is C-lower semicontinuous on C, then it is lower bounded, i.e., there
exists a vector m € Y such that F(x) —m € intC forall x € C;

(ii) if F is C-upper semicontinuous on C, then it is upper bounded, i.e., there
exists a vector M € Y such that M — F (x) € intC for all x € C.

Proof. 1tis enough to prove item (i), (ii) follows by a similar argument. Suppos-
ing the contrary, for each v € Y there exists x, € C such that F (x,) — v ¢ intC.
Consider for each v € Y the level sets

Ly:={xeC:F(x)—v¢intC}.

By Lemma 4.1 item (iii), it follows that the nonempty set L, is closed for every
v €Y. Since C is compact, L, is compact too. Let v € —intC be arbitrary. Then

ueY withu —veC= L, CL,. (4.45)

Indeed, let x € Ly, ie., F(x) — v ¢ intC. By Lemma 4.5, it follows that
u—F(x) ¢ —intC,ie.,x € L.

Now take for every n € N a vector x,, € C such that x, € L,,,,. By compact-
ness, there exists a subsequence {x,, } of {x,} converging to the element x € C.
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Let us show that x € L, for every t > 0. To do this, take any k£ € N such that
ng > t. Then by (4.45),

Xnk S Lnkv C Ltv-

Since Ly, is a compact set, it follows that x € Ly, i.e.,
F(x)—tv ¢intC. (4.46)

On the other hand, since v € —intC, there exists a sufficiently large ¢ > 0 such
that

F(x) —tveintC,
contradicting (4.46). O

Summarizing, we have the following existence result in reflexive Banach
spaces. The basic assumptions upon the set A, the space Y, and the cone C
remain the same.

Theorem 4.11. Suppose that X is a reflexive Banach space. Let g : A X A — Y
and h: A x A — Y satisfying the following properties:

(i) g is C-concave and weakly C-upper semicontinuous in the first argument,
C-convex and weakly C-lower semicontinuous in the second argument,
gx,x) e CN(—=C) forall x € A;

(ii) h is weakly C-upper semicontinuous in the first argument; C-convex in the
second argument; h(x,x) =0, for all x € A and (H) holds.

Then there exists x € A such that
g@, y)+h(x,y) ¢ —intC, VyeA.

Proof. We shall verify the assumptions of Corollary 4.7 in the reflexive Banach
space setting, endowed with the weak topology. Conditions (i) and (ii) are triv-
ially satisfied, thus we only have to verify (iii). To do this, we shall make use
of Proposition 4.13. Let us prove that g satisfies condition (G). Take any a € A
and a sufficiently large r > O such that the set C :={x € A: ||x —al <r}is
nonempty. This set is also weakly compact and g(-, a) being weakly C-upper
semicontinuous, by Lemma 4.10 (ii) there exists a vector M € Y such that
M — g(x,a) €intC for all x € C, i.e., (G) holds. This completes the proof. [

In the scalar case, i.e., when Y := R and C := [0, oo], we obtain a simplified
form of Theorem 4.11.

Corollary 4.8. Letg: Ax A— Randh: A x A — R satisfying the following
properties:
(i) g is concave and upper semicontinuous in the first argument, convex and
lower semicontinuous in the second argument, and g(x,x) = 0 for all
X €eEA;
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(ii) & is weakly upper semicontinuous in the first argument, convex in the sec-
ond argument, h(x,x) =0 forall x € A, and

h(x,a)
lx —all

— —00 whenever ||x —al| - 0o, x € A.

Then there exists x € A such that
gx,y)+h(x,y)=0, VyeA. (4.47)

Proof. Since X is reflexive, each concave and upper semicontinuous function is
weakly upper semicontinuous, and similarly, each convex and lower semicon-
tinuous function is weakly lower semicontinuous. By Remark 4.3, condition (H)
holds. Thus, the assertion follows by Theorem 4.11. O

Example 4.12. Let X be a reflexive Banach space and suppose that F : X —
R U {400} is a proper, convex and lower semicontinuous function with domF
unbounded. It is well-known from convex analysis that F' has a global minimum
point whenever it satisfies the following coercivity condition

F(x) N

mm
lxll—+oco || x||

This fact can be easily reobtain by Corollary 4.8. Indeed, take g =0, A := domF
and h(x, y) := F(y) — F(x). Since F is convex and lower semicontinuous, it is
weakly lower semicontinuous as well, thus /4 is weakly upper semicontinuous
in the first argument. Therefore, assumption (ii) of Corollary 4.8 is satisfied. It
is obvious that the solution X € A of (4.47) is a global minimum point of F.

4.3.2 The Set-Valued Case

In order to unify and extend some results on vector and set-valued equilibrium
problems when the considered bifunction appears as a sum of two other bifunc-
tions, Kassay, Miholca, and Vinh [104] introduce the vector quasi-equilibrium
problem for the sum of two set-valued mappings (for short, VQEP) as follows:
let X, Y be real topological vector spaces, K a nonempty convex subset of X,
C a proper convex cone in Y with intC # (. For A : K = K a set-valued map-
ping with nonempty values and G, H : K x K = Y set-valued bifunctions with
nonempty values,

(VQEP) find x € A(x) such that
G(x,y)+ H(x,y) CY\ (—intC) forall y € A(x).

In this subsection we present some results from [104]. We start with recalling
the necessary definitions.
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Let X be a topological space and Y a nonempty set. The mapping 7 : X = Y
is said to have open lower sections if the inverse mapping 7! defined by

T'(y)={xreX:yeTkx)}
is open-valued, i.e., forall y € Y, T_l(y) isopenin X.

Definition 4.7. Let X be a topological space and Y a topological vector space.
A mapping T : X =2 Y is called a Browder-Fan mapping iff the following con-
ditions are satisfied:

1. foreach x € X, T (x) is nonempty and convex;

2. T has open lower sections.

Recall the following technical result.

Lemma 4.11. (Yannelis and Prabhakar [173]) Let X, Y be topological vector
spaces and T : X = Y be a set-valued mapping with open lower sections. De-
fine the set-valued mapping convT : X = Y by convT (x) = conv(T (x)) for all
x € X. Then convT has also open lower sections.

The following result is known as the Browder-Fan fixed point theorem.

Lemma 4.12. ([173], Theorem 3.3) Let K be a nonempty compact convex sub-
set of a topological vector space and T : K = K a Browder-Fan mapping. Then
T admits a fixed point.

In the results below, Browder-Fan mappings having closed fixed point set
play a special role. Below we give such an example. Denote by F(T') the set of
fixed points of the mapping 7.

Example 4.13. Let X =R, K = [0, 1]. Let T : [0, 1] = [0, 1] be a mapping
defined by
1
T(x)= |:5, 1] forallx e K.

Then T (x) is nonempty convex subset of K and

() = g if yel0,3),
K if ye[s, 1]

is open in K. Therefore, T is a Browder-Fan mapping. Moreover, the set
F(T)=[3.1]is closed in K.

Next, recall an important result concerning the existence of maximal ele-
ments.

Lemma 4.13. ([173], Theorem 5.1) Let K be a nonempty compact convex sub-
set of a topological vector space and F := K a set-valued mapping satisfying
the following conditions:
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1. Forall x € K, x € F(x) and F (x) is convex;
2. F has open lower sections.

Then there exists x € K such that F (x) = (.

We now recall some concepts of generalized convexity of set-valued map-
pings.

Definition 4.8. Let K be a nonempty convex subset of a vector space X, C a
proper convex cone of a vector space Y and F : K =2 Y a set-valued mapping
with nonempty values.

1. F is said to be upper C-convex iff for any pair x, y € K, o € [0, 1], we have
aFx)+(1—a)F(y) C Flax+ (1 —a)y)+C. (4.48)
2. F is said to be lower C-convex iff for any pair x, y € K, « € [0, 1], we have
Flax+(—-a)y)CaF(x)+ (1 —-a)F(y)—C. (4.49)

Note that in case of single-valued functions, where C reduces to €, the
concepts given by (4.48) and (4.49) become the same: both reduce to the well-
known C-convexity for vector functions (see Definition 4.3). However, these
concepts are different in case of set-valued functions. We illustrate this by the
following example.

Example4.14. Let X =Y =R, K =[0, 1] and C :=R; = [0, +00).
1. Let F : [0, 1] = R be a mapping defined by

Fm:{[o,x], x #
[0,1], x=

[\STE Sl

Since the right-hand side of (4.48) is always [0, +00), it is clear that this

mapping satisfies (4.48). On the other hand, by taking x = %, y = % and

o= % in (4.49), one obtains [0, 1] for the left and (—oo, %] for the right-
hand side, hence, (4.49) is false.
2. Let F: [0, 1] = R given by

[0,x], x#

11
[Zvj]» X =

F(x):{

= N—

It is easy to see that for any x, y, o € [0, 1] one has F(ax + (1 —a)y) C
[0,¢x + (1 — «)y]. Moreover, ¢ F(x) + (1 —a)F(y) — C = (—00,ax +
(1 — @)y] and such, (4.49) holds. On the other hand, for x = é y = %
and o = J, we obtain that a F (x) + (1 — &) F(y) = [0, 1], while F(ax +
(1—a)y)+C=F($) +C=[}, +00), hence (4.48) doesn’t hold.



102 Equilibrium Problems and Applications

Now, we recall the following characterizations of semicontinuity properties
of set-valued mappings (see Chapter 1). Let F : X = Y be a set-valued mapping
between two topological spaces X and Y. The domain of F is defined to be the
setdomF ={x € X : F(x) # 0}.

The mapping F is upper semicontinuous (shortly, usc) at xo € domF if for
any open set V of Y with F(xg) C V, there exists a neighborhood U of x¢ such
that F(x) C V forallx e U.

The mapping F is lower semicontinuous (shortly, Isc) at xo € domF if for
any open set V of Y with F'(xg) NV # @, there exists a neighborhood U of xg
suchthat F(x)NV #@forallx e U.

The mapping F is continuous at xo € domF if it is both usc and Isc at x¢. The
mapping F is continuous (resp., usc, Isc) if domF = X and if F is continuous
(resp., usc, 1Isc) at each point x € X.

If Y is a partially ordered topological vector space, then the above definitions
of the semicontinuity can be weakened. More precisely, we have the following
definitions.

Definition 4.9. Let X be a topological space, Y a topological vector space with
a proper convex cone C. Let F : X =2 Y. We say that

1. F is C-upper semicontinuous (shortly, C-usc) at xo € domF iff for any open
set V of Y with F(xo) C V there exists a neighborhood U of x( such that

F(x)CcV 4+ C foreachx edomF NU.

2. F is C-lower semicontinuous (shortly, C-lsc) at xo € domF iff for any open
set V of Y with F(xg) NV # @ there exists a neighborhood U of x( such
that

F(x)N[V 4+ C]#0 foreachx edomF NU.

3. Fis C-usc (resp., C-lsc) iff domF = X and F is C-usc (resp., C-Isc) at each
point of domF.

The next result will be useful in the sequel.

Lemma 4.14. ([80], Lemma 2) Let X and Y be real topological vector spaces
and K be a nonempty subset of X. Let C be a proper convex cone in Y
with intC # (. If F : K =Y is C-lower semicontinuous on K, then the set
B={xeK:F(x)cCY\intC}isclosedin K.

The extension of monotonicity for set-valued bifunctions has been consid-
ered in a natural way.

Definition 4.10. Let X, Y be vector spaces, K a nonempty convex subset of X,
and C a proper convex cone in Y. A set-valued mapping F : K x K =2 Y is said
to be C-monotone iff for any x, y € K

F(x,y)+ F(y,x)Cc —C.
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The concept of C-essential quasi-monotonicity (see Definition 4.6) can also
be extended in a natural way for set-valued bifunctions.

Definition 4.11. Let X be a vector space, Y a topological vector space, K a
nonempty convex subset of X, and C a proper convex cone in Y with intC # .
The bifunction F : K x K == Y with nonempty values is said to be gener-
alized C-essentially quasi-monotone iff for an arbitrary integer n > 1, for all

n
X1,X2, ..., Xy € K and all A1, A2, ..., A, > 0 such that Y~ A; = 1 it holds that
i=1

n n
D MF (i Y hjxj) NintC =,
i=1 j=1

The next two statements provide sufficient conditions for generalized
C-essential quasi-monotonicity.

Lemma 4.15. Let X, Y be topological vector spaces, K a nonempty convex
subset of X, C a proper convex cone in Y withintC #0,and F : K x K =Y a
bifunction with nonempty values. Suppose that

1. F(x,x)CC forallx € K,
2. F is C-monotone and upper C-convex in its second argument.

Then F is generalized C-essentially quasi-monotone.

n
Proof. Take x1,x2,...,x, € K and A1, A2, ..., Ay > 0 such that > ; = 1. Set
i=1

n
z:= Y Ajxj. Then by the assumptions, we have
j=1

n n
D MiF(xi,2) C—=C =Y %iF(z,x)C—C—F(z,2)—CC—C.
i=1 i=1

Moreover, we have intC N (—C) = . Hence

n
ZAiF(x,»,z) NintC = .

i=1
The proof is complete. O
The following result is a generalization of Proposition 4.11.

Lemma 4.16. Let X, Y be topological vector spaces, K a nonempty convex sub-
set of X, and C be a proper convex cone in Y with intC #0, F : K x K 3Y
a bifunction with nonempty values. Suppose that F is C-monotone and lower
C-convex in its second argument. Then F is generalized C-essentially quasi-
monotone.
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n
Proof. Take x1,x2,...,x, € K and A1, A2, ..., A, > 0 such that Y ; = 1. Set

i=1

n
z:= Y Ajx;j. Then by the assumptions, we have
Jj=l1

n n
ZMF(X;‘,Z) C Z AidjF(xi,xj) —C

i=1 i,j=1

l n
=5 Z Aidj(F(xi,xj) + F(xj,x;))) — C.
ij=1

Hence

n
> XiF(xi,z) € —C.

i=1

The proof is complete. O

The following example shows that a generalized C-essentially quasi-
monotone bifunction is not necessary C-monotone, even if it is upper C-convex
in its second argument.

Example 4.15. Let X =R, K =[0,1], Y =R? and C =R3. Let F : [0, 1] x
[0, 1] == R? given by

F(x,y)=1[(0,0), (]Jx —y],0)] forevery x,y € [0, 1],

where [(0,0), (]x — y|,0)] denotes the line segment joining (0,0) and
(Jx — y],0). It is easy to see that F is generalized Ri-essentially quasi-
monotone, upper Ri—convex in its second argument, but not Ri—monotone,
since F(1,0) + F(0,1) =1[(0,0), 2,0)] ¢ —]Ri.

Finally, we need the following result.

Lemma 4.17. ([80], Lemma 6) Let X, Y be real topological vector spaces,
K and D nonempty convex subsets of X with D C K, C a proper convex cone
inY withintC £ @, and F : K =3 Y a set-valued mapping with nonempty values.
Assume that

1. F:K 3Y is upper C-convex;
2. xg €corex D; F(xp) Y \ (—=C);
3. F(y)cY\ (—intC) forall y € D.

Then F(y) CY \ (—intC) forall y € K.
Next, using the result on the existence of maximal elements (Lemma 4.13),

we give some new existence theorems which improve, extend and unify the main
results of Blum and Oettli [42], Fu [80] and Kassay and Miholca [103].
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To start, we first need two lemmas, which serve as tools for the proof of the
main result.

Lemma 4.18. Let X, Y be real topological vector spaces and D a nonempty
compact convex subset of X. Let C be a proper convex cone in Y with intC # (.
Let G,H : D x D = Y be set-valued mappings with nonempty values and
A : D = D a Browder-Fan mapping such that

FA)={xeD:xeAx)}

is closed in D. Assume that

1. H(x,x) CC forall x € D;

2. G is generalized C-essentially quasi-monotone,

3. G is C-lower semicontinuous in its second argument;
4

. H is —C-lower semicontinuous in its first argument and upper C-convex in
its second argument.

Then there exists a point x € D such that
xe€A(x)and G(y,x)—H(x,y) CY\intC, (4.50)
forall y € A(X).
Proof. For x € D, we define
Px)={yeD:G(y,x)—H(x,y) ¢ Y \intC}.

Consider the set-valued mapping S from D to itself defined by

S(x) = convP(x)NA(x) ifxeF(A),
A if x € D\ F(A),

where the set-valued mapping convP : D == D is defined by

convP(x) = conv(P(x)). It is easy to see that for any x € D, S(x) is convex
and

57y =[convP) ') NAT WMIUIAT () N (D \ F(A)].

From the assumptions, for any y € D, A~!(y) and D \ F(A)) are open in D.
Moreover, we have

Pl () ={xeD:G(y,x)— H(x,y) ¢ Y \ intC}.

For any fixed y, since G(y,x) — H(x, y) is C-lower semicontinuous in x,
then by Lemma 4.14,

L={xeD:G(y,x)—H(x,y)CY\intC}
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is closed in D. Therefore
Pl (y»)=D\L

is open in D. Hence (convP)_l(y) is open in D by Lemma 4.11, so we have
S~1(y) is also open in D.

Further, we claim that for all x € D, x ¢ S(x). Indeed, suppose to the
contrary that there exists a point z € D such that z € S(z). If z € D\ F(A)
then z € A(z) which is a contradiction. So z € F(A) and we have z € S(z) =
convP(z) N A(z). We deduce that there exist {yi, y2, ..., yn} C P(z) such that
z=y 0 Aiyi, A =0, Y7, A; = 1. By the definition of P we can see that

G(yi,2)—H(z,yi) g Y \intC foralli =1, 2, ..., n.

Then, there exist a; € G(y;, z), b; € H(z, y;) such that a; — b; € intC. Thus,

n
> ilaj — by) € intC. (4.51)
i=1

By the assumption (2), G is generalized C-essentially quasi-monotone,
therefore we have
n
D %Gy, ) NiniC = 1. (4.52)
i=1

Since H (x, y) is upper C-convex in y, we get

n
Y AiH(Gzyi) CHz.2)+CCC+C=C,
i=1

and therefore
n
—Y XiH(z. yi) C —C. (4.53)
i=1

By (4.52), (4.53) it follows that

Z Ai(a; — bi) € intC, (4.54)

i=1

which contradicts (4.51). Applying Lemma 4.13, we conclude that there ex-
ists a point x € D with S(x) = 0. If x € D \ F(A)), then S(x) = A(x) =0,
contradicting the fact that A has nonempty values. Therefore, x € F(A) and
convP(x) N A(x) =@. This clearly implies that P(x) N A(x) = @, hence, for all
ye A(x)onehas y ¢ P(x),i.e.,

feA@E) and G(y,X)— H(Z,y) C Y \intC,

for all y € A(x). Thus, the result holds and the proof is complete. O
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Remark 4.4. Observe that Lemma 4.18 fails to hold if the closedness assump-
tion on the set F(A) is violated.

This remark is illustrated by the following example.

Example 4.16. Let X =R, D=[0,1], ¥ =R?and C = R?.

1. Let G: D x D = R? given by G(x, y) = {(]x — y|, 0)} for every x, y € D.
By Example 1 in [103], F is upper Ri—convex in its second argument, gen-
eralized Ri -essentially quasi-monotone but not C-monotone.

2. Let H:D x D= R?givenby H(x,y) ={(0,x — y)} forevery x, y € D.

3. Let A: D =2 D be the mapping defined by

0 if x=1,
A(x)=1410,11 if xe€(0,1),
1 if x=0.

Then A(x) is a nonempty convex subset of D and A~!(y) is open in D
for all x, y € D. Therefore, A is a Browder-Fan mapping. Moreover, the set
F(A)=(0,1)isopenin D.

It is easy to see that each of conditions (1), (2), (3), (4) of Lemma 4.18 is

satisfied. However, (4.50) has no solution. Indeed, if x is a solution of (4.50)
then x € (0, 1) and

G(y,x)— H(x,y) C Y \intC,
—(x —yl,y —x) gimtC,

for all y € A(x) = [0, 1], which is impossible.

The next lemma makes the connection between the special equilibrium prob-
lem considered in Lemma 4.18 and the equilibrium problem we are interested
in.

Lemma 4.19. Let X, Y be real topological vector spaces and D a nonempty
closed convex subset of X. Let C be a proper convex cone in Y with intC # (.
Let G,H : D x D = Y be set-valued mappings with nonempty values and
A : D = D a set-valued mapping with nonempty convex values. Assume that

1. Gx,x)CcCand0€ H(x,x) forall x € D;

2. forall x,y € D, the mapping g : [0, 1] = Y defined by

g):=G@y+(1—-0x,y)

is —C-lower semicontinuous at t = 0,
3. G, H are upper C-convex in their second argument.
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If there exists a point X € D such that
xeAx)and G(y,x)—H(x,y) CY\intC forall y € A(X)
then
xeAX)and G(x,y)+ H(x,y) CY \ (—=intC) forall y € A(x).
Proof. Let x € D be such that
xeA(x)and G(y,x)— H(x,y) CY \intC forall y € A(x).

Wesetx; :=ty+(1—1t)x,t € [0, 1]. Itis clear that x;, € A(x) forall ¢ € [0, 1]
and therefore, we have

x € A(x)and G(x;,x) — H(x,x;) CY \intC. (4.55)

By the assumption (1) and the upper C-convexity of G(x,.) and H(x, .), we
have

tGx,y) +(1—=1)G(x, %) CG(xs,x)+CCCH+C=C, (4.56)
tH(x,y)CtH(Xx,y)+ (0 —-t)H(x,x) CH(x,x)+C. (4.57)

By (4.56) and (4.57), we obtain

1G(xr,y) +t(1 —HE, y) € —(1 — )G (xr, %) + (1 — )H(F, x;) + C.
(4.58)

We claim that
G, y)+ (1 —-0H(Xx,y) C Y\ (—intC) Vt € (0, 1]. 4.59)

Indeed, if (4.59) is false, then there exist some ¢ € (0,1] and some
a e G(x,y),be H(x,y) such that

a+ 1 —-1)be—intC. (4.60)
By (4.58), there exist z € G(x¢, x), w € H(x, x;) and ¢ € C such that
tla+(1—-t)bl]=—(1—1)(z—w)+c.
By (4.60), we have
1-0z—w)=—tla+ (1 —1t)b]+c€intC+c CintC.

Hence, z — w € intC, which contradicts (4.55). Let h(t) = G(x;,y) +
(1 —1tH(x,y), t €[0,1]. Suppose that h(0) ¢ Y \ (—intC), then there is a
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point v € h(0) such that v € —intC. By the assumption (2), h(¢) is —C-Isc at
t =0, then there is a § € (0, 1) such that for all ¢ € [0, 8], h(¢) N (—intC — C) =
h(t) N (—intC) # (. This contradicts (4.59). Thus we obtain 2(0) C Y \ (—intC),
that is,

GG, y)+ HE, ) CY\ (—intC) ¥y € A(F).

This completes the proof of the lemma. O
We are now in a position to prove our main result.

Theorem 4.12. Let X, Y be real topological vector spaces, K a nonempty
closed convex subset of X, and D a nonempty compact convex subset of K.
Let C be a proper convex cone in Y with intC # (. Let G,H: K x K 3Y
be set-valued bifunctions with nonempty values and A : D = K a Browder-Fan
mapping such that B(x) := A(x) N D # @ for all x € D and

FA)={xeD:x e Ax)}

is closed in D. Assume that
1. Gx,x)CC,Gx,x)N(—C)#WPand0e H(x,x) CC forall x € K;

2. G is generalized C-essentially quasi-monotone;
3. Forallx,y € K, the mapping g : [0, 1] = Y defined by

g®)=G(@y+ (1 —1t)x,y)

is —C-lower semicontinuous at t = 0;

4. G is upper C-convex and C-lower semicontinuous in its second argument;

5. H is —C-lower semicontinuous in its first argument and upper C-convex in
its second argument,

6. Suppose that for any x € B(x) \ coresx)B(x), one can find a point a €
core z(xyB(x) such that

Gx,a)+ H(x,a)Z Y \ (—=C).
Then there exists a point x € B(x) such that
G, y)+Hx,y) CY\ (=intC),
forall y € A(x).

Proof. The set-valued mapping B : D = D satisfies B~1(y) = A~ 1(y) for all
y € D and F(B) = F(A). Therefore, B is also a Browder-Fan mapping and
its fixed point set is nonempty and closed in D. By Lemma 4.18, there exists
X € B(x) such that
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forall y € B(x). Applying Lemma 4.19, we get
xeBX)and G(x,y)+ H(x,y) C Y\ (=intC), (4.61)
for all y € B(x). Further, we define the set-valued mapping ® : K = Y by
P(y) =G, y)+H(X,y), yek.

Assumptions (4) and (5) show that & is upper C-convex and it follows
from (4.61) that

®(y) C Y\ (—intC) forall y € B(¥).

If x € coresz)B(x) then we set xo = X, otherwise, since x € B(x) we set
xo = a, where a is from the assumption (6). Then we always have ®(xg) ¢
Y\ (—C). Using Lemma 4.17 with B(x) instead of D and A(x) instead of K
(observe that A(x) is nonempty and convex, B(x) C A(Xx) is nonempty), we
conclude that

O(y) C Y\ (—intC) forall y € A(X).
It follows that

G(x,y)+ H(F,y) C Y\ (—intC) for all y € A(X).

This completes the proof. O

4.4 EXISTENCE OF SOLUTIONS OF QUASI-EQUILIBRIUM
PROBLEMS

This section deals with quasi-equilibrium problems in the setting of real Ba-
nach spaces. By a fixed point theory approach, we obtain existence results under
mild conditions of continuity improving some old existing results in this area.
By a selection theory approach, we make use of the Michael selection theo-
rem to overcome the separability of the Banach spaces and generalize some
results obtained recently in the literature. Finally, we deal with the existence
of approximate solutions for quasi-equilibrium problems and by arguments
mixing both selection theory and fixed point theory, we obtain some results
for quasi-equilibrium problems involving sub-lower semicontinuous set-valued
mappings.

Although the equilibrium problem subsumes several kinds of problems,
there are many problems described by variational inequalities involving con-
straints that depend on the solution itself. In this direction, we refer to quasi-
variational inequalities, considered early in the literature in connection with
stochastic impulse control problems, where the constraint set is subject to mod-
ifications. For more recent existence results for quasi-variational inequalities
with applications to Nash equilibria of generalized games, we refer to [60,81].
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In the spirit to describe in a more again general framework most of prob-
lems arising in nonlinear analysis, it has been considered and adopted recently
in the literature the notion of quasi-equilibrium problem, which appears as an
equilibrium problem in which the constraint set is subject to modifications. The
quasi-equilibrium problem is a unified formulation which encompasses many
relevant problems such as quasi-variational inequalities, mixed quasi-variational
like inequalities and all the special cases of the equilibrium problem. See also
the seminal paper [130], where this formulation has been first used as a pure
mathematical object. The first existence results have been established and ap-
plied to different optimization problems including Nash equilibrium problems
under constraints and quasi-variational inequalities for monotone operators.

Many problems related to the term equilibrium and arising from different
areas of sciences can be mathematically modeled as special cases of the uni-
fied formulation called the equilibrium problem. Also, the equilibrium problem
subsumes many mathematical special cases which are in relation to the term
equilibrium such as Nash equilibrium problems and economic equilibrium prob-
lems. Then one can naturally guess that this is the reason for which the term
equilibrium problem has been chosen to name this unified formulation. The last
decades have witnessed an exceptional growth in theoretical advances on the
equilibrium problem and its applications in concrete cases. Maybe, the sim-
plicity of this formulation is the principal reason which has allowed all these
advancements. We point out that the equilibrium problem has never been intro-
duced in order to deal directly with other problems which are not described by
the old existing concepts. Furthermore, if we assume that a problem is directly
modeled as an equilibrium problem by using an inequality involving a bifunc-
tion, then nothing can impose that this inequality is a variational inequality.
Unfortunately, this is not the task for which the concept of the equilibrium prob-
lem has been introduced, but to describe various existing concepts in a common
way in order to deeply study them altogether.

Let us point out that there are some other unified mathematical formula-
tions encompassing different special cases of the equilibrium problem which
have been also considered in the literature. We especially think about the gen-
eral conditions considered in [124] as a structure giving rise to what is called
there “equilibrium problems of a certain type.” These general conditions express
what is called “the common laws,” and it is shown that many equilibrium prob-
lems arising from different areas of sciences fulfill the common laws. Similar
to the equilibrium problem considered in this paper, the equilibrium problems
of this above type subsumes many problems of nonlinear analysis as particular
cases. This is an important different point of view, which has also allowed to ob-
tain different results on concrete cases, and especially on the traffic equilibrium
problem.

In this section, we deal with existence of solutions and approximate solu-
tions of the quasi-equilibrium problem. After presenting the necessary back-
ground, we first develop an approach based on fixed point theory to solve
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quasi-equilibrium problems under mild conditions of semicontinuity and hemi-
continuity. In this approach, we are interested in solving the equilibrium prob-
lem defined on the images of a given set-valued mapping. Then we seek a fixed
point to a related set-valued mapping defined in the sequel and called “the se-
lection set-valued mapping.” An example of a bifunction and an application
to variational inequalities have been also given in order to highlight our tech-
niques developed in this section. Next, we follow a selection theory approach
and make use of the Michael selection theorem for paracompact Hausdorff
topological spaces. We obtain existence results in the settings of real Banach
spaces instead of separable real Banach spaces considered recently in the liter-
ature with the Michael selection theorem version for perfectly normal spaces,
which is more restrictive in our purpose. The final part of this section is devoted
to the existence of approximate solutions of the quasi-equilibrium problem. For
this purpose, we develop a connection between the involved set-valued mapping
and the bifunction. We also make use of the notion of sub-lower semicontinuous
set-valued mappings, introduced in relationship with the notion of approximate
continuous selection, to carry out existence of approximate solutions of the
quasi-equilibrium problem. This approach combines arguments and techniques
from fixed point theory and selection theory and has been already considered
for lower semicontinuous set-valued mappings.

We first recall the equilibrium problem and notations we are going to con-
sider in this section. Let C be a nonempty subset of a Hausdorff topological
space E and ® : C x C —> R be a bifunction, called equilibrium bifunction
iff @ (x,x) =0, for every x € C. We recall that the equilibrium problem is a
problem of the form

find x* € C such that ® (x*, y) >0 forallyeC, (EP)

where the set C is called the constraint set.
A quasi-equilibrium problem is a problem of the form:

find x* € A (x*) such that ® (x*,y) >0 forall y € A (x*), (QEP)

where A : C =2 C is a set-valued mapping on C. In order words, a quasi-
equilibrium problem is an equilibrium problem in which the constraint set is
subject to modifications depending on the considered point.

If X is a real topological Hausdorff vector space, then there is the notion of
hemicontinuity for real-valued functions defined on X which is the semicontinu-
ity on line segments. A function f : X —> R is said to be lower hemicontinuous
at x iff for every € > 0 and every z € X, there exists ¢, € [0, 1] such that

flz+(=0x)> f(x)—e forallz€[0,].

The function f is said to be upper hemicontinuous at x iff — f is lower hemi-
continuous at x. It is said to be hemicontinuous at x iff it is lower and upper
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hemicontinuous at x. A function f is said to be lower (resp., upper) hemicon-
tinuous on a subset S of X iff it is lower (resp., upper) hemicontinuous at every
point of S. It is said to be hemicontinuous on S iff it is lower and upper hemi-
continuous on S.

We now recall some notions of convexity for real-valued functions defined
on a real topological Hausdorff vector space X. A function f : X —> R is said
to be

1. quasi-convex on X iff, for every x1, xp € X,
S Oxr+ 0 —=A)x2) <max{f (x1), f(x2)} forallxel0,1];

2. semistrictly quasi-convex on X iff, for every x1, x5 € C such that f (x1) #
f (x2), we have

fOx14+ {0 =Ax) <max{f (x1), f(x2)} forallAe]0,]l1[;

3. explicitly quasi-convex on X iff it is quasi-convex and semistrictly quasi-
convex.

Note that there is not any inclusion relationship between the class of
semistrictly quasi-convex functions and that of quasi-convex functions. How-
ever, if f is a lower semicontinuous and semistrictly quasi-convex function,
then f is explicitly quasi-convex; see [112].

There are several notions relative to monotonicity of bifunctions that play an
important role in the results related to existence of solutions of equilibrium prob-
lem. Recall that a bifunction @ : X x X — R is said to be pseudo-monotone
on X iff

P(x,y)>0=—= P (y,x) <0, forallx,yeX.

Clearly, if ® is pseudo-monotone on C, then for every x € C, ® (x,x) =0 if
and only if ® (x, x) > 0.
The graph of a set-valued mapping F : X =2 Y is the set

giph (F) :={(x,y)e X xY:ye F(x)}.
If X =Y, we denote by fix (F) the fixed points set of F. That is,
fix(F):={xeX:xeF x)}.
For a set-valued mapping F : X = Y and B C Y, the set-valued mapping
F N Bisdefined by (FNB)(x)=F (x) N B, for every x € X.

Recall that a single-valued mapping f : X — Y is said to be a selection of a
set-valued mapping F : X =3 Y iff f (x) € F (x), for every x € X.
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4.4.1 A Fixed Point Theory Approach

In what follows, we deal with the existence of solutions of quasi-equilibrium
problems by following a fixed point theory approach.

The following result is the real topological Hausdorff vector space version
of some generalizations of the Ky Fan minimax inequality theorem recently
obtained in [6,11].

Theorem 4.13. Let C be a nonempty, closed, and convex subset of a real topo-
logical Hausdorff vector space E. Let ® : C x C —> R be a bifunction and
suppose the following assumptions hold:

1. ®(x,x) >0, forevery x € C;
2. @ is quasi-convex in its second variable on C;
3. there exist a compact subset K of C and yy € K such that

®(x,y0) <0 forallx e C\K;

4. O is upper semicontinuous in its first variable on K.

Then the equilibrium problem (EP) has a solution.

In the presence of pseudo-monotonicity and explicit quasi-convexity, the up-
per semicontinuity of the bifunction f in its first variable can be weakened to
upper hemicontinuity.

Theorem 4.14. Let C be a nonempty, closed, and convex subset of a real topo-
logical Hausdorff vector space E. Let ® : C x C —> R be an equilibrium
bifunction and suppose the following assumptions hold:

1. @ is pseudo-monotone on C;
2. @ is explicitly quasi-convex in its second variable on C,
3. there exists a compact subset K of C and yog € K such that

D (x,y0) <0 forallxe C\K;

4. O is upper hemicontinuous in its first variable on K ;
5. @ is lower semicontinuous in its second variable on K.

Then the equilibrium problem (EP) has a solution.

Although the fundamental role of the equilibrium problem is to unify differ-
ent abstract and practice problems in a common way in order to study them, we
provide here the following example of an equilibrium bifunction defined on a
real Banach space. This example is constructed to emphasize the importance of
Theorem 4.13, where the involved bifunction is not upper semicontinuous in its
first variable on the whole space. Note that the compact set K used here, and in
Theorem 4.13 and Theorem 4.14, is called in the literature the set of coercive-
ness.
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Example 4.17. Let (E, ||.||) be areal Banach space and take K a compact subset
of X suchthat0 e K C B(0,1). Define ®: E x E = R by

Iyl — llx]|?
®(x,y)= )
||y||2 — ||)c||2 otherwise.

if x|l =2,

All hypotheses of Theorem 4.13 are satisfied with yg = 0. To show that @ is not
upper semicontinuous in its first variable on the whole space E, let y € E be
such that ||y|| > 2. Let (x,), be a sequence in E converging to x € E such that
x|l =2 and ||x,| # 2, for every n. Then

) lIyll> —4
limsup ® (x,,y) = ||y||?> —4 >

n——+00

=0(2,y).

It follows that ¢ is not upper semicontinuous in its first variable at any x € E
such that | x| = 2.

Now, we give an application of our techniques on equilibrium problems de-
veloped above and especially Theorem 4.14, to the special case of nonlinear
variational inequalities. In this example, the operator L is not necessarily hemi-
continuous on the whole space.

Consider the special case of a nonlinear variational inequality of the form

find x* € C such that (Lx*,y —x*) >0 forally € C, (VD

where C is a nonempty convex subset of a real Banach space (E, ||.||), E* the
dual of E, L : C — E* is an operator and (, ) denotes the duality pairing be-
tween E* and E.

We observe that x* € C is a solution of the variational inequality prob-
lem (VI) if and only if x* is a solution of the equilibrium problem (EP) with
the bifunction 1, : C x C — R defined by

CDL (-x$y): (Lx»)’_x)-

The bifunction &, is linear and continuous in its second variable on C en-
dowed with the weak topology. However, the upper semicontinuity of ®; in
its first variable is too strong in many applications since L can be chosen only
hemicontinuous in the following sense. The operator L is said to be hemicon-
tinuous at a point x € C iff the restriction of L on any segment containing x
and contained in C is continuous at x. We will say that L is hemicontinuous
on a subset S of C iff it is hemicontinuous at every point of S. Clearly, @ is
hemicontinuous in its first variable on a subset S contained in C whenever L is
hemicontinuous on S.
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We recall that the operator L is said to be pseudo-monotone on C iff when-
ever x, y € C, we have

(Lx,y—x)>0= (Ly,y —x) <0,

which is equivalent to the pseudo-monotonicity of the bifunction @ .

Finally, a notion of coerciveness for operators exists in the literature, which
generalizes that for bilinear forms on Hilbert spaces. The operator L is said to
be coercive on C iff there exists yg € C such that

Lx,x —
fim  (ERX Y0l
lx[|— 400 [|x]]
xeC

W_e observe that if L is coercive on C, then there exists R > O such that
yo € B (0, R) and

(Lx,yo—x) <0 forallx € C\ B(0,R)

where B (0, R) = {x € E: |x|| < R} is the closed ball around 0 with radius R.
We denote Kg = B (0, R) and call (yo, Kr) an adapted couple of coerciveness
of L (which may not be unique).

Proposition 4.14. Let E be a real reflexive Banach space, C a nonempty, closed,
and convex subset of E, and L : C — E* an operator. Assume that

1. L is pseudo-monotone on C,

2. L is coercive on C and let (yo, Kg) be an adapted couple of coerciveness
of L;

3. L is hemicontinuous on Kpg.

Then the variational inequality problem (V1) has a solution.

Proof. Consider the space E endowed with the weak topology and take & the
bifunction defined above. Since K g is weakly compact, then the result holds by
applying Theorem 4.14. O

Now, we continue developing our techniques on equilibrium problems and
we are interested in the Minty lemma for equilibrium problems which deals
in particular with properties such as compactness and convexity of the sets of
solutions of equilibrium problems. We will see in particular that the set of solu-
tions in Proposition 4.14 is nonempty, weakly compact and convex since Ky is
weakly compact and convex.

In the sequel, for y € C, we define the following sets:

T ()={xeC:P(x,y)>0} and & () ={xeC:d(y,x)<0}.

Then x* € C is a solution of the equilibrium problem (EP) if and only if

x*eﬂq>+(y).

yeC
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Under assumptions of Theorem 4.14, we obtain that the set of solutions
Sol (@, C) of the equilibrium problem (EP) is nonempty and

Sol (@, C)=[®"(mc [ e(ot(») K
yeC yeC

and there exists equality under assumptions of Theorem 4.13. We remark that
the set myeC cl (CI)Jr (y)) is nonempty and compact. Also, by the pseudo-
monotonicity of & on C, we have

dT (y)cd (y) forallyeC,

and by the explicit quasi-convexity of @ in its second variable on C and the
hemicontinuity in the first variable on K, we prove that

e~ mnkc]orm.

yeC yeC

The quasi-convexity of @ in its second variable on C yields that the set ®~ (y)
is convex, for every y € C.
The next result is the Minty lemma for the equilibrium problem (EP).

Theorem 4.15. Suppose the assumptions of Theorem 4.13 or Theorem 4.14
hold. Then the set of solutions Sol (®, C) of the equilibrium problem (EP) is a
nonempty set. If in addition,

1. K is convex;
2. ® is pseudo-monotone on C;
3. @ is semistrictly quasi-convex in its second variable on C,

then, Sol (®, C) is nonempty, compact and convex.

Proof. Tt follows from the above remarks that

Sol(@,C)=| [ ® | nk.
yeC

This completes the proof. O

Now, we are in a position to formulate our existence results for the quasi-
equilibrium problem (QEP).

We first observe that a point x* € C is a solution of the quasi-equilibrium
problem (QEP) if and only if x* is a fixed point of the set-valued mapping
S : C =2 C defined by

Sx)={z€eAx):P(z,y)>0 forallyec A(z)}

and called in the literature, the selection set-valued mapping.
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Theorem 4.16. Let C be a nonempty subset of a real Banach space E, and
A : C = C a set-valued mapping with nonempty, closed, and convex values. Let
® : C x C — R be a bifunction and suppose that for every x € C, there exist a
nonempty compact and convex subset K, of A (x) and yx € K such that ®|4y)
satisfies all the conditions in Theorem 4.15 with K, the set of coerciveness. Then
the selection set-valued mapping S has nonempty, compact, and convex values.

Proof. Tt suffices to apply Theorem 4.15 to ®|4(y), for every x € C. O

Now, we formulate an existence result for quasi-equilibrium problems by
applying the Kakutani fixed point theorem.

Theorem 4.17. Under the assumptions of Theorem 4.16, we suppose further
that there exists a nonempty, closed, and convex subset Cy of C such that

1. S (Cyp) is a relatively compact subset of Cop;
2. grph (S\Co) is closed in Cy x Cy.

Then the quasi-equilibrium problem (QEP) has a solution.

Proof. Set K =conv (cl(S (Cp))) the closed convex hull of S (Cp). Then K is
a nonempty, compact and convex subset of Co, S (K) C K, grph (S| K) is closed
in K x K and S|k has nonempty, closed, and convex values. It follows that S|x
is a Kakutani mapping, that is, S|k is upper semicontinuous and has nonempty,
compact and convex values. Thus, by the Kakutani fixed point theorem, S g has
afixed point x* € K which is a solution to the quasi-equilibrium problem (QEP).

O

We note that the conditions in Theorem 4.17 involve the selection set-valued
mapping itself which is not in the initial data of the quasi-equilibrium prob-
lem (QEP). Now, we provide assumptions only on the involved data of the
quasi-equilibrium problem (QEP) such that the conditions in Theorem 4.17 are
satisfied.

Theorem 4.18. Suppose that the assumptions of Theorem 4.16 hold and assume
further that for Cy := conv (Uxec Kx) the following conditions hold:

1. Cy is a compact subset of C,

2. (AN Co)c, is upper semicontinuous;

3. @, is upper semicontinuous on Co x Co;

4. for every converging sequence (x,), in Co to x and for every y € A (x),
there exists a sequence (yp), converging to 'y and such that y, € A (x,) N Cy,
for every n.

Then the equilibrium problem (QEP) has a solution.
Proof. The set Cy is nonempty compact and convex subset of C. Since for every

x € C, S(x) C Ky, then, S (Cp) is contained in Cyp. In order to apply Theo-
rem 4.17, it remains to prove that grph (S|c,) is closed in Co x Cy. For this
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purpose, take a sequence (x,, z,), in Co x Cp converging in Cy x Cp to (x, )
such that z,, € S (x,), for every n. We prove that z € S (x). We have z,, € A (x5,)
for every n, and

D (z4,y) >0 forallyeA(x,).

Since A has closed values, then, by the upper semicontinuity of (A N Co) ¢, we
have z € A (x). Now, let y € A (x) and let (y,),, be a converging sequence in Cop
to y such that y, € A (x,) N Cy, for every n. Then by the upper semicontinuity
of ®c,, we have

@ (z,y) = limsup ® (z4, yu) > 0.
n——+00
As y is arbitrary in A (x), we conclude that z € S (x), which completes the
proof. O

4.4.2 A Selection Theory Approach

We are now concerned with the existence of solutions of quasi-equilibrium prob-
lems by following a selection theory approach. This direction has already been
considered in [60] in the settings of finite dimensional spaces and developed
in [51] for separable Banach spaces.

One of the most known and important result in the selection theory area
is the Michael selection theorem which states that every lower semicontinuous
set-valued mapping from a paracompact Hausdorff topological space X to the
nonempty, closed, and convex subsets of a Banach space has a continuous se-
lection. Motivated by the problem of extending continuous functions defined on
closed subsets, Michael obtained in his pioneering paper [126] characterizations
of various kinds of topological properties such as paracompactness, normality,
collectionwise normality, and perfect normality by means of existence of con-
tinuous selections of lower semicontinuous set-valued mappings with values in
Banach spaces. Every metric space is both paracompact and perfectly normal,
and both these two properties are stronger than collectionwise normality.

In our study, the quasi-equilibrium problem (QEP) is considered in a real
Banach space, and instead of the Michael selection theorem for perfectly nor-
mal spaces considered in the above mentioned papers, we use here the Michael
selection theorem for paracompact Hausdorff topological spaces which is also
the more suitable theorem in many analysis studies. The perfectly normal ver-
sion is more restrictive since it requires separable Banach spaces and imposes
that the involved set-valued mapping must have values in the family of convex
subsets containing the inside points of their closures.

Beside the existence of continuous selections of lower semicontinuous set-
valued mappings, there is the notion of selectionable set-valued mappings which
will be important in our purpose. This notion is also interesting since it will pre-
vent us to repeat the proof of some known facts in the selection theory.
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Let X and Y be two Hausdorff topological spaces. A set-valued mapping
F : X =3 Y is said to be locally selectionable at a point xo € X iff for every
Yo € F (xp) there exist an open neighborhood Uy, of x¢ and a continuous func-
tion fy, : Uy, — Y such that fy, (xo) = yo and

Sro X) € F(x) forall x € Uy,.

The set-valued mapping F is said to be locally selectionable on X, iff it is locally
selectionable at every point of X.

We point out that very locally selectionable set-valued mapping on a para-
compact Hausdorff topological space with nonempty convex values in a topo-
logical Hausdorff vector space has a continuous selection; see [21, Proposi-
tion 10.2].

Theorem 4.19. Let C be a nonempty subset of a real Banach space E,
A : C = C a set-valued mapping, and ® : C x C —> R a bifunction. Sup-
pose further that there exist a nonempty, closed, and convex subset Co of C and
a compact subset K of Cq such that the following conditions hold:

1. A, is lower semicontinuous on Cq and has nonempty, closed, and convex
values in K ;

2. fix (A|C0) is nonempty closed subset, and @ (x,x) = 0, for every
x e fix (Ajcy):

3. the restriction of ® on fix (A|c0) x C is quasi-convex in its second variable;

4. the restriction of ® on fix (A|c0) x C is upper semicontinuous.

Then the equilibrium problem (QEP) has a solution.
Proof. Define the set-valued mapping F : fix (A|Co) = C by

F(x)={yeC:d(x,y) <0}.

We observe that F has convex values, and by the upper semicontinuity of the
restriction of @ on fix (A\Co) x C, the graph of F is open in fix (A|C0) x C.

Now, consider the set-valued mapping G = K N F : fix (A|CO) = C defined
by

Gx):=AXxX)NF(x).

The restriction of A on fix (A|¢,) being a lower semicontinuous set-valued
mapping from the paracompact Hausdorff topological space fix (A|c0) to the
real Banach space E with nonempty, closed, and convex values, then, by the
Michael selection theorem, for every x¢ € fix (A‘CO) and for every yp € A (xp),
there exists a continuous selection fy, of A|ﬁx(A‘CO) such that fy, (xo) = yo;
see [21, Corollary 11.1]. This means that A Aicy) is locally selectionable set-
valued mapping at every point of fix (A|C0). Since F has an open graph in
fix (A‘CO) x C, it follows by [21, Proposition 10.4] that if x¢ € fix (A|c0) such
that G (xo) # @, then G is locally selectionable set-valued mapping at x.
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We claim that there exists xg € fix (A|Co) such that G (xg) = ¥ which
proves that xg is a solution of the quasi-equilibrium problem (QEP). Assume
by contradiction that G (xo) # ¥, for every x € fix (A|¢,). It follows that G is
locally selectionable set-valued mapping with nonempty convex values from
the paracompact Hausdorff topological space fix (A|CO) to the real Banach
space E. Then G has a continuous selection g. Define the set-valued mapping
H:Cyo= Eby

{g(x)} iff xeﬁx(A|c0),

H (x):=
A(x) iff x gfix(Aig).
The set-valued mapping H is lower semicontinuous on Cy. Indeed, let xg € Co
and V be an open subset of E such that H (xo) NV # 0. If xo ¢ fix (A|¢,), by
the lower semicontinuity of A, let U be an open neighborhood of x( such that

Uﬂﬁx(A‘CO)zQJ and A(x)NV#@ forallxeU.

Then H (x) NV # @, for every x € U. Otherwise, suppose that xp € fix (A|C0)-
Then by continuity of g on fix (A|c0), let U; be an open neighborhood of x¢ in
Co such that

g(x)eV forall x e Uy Nfix (A\C0)~

On the other hand, by lower semicontinuity of A on Cp, let U be an open
neighborhood of xg in Cq such that

AxX)NV AP forall x € U;.

Clearly, H (x) NV # @, for every x € Uy N U,. Hence, H is lower semicon-
tinuous at xo. Now, by applying the Michael selection theorem, the set-valued
mapping H has a continuous selection f. Since H (Co) C A (Cp) C K, then
f :Co — Cp is a compact mapping. By the Schauder fixed point theorem, it
follows that f has a fixed point, hence there exists x € Co such that x = f (x) €
A (x). Therefore, x € fix (A|Co) which implies that x € G (x) C F (x). Then
@ (x, x) < 0 which yields a contradiction and completes the proof. |

Remark 4.5. We point out that the condition of the restriction of ® on
fix (A|C0) x C being quasi-convex in its second variable can be replaced by
the weaker condition: The set

F(x)={yeC:®(x,y) <0}
is convex, for every x € fix (A\CO)-

We now give conditions on the initial data for which the conditions in The-
orem 4.19 are satisfied. By a similar statement involving the Michael selection
theorem and the Schauder fixed point theorem, as in the proof of the theorem
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above, we give here the following sufficient conditions under which the fixed
points set of the set-valued mapping A is nonempty and closed. Note that every
set-valued mapping with closed graph has closed values. The converse is true
under additional conditions such as the upper semicontinuity.

Proposition 4.15. Let C be a nonempty subset of a real Banach space E and
A : C = C a set-valued mapping. Suppose further that there exist a nonempty,
closed, and convex subset Cy of C and a compact subset K of Cq such that the
following conditions hold:

1. Aic, : Co = C is lower semicontinuous;
2. Ajc, : Co = C has nonempty, closed, and convex values in K;
3. the graph of A\, is closed in Co x C.

Then fix (A|c0) is nonempty, closed, and compact set.

4.4.3 Approximate Solutions of Quasi-Equilibrium Problems

Like approximate selections, approximate solutions are well-known and impor-
tant tools, which have already been used in quasi-variational inequality studies
and in many other areas of nonlinear analysis.

In the sequel, for € > 0 and a set-valued mapping F : X = Y, we denote by
F¢ : X =Y the set-valued mapping defined by

F.(x):= B(F (x),e€).

For € > 0, we call in what follows an e-solution of the quasi-equilibrium
problem (QEP), any x, € cl (fix (Ac N C)) such that

D (xe,y) =0 forallye Ac (xc)NC,

where the closure is taken with respect to the subset C. An approximate so-
lution of the quasi-equilibrium problem (QEP) is any e-solution of the quasi-
equilibrium problem (QEP), for any € > 0.

We remark that the set-valued mapping A has open values. Then the tech-
niques developed previously fail to be applied to Ac.

Now, we present the notion of sub-lower semicontinuity in the realm of topo-
logical vector spaces. This notion is weaker than that of lower semicontinuity
and fits very well with the notion of approximate continuous selections. How-
ever, the notion of sub-lower semicontinuity seems to be more adapted to our
purpose.

Let X be a Hausdorff topological space and Y be a normed vector space.
A set-valued mapping F : X =2 Y is said to be sub-lower semicontinuous at
x € X iff for every € > 0, there exist z, € F (x) and a neighborhood U, of x
such that

zx € Fe (x)  forallx’ € Uy.
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The set-valued mapping F' is said to be sub-lower semicontinuous on X iff it is
sub-lower semicontinuous at every point of X.

The following result provides a localization of the continuous selection of a
sub-lower semicontinuous set-valued mapping.

Lemma 4.20. Let X be a paracompact Hausdorff topological space, Y be a
normed vector space, S be a convex subset of Y, F : X =3 Y be a set-valued
mapping, and € > 0. Suppose that for every x € X, there exist zyx € F (x) and
an open neighborhood U, of x such that

€ F, (x/) NS forallx e U,.

Then there exists a continuous selection f : X — S of Fe.

Proof. For every x € X, let U, be an open neighborhood of x and zy € F (x)
such that z, € F¢ (x’) N S, for every x’ € Uy. Let (O;),<; be an open refinement
of the open cover (Uy),cx of the paracompact Hausdorff topological space X
and let (p;);<; be a partition of unity subordinated to (O;);;. Forevery i € I,
take x; € X such that O; C Uy, and define the function f : X — Y by

fO)=Ypi(0)zy

iel

which is continuous since it is locally a finite sum of continuous functions. For
every i € I such that p; (x) # 0, we have x € U,, and then, z,; € F¢ (x). By the
convexity of F (x), F¢ (x) is also convex, and then, f (x) € F¢ (x). Also, since
S is convex and z,;, € S forevery i € I, then f (x) € S, for every x € X. |

An adaptation of the proof of the above lemma to our purpose yields the
following important tool for the existence of approximate solutions of quasi-
equilibrium problems. This result is presented for sub-lower semicontinuous
and can be compared to [81, Lemma 2.1] and [51, Theorem 2.3].

Lemma 4.21. Let X be a paracompact Hausdorff topological space, Y a
normed vector space, S a convex subset of Y, F : X = Y a set-valued map-
ping with nonempty convex values in S, V : X x S — R a bifunction, € > 0, and
a € R. We define

By (x)={yeS:W(x,y) <a}
and suppose that for every x € X, the following conditions hold:

1. the set Fe (x) N By o (x) is nonempty and convex;
2. there exist 7 € F (x) and an open neighborhood Uy of x such that

2y € Fe (x'YN By o (x')  forallx' € Uy.

Then there exists a continuous selection fo : X — S of Fe such that
W (x, fe (x)) <a, forevery x € X.
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Proof. For every x € X, let z, € F (x) and take U, defined by condition (2).
By proceeding as in Lemma 4.20, the convexity of F¢ (x) N By 4 (x) for ev-
ery x € X, yields a continuous selection f : X — § of the set-valued mapping
H, : X =2 Y defined by

He (x) = Fe (x) N By o (x).
Thus, fe (x) € Fe (x) and W (x, fe (x)) < o, for every x € X. O

Remark 4.6. While the convexity of By, (x) in the above lemma requires
conditions only on W and it is satisfied if W is quasi-convex in its second variable
on X, the other conditions seem to be more complicated and require connections
between ¥ and F.

We give in what follows the following result, which provides sufficient con-
ditions involving ¥ and F in order to satisfy condition (1) and condition (2) of
the above lemma.

Proposition 4.16. Let X be a paracompact Hausdorff topological space, Y a
normed vector space, S a convex subset of Y, F : X =3 Y a set-valued mapping
with nonempty convex values in S, ¥ : X x § — R a bifunction, € > 0, and
aeR

1. If V is quasi-convex in its second variable on X, then for every x € X,
By o (x) is convex.
2. If Ef( )\Il (x,y) <« for some x € X, then Fc (x) N\ By o (x) # 0.

eF.(x
3. If fme of the following two conditions holds:
@) F is lower semicontinuous on X, V is upper semicontinuous in its first
variable on X and F (x) N By o (x) # 0, for every x € X;
(b) F is sub-lower semicontinuous on X, V is upper semicontinuous in its
first variable on X and F (x) C By o (x), for every x € X,
then condition (2) of Lemma 4.21 is satisfied.

Proof. We verify only the last condition, the other conditions being obvious or
already discussed. Let x € X.

In the case where condition (3a) is satisfied, the set-valued mapping F' is
lower semicontinuous. Let z, € F (x) N By o (x) and by lower semicontinuity
of F, let Uj be an open neighborhood of x such that F' (x/) N B (zx,€) # @, for
every x' € U)g. By upper semicontinuity of W in its first variable, let Uf be an
open neighborhood of x such that z, € By o (x’ ), for every x’ € U f Clearly, for
every x' € Uy =U} NUZ, zy € Fe (x') N By o (x').

In the case where condition (3b) is satisfied, the set-valued mapping F is
sub-lower semicontinuous. Let z, € F (x) and Uy be as in the definition of sub-
lower semicontinuity. Since zx € By 4 (x), we choose, by upper semicontinuity
of W in its first variable, an open neighborhood U7 of x such that z € By,q (x'),
for every x’ € Uf. As above, the result comes by taking U, = U; N Uf. O
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In [51], the nonemptiness of the fixed points set of A, which is crucial for
the existence of approximate solutions of the quasi-equilibrium problem (QEP),
has been obtained by applying the Fan-Browder fixed point theorem since the
lower semicontinuity of A implies that the set-valued mapping A, has open
fibers. This fact can be showed as follows. For every y € C, we have

A7l () ={xeC:yeB(A®x).e)
={xeC:AXx)NB(y,¢)# 0}
=A""(B(y,€).

We remark that this fact has been used only to prove existence of fixed points
of Ac. The existence of a fixed point of any selection of A, will suffice to over-
come the strong condition of the openness of the fibers of Ac.

Now, we present an existence result of approximate solutions of the quasi-
equilibrium problem (QEP) in the case of sub-lower semicontinuous set-valued
mappings.

Theorem 4.20. Let C be a nonempty, closed, and convex subset of a real Banach
space E, A : C = C a set-valued mapping, and ® : C x C — R a bifunction.
Suppose further that the following conditions hold:

1. A is sub-lower semicontinuous on C;
2. there exists a compact subset K of C such that A has nonempty convex
values in K.

Then for every € > 0, the set-valued mapping A¢ : C = C has a nonempty fixed
points set.

If in addition,
1. ® is quasi-convex in its second variable;
2. © is upper semicontinuous in its first variable on C;
3. there exists €g > 0 such that ® (x,x) >0, for every x € B(A (x),€9) NC;
4. forevery (O <€ < €,

(@) the function defined on cl (fix (Ac N C)) by

x> inf O (x,y)
yeAc(x)NC

attains its supremum ye on cl (fix (Ae N C)) and this supremum is finite;

(b) A(x) C By sl (x), for every x € C and n € N*.

Then for every 0 < € < €, the quasi-equilibrium problem (QEP) has an
e-solution.

Proof. Let € > 0. The set-valued mapping A, has a nonempty fixed points set.
Indeed, put Ky = conv (K) which is a nonempty compact and convex subset
of C, and A (C) C Kp. The set-valued mapping A : C = E being sub-lower
semicontinuous and has nonempty convex values in the convex subset K, then,
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by Lemma 4.20, let f. : C — Ko be a continuous selection of A.. By the
Schauder fixed point theorem, fe has a fixed point x} which is necessarily
in Ko. Thus, cl(fix (Ac N C)) is nonempty. Note that cl (fix (Ac N C)) is con-
tained in K and then, it is compact.

Now, for 0 < € < €p, let x. € cl (fix (Ae N C)) such that

sup inf  ®(x,y)= inf  ®(xc,y) =ve.
xecl(fix(AcNC)) yeAe(x)NC yEAe (xe)NC

Put o, = ye + %, for n € N*,
By taking X = S = K¢ and Y = E, it results by Lemma 4.21 applied to A
and @ that there exists a continuous selection fe : Ko — Kq of A¢ such that

D (x, fe (x)) <ae, forall x € K.

Again by the Schauder fixed point theorem, let X, € K¢ be a fixed point of f.
It follows that X = fe (X¢) € Ac (X)) N Ko C B (A (x¢), €9) N C. It results that

_ _ _ 1
0< D (Xe,Xe) =P (Xe, fe (X&) <Uep=7VYe+ ;

By letting n go to 400, we obtain that Ai?f) c D (x¢,y) = Y = 0. It follows
YEA(xe)N
that we have x € cl (fix (Ac N C)) and

D (xe,y) >0 forallye Ac (xc)NC,

which states that the quasi-equilibrium problem (QEP) has an e-solution and
completes the proof. U

Remark 4.7. We point out that the function x > infyca,ync ® (x, y) defined
on the set cl (fix (Ac N C)) is supposed to have a finite supremum. It is well
known that the Berge maximum theorem is an important tool usually used to
deal with such properties when the set-valued A is lower semicontinuous. Un-
fortunately, and even if A is lower semicontinuous and the above function is
proper, nothing can guarantee that its supremum is finite if no additional condi-
tions on @ and on the values of A are assumed.

Conclusions

The equilibrium problem, and by consequent, the quasi-equilibrium problem
studied in this section have been introduced mainly to describe in a unified way
various problems arising in nonlinear analysis and in mathematics in general.
The family of problems that can be expressed as an equilibrium problem is
growing as far as the other related areas are being developed. Recently, it has
been proved that quasi-hemivariational inequalities, which constitute an impor-
tant variational formulation for several classes of mechanical problems, can be
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also expressed as an equilibrium problem. On the other hand, one of the interests
of such a unified formulation is that many techniques and methods developed for
solving a special case may be adapted, with suitable modification, to the other
special cases. Motivated by these facts, it has been proved in some recent works
that the techniques on weakening semicontinuity and hemicontinuity to the set
of coerciveness developed to the equilibrium problem can be applied to various
special cases such as quasi-hemivariational inequalities and can be used with
other techniques such as the Ekeland variational principle. These techniques
have been also highlighted here by an example and an application to nonlinear
variational inequalities.

In this direction, we have been concerned here with the quasi-equilibrium
problem, which constitutes a relevant mathematical formulation including the
equilibrium problem and other concepts such as quasi-variational inequalities.
We remark that in the approach based on fixed point theory developed in this
section, our techniques on weakening semicontinuity and hemicontinuity are
applied easily and directly to the quasi-equilibrium problem. And because of
our conviction of always looking for optimal conditions when dealing with such
problems, we have also considered the approach based on selection theory. In
such a way, we have been able to obtain results improving some recent proper-
ties in the literature. We have been also interested in approximate solutions of the
quasi-equilibrium problem and highlighted the necessary background for their
existence by using the notion of sub-lower semicontinuous set-valued mappings.
This study is motivated by the importance of approximate solutions in general
in many areas of mathematics, but also by some recent works on approximate
solutions of the quasi-equilibrium problem and its special cases.

The techniques developed in the two approaches based on fixed point theory
and on selection theory, as well as those developed for approximate solutions,
are given under general settings. In such a way, they can be easily applied to
several particular cases.

Finally, we point out that this subject is under perpetual advancement, and it
may be also interesting to look for weakened conditions on convexity when
dealing with existence of solutions and approximate solutions of the quasi-
equilibrium problem. The convergence of the sequence of approximate solutions
of the quasi-equilibrium problem is also a challenge which has to be considered
in the future.
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issue when defining the concept of well-posedness is to require stability un-
der small perturbations. Roughly speaking, this means that if for some point
the value of the function is “close” to its minimal/maximal value (suppos-
ing its existence), the point itself should be “close” to the minimizer/maxi-
mizer. This requirement leads to the first notion of well-posedness provided by
Tykhonov [167] in 1966.

Since this concept has shown to be very useful in optimization, similar no-
tions have been defined for other related problems of interest, like saddle point
problems and variational inequalities. As already mentioned, these problems
constitute outstanding particular cases of the (scalar and vector) equilibrium
problems. Therefore, the following question arises naturally: how can be as-
signed a proper definition of well-posedness to (EP) (and (SVEP), respectively —
introduced within the last chapters), which extend the above (existing) concepts?
Answer to this question has been provided, among others, by Bianchi, Kassay,
and Pini [34] and [33], where different kinds of well-posedness both for scalar
and vector equilibrium problems have been given and the relationship between
them has been explored.

In this chapter we collect some concepts and results from [34] and [33] con-
cerning well-posedness for scalar and the strong vector equilibrium problems.
Section 5.1 provides a short background concerning well-posedness for the three
relevant particular cases of (EP) (optimization, saddle point problems and vari-
ational inequalities). The scalar equilibrium problem is explored in section 5.2.
We define in subsection 5.2.1 a concept of well-posedness for (EP) arising in
a natural way from Tykhonov well-posedness for optimization problems. We
call this concept Top-well-posedness and we show that both concepts of well-
posedness, i.e., for optimization and saddle point problems can be obtained as
its particular cases.

5.1 WELL-POSEDNESS IN OPTIMIZATION AND VARIATIONAL
INEQUALITIES

At the beginning, well-posedness was considered in connection with opti-
mization problems. Let us recall the first concept which was introduced by
A.N. Tykhonov in [167] (see also [68]). Let D be a metric space. For a sub-
set A C D we shall denote by diam(A) € [0, +o00] the diameter of the set A,
i.e., sup{d(a,b):a,be A}.

For a scalar optimization problem

minh(a), aeD 5.1

where h : D — R, asequence {a,}, C D is said to be minimizing when h(a,) —
infp h as n — oo.

Definition 5.1. The optimization problem (5.1) is called Tykhonov well-posed
if
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(i) there exists a unique solution a € D of (5.1);
(i) every minimizing sequence converges to a.

In case of maximization problems, the definition of Tykhonov well-
posedness is modified using maximizing sequences in a straightforward way.
Roughly speaking, the above concept means that points with values close to the
value of the problem must be close to the (unique) solution. This property might
be very useful when constructing algorithms aimed at solving the problem of
interest.

Corresponding notions of well-posedness have been defined for other two
particular cases of (EP), namely saddle point problems and variational inequal-
ities. Let us first recall the saddle point problem. Given two metric spaces
X and Y, and F : X x Y — R, the saddle point problem is to find a couple
(x,¥) € X x Y such that

F(x,y) <F(x,y) = F(x,y), VxeX,yeY.
By defining the bifunction w : X x ¥ — R given by

w(x,y)=sup F(x,y) —inf F(x, y),
X y

the saddle point problem can be reduced to the following optimization problem:

minw(x, y) = min(sup F(x, y) —inf F(x, y)).
X y

Since w(x,y) > 0 for every (x,y) € X x Y, this is equivalent to find (x, y) €
X x Y such that w(x, y) =0.
In this way, the following definition follows naturally.
Definition 5.2. (see [52]) The saddle point problem is Tykhonov well-posed if
(i) there exists a unique saddle point (X, y) € X x Y;
(ii) every sequence (x;, y,) minimizing for w converges to (x, ).

In case of variational inequalities the idea is similar. Suppose D is a Banach
space. Under the assumptions of convexity and Gateaux differentiability of the
objective function & of (5.1), it was proved in [68] that Tykhonov well-posedness
is equivalent to the condition

diam({a € D : (Vh(a),b — a) > —¢||la — b||,Vb € D}) — 0, el 0.

This equivalence leads naturally to the definition of well-posedness for a general
variational inequality: find @ € D such that

(A(a),b—a)>=0 VbeD, (5.2)

where the map A : D — D* is not necessarily a gradient map.
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Definition 5.3. (see [68]) The variational inequality (5.2) is called well-posed
if there exists at least one solution, and

diam({a € D: (A(a), b —a) > —ella—b||,Ybe D}) = 0, & 0.

As stressed before, optimization, saddle point, and variational inequality
problems constitute relevant particular cases of (EP). This fact leads naturally to
the questions of assigning a proper definition of well-posedness to (EP), which
extends the above concepts. It is also interesting to see which results can be
achieved, and how can they be related to the earlier results concerning the men-
tioned particular cases. This will be the topic of the next sections.

5.2 WELL-POSED SCALAR EQUILIBRIUM PROBLEMS

Starting from Definitions 5.1 (Tykhonov well-posedness for optimization prob-
lems) and 5.3 (well-posedness for variational inequalities) we provide in this
section natural extensions of well-posedness to a scalar equilibrium problem.
Although the latter is a unified representation for both problems (i.e., optimiza-
tion and variational inequality), the concepts we obtain are different. Further-
more, as shown below, there is no relationship between the two concepts in
general (in the sense that no one implies the other). However, under additional
assumptions, well-posedness coming from variational inequalities implies the
one coming from optimization.

5.2.1 Well-Posedness for the Equilibrium Problems Coming
From Optimization

Unless otherwise stated, in what follows (D, d) is a complete metric space and
f: D x D — Ragiven function such that f(a, a) = 0 for every a € D. In order
to start our analysis, we consider a well-known minimax formulation of (EP).
This needs to consider the gap function g : D — [—o00, +00) defined by

g(a) = inf f(a.b). (5.3)

Particular properties of the function g are the nonpositivity on the set D, and
the fact that g(a¢™) = 0 if and only if a* is a solution of (EP). Therefore, the
following result holds:

Lemma 5.1. The equilibrium problem has solutions if and only if

=0.
max g(a)

By the previous formulation of (EP) and Definition 5.1 one can provide a
natural definition of Tykhonov well-posedness for equilibrium problems via the
function g.
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Definition 5.4. (cf. [34]) The equilibrium problem (EP) is Tope-well-posed if

(i) there exists a unique solution a € D of (EP);
(ii) for every sequence {a,} C D such that g(a,) — 0, one has a, — a.

The sequence {a,} in (ii) is still called maximizing for g.

The definition given above entails, as particular cases, the notions of well-
posedness for optimization and saddle point problems, as proved in the follow-
ing proposition.

Proposition 5.1. (cf. [34])

(i) If f(a,b) = h(b) — h(a), then (EP) is Topi-well-posed (in the sense of Def-
inition 5.4) if and only if minge p h(b) is Tykhonov well-posed (in the sense
of Definition 5.1).

(i) f F:XxY—>R D=XxY, a=(x,y) and b = (u,v), define
f:DxD—Ras f(a,b) = F(x,v) — F(u,y). Then (EP) is Top-well-
posed if and only if the saddle point problem engendered by F is well-posed
(in the sense of Definition 5.2).

Next we give an example of (EP) that is Top-well-posed.
Example 5.1. Let f : R x R — R given by f(a,b) = —|b — ala’e=®. The
equilibrium problem associated is well-posed; indeed:
(i) f(a,b) >0 forevery b € R if and only if a = 0;
0, a=0
—oo, a#0

Take a, such that g(a,) — 0; from (ii), this means that a, = 0 for n large
enough.

a

(i) g(a) =infper f(a,b) = —supycg |b — ala’e”

In what follows we investigate and characterize Top-well-posedness from
another point of view, involving the notion of some approximate solutions
of (EP). To do this, let € > 0 be given and let us introduce the set

e —argmin(EP) ={ae D: f(a,b) > —e, Vb e D}.
The family of sets {¢ — argmin(EP)}, is ascending, i.e., if €] < &>, then
&1 —argmin(EP) C gy — argmin(EP).
Moreover, the set of solutions of (EP) is the intersection of the sets
{e —argmin(EP) : ¢ > 0}.

The next result generalizes Theorem I.11 in [68] on one hand and provides
an alternative characterization for Top-well-posedness, on the other hand.

Theorem 5.1. (cf. [34]) If (EP) is Topt-well-posed, then

diam(e — argmin(EP)) — 0, el 0. 5.4
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Moreover, the converse is true if a — f(a, b) is upper semicontinuous for every
b € D, and ¢ — argmin(EP) is nonempty for every ¢ > 0.

Proof. By contradiction, assume that
diam(e — argmin(EP)) - 0.
Then there exist « > 0 and ¢, | 0 such that
diam(e, — argmin(EP)) > 2«, Vn e N.

Take a,,a,, € D such that a,, a), € &, — argmin(EP), and d(a,, a),) > «, for
every n € N. From the inequalities

f(anab)z_sl‘lv f(a;lab)z_gl’la VnENa VbGD,
we get that, for every n € N,
inf ,b)> —¢g,, inf " b)> —g,,
blng(an ) > —¢&y blng(an ) > —én

ie.,
0>g(an) > —&,, 0>g(a,) > —¢,.

The inequalities above imply that g(a,) — 0 and g(a,,) — 0 if n — oo, and, by
the assumptions, both sequences {a,} and {a],} converge to the unique solution
a of (EP), a contradiction.

Conversely, let us first show that every maximizing sequence is convergent,
or, equivalently, is a Cauchy sequence. Let {a,} be a maximizing sequence. By
contradiction, assume that there exist {a,,} and {a,,}, both subsequences of
{an}, such thatd(ay,, , am,) > o, for some o > 0 and for every k € N. From (5.4),
we can take ¢ such that

diam(e — argmin(EP)) < «.

Since both {a,, } and {a,,, } are maximizing sequences, there exists k, € N such
that for k > k. we have that

Qny > Ay, € € — argmin(EP),

therefore d(ay, , ay,) < o, a contradiction. This shows that {a,} is convergent.
Take any maximizing sequence {a,}, denote by a its limit, and fix any b € D.
Then, by upper semicontinuity,

f(a,b) =limsup f(ay,b) = limsup g(a,) =0.

n—oo n—o0

Since b € D was arbitrary, we conclude that a is a solution of (EP). The unique-
ness follows immediately from (5.4). I
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For the sake of completeness we report the proof of the following proposition
that is the scalar version of Proposition 6.3 in Chapter 6, and that entails the
nonemptiness of ¢ — argmin(EP). We recall that the function f : D x D — R
satisfies the “triangular inequality” (TT) if

fla,b) < f(a,c)+ f(c,b),
foralla,b,c e D.

Proposition 5.2. Suppose that the function f satisfies (TI). If there exists b € D
such that the function a — f(a, b) is upper bounded, then ¢ — argmin(EP) # ()
for every € > Q.

Proof. By the upper boundedness a +— f(a, b), for every ¢ > 0 there exists
ap € D such that

f(ag,b) — f(a,b)+e>0,  VaeD.
This inequality, together with (TI), gives
—¢ < f(ao,b) = f(a.b) < f(ag,a), ~ VaeD,
i.e., ap € ¢ — argmin(EP). O

In the sequel we need the following concept. The function ¢ : [0, +00) —
[0, +00) is said to be forcing provided it is increasing, ¢(0) =0, and ¢ > 0
implies c(t) > O (see, for instance, [119]).

Definition 5.5. A function f : D x D — R is said to be forcing pseudo-
monotone if there exists a forcing function ¢ such that

f(a,b)>0= f(b,a) <—c(d(a,b)),¥Ya,beD.

The next result provides sufficient conditions for Tgp-well-posedness
(see [34)).

Proposition 5.3. Assume that f is a forcing pseudo-monotone function and that
(EP) has at least one solution. Then (EP) is Top-well-posed.

Proof. The uniqueness of the solution follows easily from the assumption of
forcing pseudo-monotonicity. Denote by a the solution of (EP). Let {a,} be a
maximizing sequence for g. We have

glay) < f(ay,a) < —c(d(ay,a)) <0.

Since g(a,) 1 0, we conclude that d(a,, a) — 0, thereby showing that a,, — a.
O
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5.2.2 Well-Posedness for the Equilibrium Problems Coming
From Variational Inequalities

In Definition 5.3 we provided the concept of well-posedness for a (gen-
eral) variational inequality, where the key role has been played by the set of
g-approximate solutions, i.e., the set {a € D : (A(a),b — a) > —¢l|la — b||,
Vb € D}. Inspired by this, we can define an alternative notion of well-posedness
for (EP) originates from the framework of variational inequalities. To do this,

let us consider the set of -approximate equilibrium points given by
E(e)={aeD: f(a,b)> —ed(a,b),Vb e D},
and introduce the following

Definition 5.6. The equilibrium problem (EP) is Ty;-well-posed if

(i) there exists at least one solution a € D of (EP);
(ii) diam(E(s)) — 0,¢ 0.

Observe that condition (ii) trivially implies the uniqueness of the solution.
In the following, we give sufficient conditions for Ty;-well-posedness.

Theorem 5.2. Assume that f is forcing pseudo-monotone and that the solution
set of (EP) is nonempty. If at least one of the following conditions holds:

(i) the forcing function c is coercive, that is, lim;_, o ‘t—t) =400, or

(ii) D is a Banach space and f is concave in its first variable,

then (EP) is Tyi-well-posed.

Proof. Let a be any solution. Suppose that assumption (i) holds. We first
show that E(¢) is bounded for any ¢ > 0. Indeed, fix ¢ > O arbitrarily and
take any a € E(¢); this implies that f(a,a) > —ed(a, a). Since a is a solu-
tion, we know that f(a,a) > 0, and, from the forcing pseudo-monotonicity,
f(a,a) <—c(d(a,a)). Therefore, for every a € E(¢),

—ed(a,a) < —c(d(a,a)),
which implies for every a € E(¢) \ {a} that

c(d(a,a)) -

i (5.5)

This, together with the coercivity of ¢ shows that E(¢) is bounded.

Now let us show that diam(E (¢)) — 0. Supposing the contrary, there exists
a>0,¢e, ] 0and a, € E(g,) such that d(a,,a) > a. Therefore, since c is a
forcing function, by (5.5) we obtain

0 <cla) <c(d(an,a)) <epd(ay,a) < epdiam(E(g,)) < gpdiam(E(R)),



Well-Posedness for the Equilibrium Problems Chapter | 5 137

where R > 0 is an upper bound of the sequence {¢, },,en. Since E (R) is bounded,
this relation leads to a contradiction if we let n — oo, thus proving the assertion.

Suppose now that (ii) holds, and set d(a, b) = ||a — b||. By contradiction, if
diam(E(e)) - 0 as ¢ | 0, then (as in the first part) there exists « > 0, &, | 0 and
an € E(g,) such that ||a, — al| > «. Let

M :=sup{f(a,a),a € D,|la —al|l > «a}. (5.6)
From the forcing pseudo-monotonicity of f, we easily get that M < 0. Indeed,
since a is a solution, we obtain for every a € D with ||a — a|| > « that
fla,a) = —c(lla —al]) < —c(x)
showing that M < —c(«) < 0. Since a,, € E(&,), f(ay,a) > —e,lla, — al|, for

every n. Taking into account the assumption of concavity of f(-,b) and (5.6),
the following chain of inequalities holds:

o

—gpa < — f(a,,a)
llan —all
o _ o _ o
=———fla,a)+|1-———) f(a,a)
llan — all llan — all
sf(i_awr(l—#_)a,a)
[lan — all llan — all
<M.
This is a contradiction, since M < 0 and ¢, | 0. O

The next result gives alternative sufficient conditions for Ty;-well-posedness.

Theorem 5.3. Assume that f is upper semicontinuous in its first variable and
E(¢) is compact for some € > 0. If (EP) has a unique solution, then

diam(E(e)) — 0,¢ ] 0.

Proof. Let a be the solution of (EP). By contradiction, suppose that
diam(E(e)) - 0 if & | 0. Then, there exists « > 0, &, | 0 and a, € E(gy,)
such that d(a,,a) > «. From the assumptions, there exists np € N such that
E(e,) is compact for every n > ng. Since a, € E(e,) C E(gp,), taking, if
necessary, a subsequence, we get that a, — a* # a, as d(a,a*) > «. Let us
show that a* is a solution of (EP), a contradiction. Indeed, fix b € D; from
f(a,, b) > —e,d(ay,, b) and the boundedness of {a,}, there exists M > 0 such
that

f(anvb)z_Ean, Vn > nog.
In particular,
limsup f (ay, b) > 0.

From the upper semicontinuity of f (-, b) we get that a* is a solution. O
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In case D is a finite dimensional space, a similar proof as before provides
the following statement:

Corollary 5.1. Let D =R". Assume that f is upper semicontinuous in its first
variable and E (¢) bounded for some ¢ > 0. If (EP) has a unique solution, then

diam(E(e)) — 0,¢ ] 0.

5.2.3 Relationship Between the Two Kinds of Well-Posedness

Once we introduced two kinds of well-posedness for (EP), it is natural to ask
whether and under which conditions there is a relationship between these no-
tions. It is not difficult to check that, in general, the two concepts are different,
in the sense that there is no relationship between them. To see this, let us
first observe that the problem given in Example 5.1 is Topi-well-posed but not
Tyi-well-posed, since E(¢) is unbounded for every ¢ > 0. On the other hand, the
following example provides an (EP) that is Ty;-well-posed but not Top-well-
posed.

Example 5.2. Let f: R x R — R given by

el £b
fa,b):= @+D*+1)° ’

0, ifa=">n.
It is clear that the only solution of (EP) is a = 0. Also,

. la|b?

nf —————
beR\{a} (a?+ 1)(b%*+1)

|a|b |a|

su = .
pera @+ DB 1) a2+ 1

g(a)=ggﬂgf(a,b) =

Take the sequence a,, = n. Since lim,_ 4+ g(n) = 0, we have that (EP) is not
Topt-well-posed. On the other hand, it is easy to see that

E(e)={aeR: f(a,b) > —€lb—al, Vb e R} ={0}
for every € > 0. Indeed, fix € > 0. Then 0 € E(¢) is trivial, and suppose that for

some a # 0 one has a € E(¢). The latter implies that

|a|b?

————————>—€|b—al, VbeR\({a}.

@@+nHB2+1)

Letting b — a in this relation, we obtain
3

> _L > O,

(a2 +1)2
a contradiction. Thus, diam(E (¢)) = 0 and such, this (EP) is Ty;-well-posed.
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Despite on the negative fact underlined above, it is desirable to find a rela-
tionship between the two well-posedness notions. To this end, we should find
a link between the sets ¢ — argmin(EP) and E(¢). The next result provides an
inclusion that turns out to be useful for our aim. An analogous property holds
for optimization problems (see [68], Ch. 2, Sec. 4). First of all, we need the fol-
lowing lemma, that was proved in Theorem 2 in [32] in the vector-valued case.
We say that f satisfies the triangle inequality (TI), if

f(a,b) < f(a,c)+ f(b,c), Va,b,ceD.

Lemma 5.2. Let ag € ¢ — argmin(EP). Assume that f satisfies condition (TI)
and it is lower bounded and lower semicontinuous with respect to its second
variable. Let ). > 0. Then there exists a € D such that

() f(@@, aop) =0;
(i) d(a,ap) <2,
(i) f(@,a)+ (¢/Md(@,a)>0,Va+#a.

In the sequel, for every A C D, we denote by ¢ A the set
fFA={d eD:dd,A) <e)},
where
dd',A)=inf{ld(d,a): a € A}.

Theorem 5.4. Assume that f satisfies condition (TI) and is lower bounded and
lower semicontinuous with respect to its second variable. Then for every ¢ > 0
one has

&2 — argmin(EP) C °E(¢).

Proof. Leta € g2 — argmin(EP). From Lemma 5.2, taking A = ¢, there exists
a € D such that f(a,b) > —ed(a, b), for every b € D, i.e., a € E(¢). From (ii)
in Lemma 5.2, d(a, a) < e. In particular, d(E(¢), a) < ¢. Since a is arbitrary in
€2 — argmin(EP), the proof is complete. O

Combining Theorem 5.1, Proposition 5.2, and Theorem 5.4, a first relation
between Top-well-posedness and Ty;-well-posedness can be derived.

Corollary 5.2. Assume that f satisfies the following assumptions:

(i) (TI) holds;
(ii) f is lower bounded and lower semicontinuous with respect to its second
variable;
(iii) f is upper semicontinuous with respect to its first variable;,
(iv) there exists b such that f, 13) is upper bounded.

Then

Tyi-well-posedness = Topi-well-posedness.



140 Equilibrium Problems and Applications

5.2.4 Hadamard Well-Posedness

In this subsection we investigate the question whether a unified approach can
be given the two (different) well-posedness concepts introduced in the previous
subsections. To this aim we deal with a parametric form of an equilibrium prob-
lem and a related well-posedness, which it turns to be a common extension of
both Tope- and Tyi-well-posedness. Let f : D x D x U — R, where i/ C E, and
D, E are metric spaces. For a given p € U consider the following equilibrium
problem (EP),: find a € D such that

f@a,b,p)=0, Vb e D.

Denote by F(p) the solutions of (EP),,.

Assuming existence and uniqueness of the solution of (EP),,, with pg € U,
we are interested in the investigation of continuous dependence of the solutions
with respect to the data of the problem, i.e., the so-called Hadamard well-
posedness.

Definition 5.7. (see, for a comparison, [172]) (EP), is said to be Hadamard
well-posed at pg € U if

() F(po) ={a},
(ii) for any p, — po, and any a, € F(py), {a,} converges to a.

If E=[0,+00) and fo: D x D — R with fy(a,a) =0 for every a € D,
consider the following expressions for the function f:

(i) f(a,b,p)= fola,b)+ p,

) f(a.b, p)= fola.b)+ pd(a.b).

In the first case, F(p) = p — argmin(EP), while in the second one,
F(p) = E(p), where (EP) is defined by fy. This observation suggests that
within the above framework Hadamard well-posedness reduces to Top-well-
posedness in case (i), and to Ty;j-well-posedness in case (ii), if we take pg = 0.
Indeed, assume that the representation (i) holds and suppose that (EP), is
Hadamard well-posed at 0. Let {a, } be a sequence in D such that

golay) = blgg folan, b) — 0.

Choose p, = —go(an) + 1/n >0 (n > 1). Clearly p, — 0. Since by the triv-
ial inequality go(a,) > —p, for every n > 1 we obtain that a, € F(p,), thus
a, — a, the unique solution of (EP). Hence (EP) is Top-well-posed.

Before proving the assertion concerning T.j-well-posedness, let us ob-
serve that the Hadamard well-posedness (in the general case) implies that
diam(F(p)) — 0 as p — po. Indeed, assume, by contradiction, that
diam(F (p,)) > 2« > 0 for a suitable sequence p, — po. Consider two se-
quences {a,} and {b,} in F(p,) such that d(a,, b,) > «. From the Hadamard
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well-posedness and the triangular inequality, we get
o <d(ap,bp) <d(an,a)+db,,a) — 0 n— 0o,

a contradiction.
Now supposing that the representation (ii) holds, we obtain by the Hadamard
well-posedness that diamE (p) — 0 as p — 0, therefore (EP) is Ty;-well-posed.
Returning to problem (EP),, it is interesting to remark that, in general,
diam(F(p)) — 0 as p — po does not imply that this problem is Hadamard
well-posed, as the following example shows:

Example 5.3. Let D=FE =R, U :=[0,1]CRand h: D x Y — R given by

(a—12 if p=0,
h(a,p)=10 if p£A0and0<a < p,
1 if p#AO0anda <0 ora> p.

Define the function f: D x D x U — R by f(a, b, p) := h(b, p) — h(a, p).
Then (for pg :=0), we get F(0) = {1} and F(p) = (0, p) for p > 0. It is clear
that the associated (EP),, is not Hadamard well-posed.

It is not surprising that the equilibrium problem in the example above fails
to be Hadamard well-posed, since A(-, p) and A (-, 0) have no relationships at
all; indeed, in this case, the set F(p) (p > 0) is far from F(0) = {1}. To give
positive results of Hadamard well-posedness, a reasonable approach requires
some continuity assumptions on the function f.

Proposition 5.4. Assume that D is compact and F(po) = {a}. If f(-,b,") is
upper semicontinuous at (a, po) for every a,b € D, then (EP), is Hadamard
well-posed at py.

Proof. By contradiction, assume that there exists {p,} such that p, T and
an € F(p,) such that d(a,,a) > a > 0 for some subsequence. Since D is
compact, without loss of generality, we can suppose that a, — a*. By upper
semicontinuity, a* is in F(pg). Since a* # a we get a contradiction. O

By means of the representations given after Definition 5.7, the above re-
sult provides the following sufficient condition for both Tgp- and Ty;-well-
posedness (compare also with Theorem 5.1 and Theorem 5.3).

Corollary 5.3. Let D be a compact subset of a complete metric space, and
let fo: D x D— R with fy(a,a) =0 for every a € D, such that fo(-,b) is
upper semicontinuous for every b € D. If the (EP) associated to fo has a unique
solution, then this problem is both Top- and Tyi-well-posed.

Proof. Let E = [0, +00) and define the function f : D x D x E — R accord-
ing to (i) or (ii) described after Definition 5.7. In both cases f(-, b, -) is upper
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semicontinuous at (a, 0) for every a, b € D. Then, by Proposition 5.4, (EP),, is
Hadamard well-posed at pg = 0 and taking into account the observations after
Definition 5.7 it follows that the (EP) associated to fj is both Top- and Ty;-well-
posed. O

5.3 WELL-POSED VECTOR EQUILIBRIUM PROBLEMS

In the previous section we dealt with two specific well-posedness notions con-
cerning scalar equilibrium problems (EP). This idea will be exploited to in-
troduce suitable well-posedness concepts for the (strong) vector equilibrium
problem (SVEP). Let us first fix our framework and recall the problem to be
tackled.

Let X and Y be topological vector spaces with countable local bases, and K
be a closed convex cone in Y with nonempty interior. Given f: D x D — Y,
with D € X and f(x,x) =0, for all x € D, we recall that the strong vector
equilibrium problem, denoted by (SVEP), consists in finding an element X € D
such that

F(x,y) ¢ —Ko, VyeD, (SVEP)

where K denotes the set Ko = K \ {0}. We denote by S the solution set and we
will suppose in the sequel that S is nonempty.

It is well known that vector equilibrium problems are natural extensions
of several problems of practical interest like vector optimization and vector
variational inequality problems. Several authors introduced and studied differ-
ent well-posedness concepts regarding vector optimization problems and vec-
tor variational inequalities (see, for instance, [26], [127], [128], [59] and the
references therein). Our purpose is to assign reasonable definitions of well-
posedness to (SVEP) that recover some previous existing concepts given in [26],
[127], [128]. To this aim, in the next sections we present two kinds of well-
posedness related to (SVEP), both inspired from the corresponding notions de-
fined for vector optimization problems. The idea for the first originates from the
papers of Miglierina and Molho [127], and Miglierina, Molho, and Rocca [128]
respectively, which will be called M-well-posedness, and for the other from the
paper of Bednarczuk [26], called therefore B-well-posedness.

5.3.1 M-Well-Posedness of Vector Equilibrium Problems

In this subsection we will discuss the first notion of well-posedness assigned to
(SVEP). Recall that the scalar equilibrium problem (EP) is a particular instance
of (SVEP) with Y =R and K = [0, +00). According to Lemma 5.1 (EP) admits
solutions if and only if max,ep g(a) =0, where g : D — [—00, +-00) is the gap
function defined in (5.3).



Well-Posedness for the Equilibrium Problems Chapter | 5 143

We start our analysis following a similar approach as in Section 5.2. To this
aim, we introduce the set-valued map ¢ : D — 2¥ given by

¢ (x) = min(f (x, D)) (5.7)

(see also [16]), where for any A C Y, the (possibly empty) set of minimal ele-
ments is defined as follows:

mKin(A) ={d' €eA: (A-d)N (=Ko =0}.

The map ¢ generalizes the definition of the function g; in particular, the solu-
tions can be characterized in terms of ¢ since X € S if and only if 0 € ¢ ().
Through the map ¢, we can define maximizing sequences and approximate
solutions, that, as it is well-known, are key concepts in the investigation of well-
posedness.

In the next proposition some properties of ¢ are pointed out; in particular,
assuming that the solution set is nonempty, we obtain that dom(¢) # .

Proposition 5.5. The map ¢ satisfies the relations:

(i) ¢(x)NKo=49, forall x € D,
(i) xeS<=0ep(X);
(iii) xeS<=pX)NK #.

Proof. (i) Assume that for some x’ € D, ¢(x’) N Ky # @. Then there ex-
ists ¥ € Ko such that y’ € ming f(x’, D), that is equivalent to say that
(f(x', D)—y)YN(—=Kp) =@.Since 0 € f(x’, D), we get that —y' N (—Ko) =@,
a contradiction.

(ii) indeed, taking into account that 0 € f (x, D) for every x € D,

xeS f(x,y) ¢ (=Ko),Vye D f(x,D)N(=K) ={0}

this is equivalent to say that 0 € ming f (X, D) = ¢ ().
(iii) trivial, by (i) and (ii). [l

The first notion of well-posedness associated to (SVEP) generalizes the def-
inition of Topt-well-posedness for (EP) discussed in Section 5.2. Therefore, the
idea leading to this concept goes through the property related to maximizing
sequences.

In the sequel, we shall denote by Vx (0) a neighborhood base of the origin in
the topological vector space X. The same notation will be used for other spaces.

Definition 5.8. A sequence {x,} C D is said to be a maximizing sequence for ¢
if for every Vy € Vy (0), there exists no € N such that

¢ (xp) N Vy #£0, Vn > nop.
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Definition 5.8 is related to Definition 4.1 in [127] in case of vector optimiza-
tion, where A, is a singleton. Indeed, the following proposition holds:

Proposition 5.6. If f(x,y) = F(y) — F(x), then {x,} is maximizing if and only
if

H
F(xn) = mlgn F(D),

i.e., {x,} is a minimizing sequence for the vector optimization problem, accord-
ing to [127].

Proof. Since Y is a topological vector space, we can always choose a base of
radial, balanced neighborhoods Vy (0) of O (see [3]). In particular, if z € Vy,
then —z € Vy.

= Fix Vy; from Definition 5.8, there exists ng € N such that, for n > ny,

¢(xn) N Vy = (min F (D) — F(xn)) 0 Vy # 0,

that is, there exists y € ming F'(D) such that F(x,) € y + Vy, if n > ny.

<= Take an arbitrary Vy; for n > ng, F(x,) € ming F(D) + Vy, that is
there exists y € ming F (D) such that y — F(x,) € Vy, thereby proving that
¢ (xp) N Vy #0. g

The next definition reproduces, in the vector setting, the classical notion of
Tykhonov well-posedness given in metric spaces (see, for instance, [128], Defi-
nition 3.7), and it generalizes the definition of Top-well-posedness given in [34].

Concluding this subsection, we are now in the position to introduce the
first notion of well-posedness for vector equilibrium problems, the so-called M-
well-posedness, which later will be explored and compared with another related
concept.

Definition 5.9. We say that the vector equilibrium problem (SVEP) is M-well-
posed if

(i) there exists at least one solution, i.e., S # ;
(ii) for every maximizing sequence, and for every Vx € Vx(0), there exists ng
such that x,, € § 4 Vy, for every n > ny.

5.3.2 B-Well-Posedness of Vector Equilibrium Problems

Another notion of well-posedness can be given in terms of regularity of a suit-
able approximate solution map. This approach, proposed by Ewa Bednarczuk
in [26] for vector optimization problems, has been already exploited by several
authors (see, for instance, [127], [128], and the references therein).

In [34] the authors introduced and compared different notions of approx-
imate solutions in the scalar case. One of these is given via the notion of
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& — argmin(EP) points, i.e., the set of points x € D such that f(x,y) > —¢,
for every y € D.

In the sequel, we extend the definition of ¢ —argmin(EP) to the vector-valued
case.

Definition 5.10. (see [33]) Given ¢ € K, the set
SEe)={xeD:¢p(x)N(K —¢)#0}
is called the e-approximate solution set of (SVEP).
Notice that §(0) = S, by (iii) in Proposition 5.5.

Remark 5.1. The definition above is also related to the notion of £-minimal
solutions

0() =Uyeming Fip){x € D: F(x) €y +¢— K},

introduced in [26] (see also [127]). Indeed, in case of vector optimization prob-
lems, where f(x,y) = F(y) — F(x), one trivially shows that S(¢) = Q(¢): for
every x € D, ¢ (x) =ming F (D) — F(x), and

xES(8)<:>3yen}(inF(D): y—F(x)eK—¢
<:>ElyemKinF(D): Fx)ey+e—K

< X € Uyeming F(D){x,GD: F(x") €ey+e—K}
< x € Q(e).

Now we introduce the second concept of well-posedness for vector equilib-
rium problems. The next definition assumes some continuity of the map S(-),
namely its upper Hausdorff continuity. Let us recall that a map 7 : Z — 2%,
with Z, W topological spaces, is said to be upper semicontinuous at z if for
every neighborhood U of T (zp), there exists a neighborhood V' of zg such that

T(z) CU, VzeV

(see [23]). In case W is also a vector space, the notion above can be weak-
ened by requiring that the arbitrary neighborhood of T'(zp) is of the form
T (zo) + Vw, where Vi € Vw(0). In this case we say that the map is upper
Hausdorff continuous.

Definition 5.11. We say that the vector equilibrium problem (SVEP) is B-well-
posed if

(i) there exists at least one solution, i.e., S # @;

(ii) the map S(-) : K — 2% is upper Hausdorff continuous at & = 0, i.e., for
every Vy € Vx(0) there exists Vy € Vy(0) such that S(¢) C S + Vx for
everye € Vy N K.
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We would like to point out that the stronger assumption of upper semicon-
tinuity of S(-) appears to be too restrictive, because, in this case, well-behaving
problems would not be B-well-posed (see Example 3.1 in [127]).

5.3.3 Relationship Between M- and B-Well-Posedness

This subsection is devoted to the comparison between the two concepts of well-
posedness introduced above for vector equilibrium problems.

It turns out that B-well-posedness always implies M-well-posedness, but the
converse is not true in general. However, we find a suitable condition under
which the converse also holds.

The next proposition extends a similar result in [127].

Proposition 5.7. Any B-well-posed vector equilibrium problem is M-well-
posed.

Proof. By contradiction, suppose that there exists a maximizing sequence {x;;
and a neighborhood V§ € Vx (0) such that

X, ¢ S+ Vy for infinitely many n’-s. (5.8)

Lete, € f K such that &, — 0. Then, for every n € N, there exists V,, € Vy(0)
such that V;, € K — ¢,. Since {x;;} is maximizing, for every n € N there exists
m,, € N such that, if m > m,,,

S () NV, £,

in particular, ¢ (x;;) N (K —&,) # 9, i.e,, x5, € S(ep), for all m > m,,. From the
B-well-posedness assumption, there exists n* € N such that, for n > n*,

S(ey) €S+ VX*,
a contradiction. O

The converse does not hold, even in the particular case of vector optimiza-
tion, unless some assumptions are added. Indeed, in [127], an example is pro-
vided showing that M-well-posedness does not imply B-well-posedness.

Here we reproduce an example given in [33] for those vector equilibrium
problems, that cannot be reduced to an optimization problem. This also shows
that B-well-posedness is stronger than M-well-posedness.

Example 5.4. Let K = R%r and f : [0, +00) x [0, 400) — R? be given by the
following rule:

e Forx=0put f(x,y)=(0,0),Vy>0.

e For x >0 let

(y—x,0), 0<y<2x
f(x,y)=i

4x
(x,—y—2 ,  y>2x.
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Obviously f(x, x) = (0, 0) for every x > 0. It is easy to check that the solu-
tion set of the associated vector (SVEP) is § = {0}. Let us first show that (SVEP)
is M-well-posed. To do this, we shall evaluate the set-valued mapping ¢. We
have

{(0,0)}, x=0

P = {(=x.0), (. 1)}, x>0,

Let {x,} be an arbitrary maximizing sequence. Then, by definition, we have
that {x,} — 0 as n — +o00, which shows that our (SVEP) is M-well-posed.

Now let us prove that (SVEP) is not B-well-posed. Take for this the neigh-
borhood V§ of 0 such that V§ U D = [0, 1/2), and the sequences &, = (0, %),
x, = n for every n > 1. Then obviously x, € S(e,), but x,, ¢ S + Vg = Vi for
every n > 1, showing that (SVEP) is not B-well-posed.

Now let us give a sufficient condition that enables us to prove the converse
implication.

Proposition 5.8. Assume that the vector equilibrium problem is M-well-posed
and for every neighborhood of the origin Vy there exists a neighborhood of the
origin Vy such that

$(D\ cl($) N (K + Vy) C Vy. (5.9)
Then, the problem is B-well-posed.

Proof. Suppose, by contradiction, that there exist a neighborhood Vy of the
origin, a sequence {&,} C K, &, — 0 and x,, € S(¢,) such that

xng&S+Vy, VneN;

besides, this implies that x,, ¢ c/(S). If {x,} is a maximizing sequence, the con-
tradiction is trivial by M-well-posedness. Otherwise, there exist a neighborhood
Vy of the origin of ¥ and a subsequence {x,, } of {x,} such that

Gxn)NVy =0, VkelN.
Since x,, € S(ep, ), we know that
¢(xnk) N(K — Snk) # 0.

Let \7{," be the neighborhood related to Vy in (5.9). Then, for k large enough,
—&p, € 17;‘. Take y,, € ¢(xy,) N (K — &, ). We have thaty,, € K + V¥ which,
together with (5.9), leads to the contradiction y, € Vy. This completes the
proof. O
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5.3.4 Convexity and Well-Posedness

It is well known that both the assumptions of convexity and monotonicity to-
gether with their generalizations are strictly related to many results concerning
equilibrium problems. In this section we discuss the role of these conditions in
order to single out classes of well-posed vector equilibrium problems.

The following result provides a sufficient condition for M-well-posedness
in the framework of concave vector functions. Let us recall that a function
h:DC X — Y, with D convex is said to be K-concave if

AMx)+ (1 =MDh(y)eh(Ax+ (1 —A)y) — K,
for every x, y € D, and for every A € [0, 1].

Theorem 5.5. Let X be finite dimensional (X = R"), D C X be a closed convex
set, and f : D x D — Y such that

(i) the solution set S of (SVEP) is nonempty and bounded,
(i) the map ¢ : D — 2V is upper Hausdorff continuous with closed values;
(iii) f(x,z) #0whenever x € Sandz € D\ S,
(iv) f is continuous and K -concave with respect to its first variable;
(V) for every maximizing sequence {x,} C D and every z € D, the sequence
{f(xn,2)}is bounded in Y.

Then the problem (SVEP) is M-well-posed.

Proof. Suppose by contradiction that there exist a maximizing sequence {x,}
and ¢ > 0 such that

Xn ¢ S+eB, (5.10)

for infinitely many n’s, where B denotes the unit open ball in X. Since every
subsequence of a maximizing sequence is still maximizing, we may assume for
simplicity that relation (5.10) holds for every n. Let us distinguish the following
two situations:

1. The sequence {x,} is bounded, hence it has a convergent subsequence
{x,,} with limit x* € D. Assume that x* ¢ S, that is 0 ¢ ¢ (x*). The set ¢ (x*)
is closed, nonempty, and does not contain 0; in particular, there exists Vy such
that

(P + Vy) N Vy =0 (5.11)

Since {x,} is maximizing, one can choose a sequence y, € ¢ (x,) with y, — 0.
By the upper Hausdorff continuity of ¢ at x*, we have that, definitely,

¢ (xp) CP(x™) + Vy,

but this contradicts (5.11).
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2. The sequence {x,} is unbounded. Since § is bounded, we obtain that
S + ¢B is bounded, thus the set cl(S + ¢B) is compact. Consider the com-
pact set Q =bd(S +eB) =cl(S +¢B) \ f(S + &B). For any x € § we have
X + B C S + ¢B, therefore S C f(S + ¢B), showing that S N Q = @. By
the hypothesis, {x,} admits a subsequence (denoted for convenience also by
{x,}) converging in norm to +oo. Let us suppose (without loss of generality)
that x, ¢ cl(S + ¢B) for every n. Fix an arbitrary x € S and for any n, let
X =M X + (1 — Ay)xp, € Q where

A = sup{r € [0, 11: A% + (1 — A)x, & S + £B}.

It is easy to check that A, — 1. Indeed, if not, there exists some § < 1 such that
Ay <6 for infinitely many »’s. Thus we may write

(1 = Ap)xn = X, — ApX,

from which

P |
—||%]| <
a 16

l_n

llxn |l <

!/
+
<oyl

(e I+ 11D,
for infinitely many »’s. But this contradicts the fact that ||x, || — +oc.

The set @ being compact, we can extract from the sequence
{Anx 4+ (1 — Ay)x,} a subsequence {A,, X + (1 — Ay, )Xy, } converging to x’ € Q.
Then by concavity we obtain for every z € D and every k € N:

A [ (X, 2) + (1= Any) [ (Xnys 2) € f X + (1 = Ap)Xn,2) — K. (5.12)
Taking the limit of this relation, by the continuity of f and (v) we obtain
f(&.2)e f(x',z2)— K VzeD.

Taking z = x’, we get
fE x) e —K.

Since x € S, from (iii) the latter implies that x’ € S which contradicts x’ € Q.
U

A sufficient condition for M-well-posedness of the vector equilibrium prob-
lem can be given more directly in terms of properties of the function f, replacing
the assumption (ii) in Theorem 5.5 with a kind of pseudo-monotonicity of f,
that reduces to the usual pseudo-monotonicity in the scalar case. Working with
this condition ((ii) in Theorem 5.6 below) might have advantages and disad-
vantages as well. Among its disadvantages we mention that in case of vector
optimization and a pointed cone, it leads to the uniqueness of the minimum.
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However, beside the fact that it is more explicit than condition (ii) of Theo-
rem 5.5, one may observe that it is weaker than the concept of strict pseudo-
monotonicity used in [27], and such, it does not imply that the set S should be a
singleton (as strict pseudo-monotonicity does).

Theorem 5.6. Let X be finite dimensional (X =R"), D C X be a closed convex
set, and f : D x D — Y such that
(i) the solution set S of (SVEP) is nonempty and bounded,

(i) for every x,z € D such that f(x,z) ¢ K we have f(z,x) € —K;

(iii) f(x,z) #0 whenever x € Sandz € D\ S,

(iv) f is continuous and K -concave with respect to its first variable;

(v) For every maximizing sequence {x,} C D and every z € D, the sequence

{f(xn,2)}is bounded in Y.

Then the problem (SVEP) is M-well-posed.

Proof. The proof goes as in Theorem 5.5, with a change only in the part 1
(case of bounded sequence): indeed, arguing as in Theorem 5.5, since {x,, } is
maximizing, one can choose a sequence y,, € ¢(x,,), with y,, — 0. By the
definition of ¢ we obtain

Lf (xng> D) =y 1N (=K) = {0},
or, in other words,
f(xnka Z)_Ynk ¢_K0, Vz e D.

Let x € S be arbitrary. Put z = x. By taking the limit in the last relation we
obtain by the continuity of f that

F(x*, %) ¢ —int(K).

This implies by (ii) that f (X, x*) € —K, and since X € S we obtain f (x, x*) = 0.
This contradicts (iii) since by (5.10) x* ¢ S. [
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of a minimization problem for lower semicontinuous functions on a complete
metric space. Since minimization problems are particular cases of equilibrium
problems, one is interested in extending Ekeland’s theorem to the setting of an
equilibrium problem. By providing approximate solutions, it opens the possi-
bility to obtain new existence results for (EP) in the nonconvex setting. In the
next two subsections we deal with Ekeland’s principle for equilibrium prob-
lems: we discuss the scalar case in Subsection 6.1.1, while the vector case in
Subsection 6.1.2.

6.1.1 The Scalar Case

In what follows we find a suitable set of conditions on the functions that do not
involve convexity and lead to an Ekeland’s variational principle for equilibrium
and system of equilibrium problems. Via the existence of approximate solutions,
we are able to show the existence of equilibria on general closed sets. The re-
sults developed in this subsection have been obtained by Bianchi, Kassay, and
Pini [31] in a finite dimensional setting.

Theorem 6.1. Let A be a closed set of a real Banach space and f : A x A — R.
Assume that the following conditions are satisfied:

@) f(x,-) is lower bounded and lower semicontinuous, for every x € A;
(b) f(z,t) =0, foreveryt € A,

© fz,x)<f(zy)+ f(y,x),foreveryx,y,z € A.

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

{f(xo,f)+e||xo—ill <0 6.1)

FGx)+elf—x|>0, VreAd, x#X.

Proof. Without loss of generality, we can restrict the proof to the case ¢ = 1.
Denote by F(x) the set

Fx)={yeA: f(x,y)+|y—xl <0}

By (a), F(x) is closed, for every x € A; by (b), x € F(x), hence F(x) is
nonempty for every x € A. Assume y € F(x), i.e., f(x,y)+ |y — x| <0, and
letz € F(y) (i.e., f(y,2)+ ||y — z|| <0). Adding both sides of the inequalities,
we get, by (c),

0= fle, )+ ly=xl+ .+ Ily—zll = fx,2) + llz = x],

that is, z € F(x). Therefore y € F(x) implies F(y) € F(x).
Define

bx) = zei_%{x) fx.2).
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For every z € F(x),

lx =zl <=f(x,2) < sup (—f(x,2))=— inf f(x,2)=—-v(x)
zeF(x) zeF (x)

that is,
lx =zl < —v(x), Vz € F(x).
In particular, if xq, xo € F(x),
X1 —x2ll < llx — x1ll + [lx — x2fl < —v(x) — v(x) = —2v(x),
implying that
diam(F(x)) < —2v(x), Vx € A.

Fix xg € A; x1 € F(xp) exists such that

f(xo.x1) < v(xo) +27"
Denote by x» any point in F (x1) such that

fG1m) <o) +272

Proceeding in this way, we define a sequence {x,} of points of A such that
Xn+1 € F(x,) and

F (s Xng1) < v(xy) 270D,

Notice that

v(Xpp1) = inf  f(xu41,y) > inf f(xpg1,y)
) YEF (xn)

YEF (X1

> yeinfxn)(f(xn, y) — f(xn,xn+1))(y€if11£n) F Gy ) = f(ns Xng1)

=v(xy) — f(xn, Xnt+1)-
Therefore,

V(Xpg1) = v(Xn) — f (X0, Xng1)s
and
~0() < = f G e ) + 270D < @) = v@@) +270F0,
that entails
0 < v(xp41) +27 0.

It follows that

diam(F(x,)) < —2v(x,) <2-27" =0, n— oo.
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The sets {F (x,)} being closed and F(x,+1) € F(x,), we have that

() F o) = (%)

Since x € F(xg), then
f(x0, X) + [|IX — xoll <0.

Moreover, x belongs to all F(x,), and, since F(x) € F(x,), for every n, we get
that

F(F) = {%).

It follows that x ¢ F(x) whenever x # X, implying that
f&,x)+|lx —x|| >0.
This completes the proof. O

Remark 6.1. It is easy to see that any function f(x, y) = g(y) — g(x) trivially
satisfies (c) (actually with equality). One might wonder whether a bifunction f
satisfying all the assumptions of Theorem 6.1 should be of the form g(y) — g (x),
and such reducing the result above to the classical Ekeland’s principle. It is not
the case, as the example below shows: let the function f : R?> — R be defined
by

Fay =1 H g0 —g() Xy
0 xX=y

where g is a lower bounded and lower semicontinuous function. Then all the
assumptions of Theorem 6.1 are satisfied, but clearly f cannot be represented
in the above mentioned form.

Next we shall extend the result above for a system of equilibrium prob-
lems. Let m be a positive integer, and I = {1, 2, ..., m}. Consider the functions
fi:Ax A > R,i el where A = l_[iel A;, and A; C X; is a closed subset of
the real Banach space X;. By a system of equilibrium problems we understand
the problem of finding x = (x1, ..., X;;) € A such that

Jilx,yi) =0 Viel, Yy € A;. (SEP)

An element of the set A = I1 ki A; will be represented by x’; therefore,
X € A can be written as x = (x’, x;) € A x A;. If x € [] X, the symbol |||x||]
will denote the Tchebiseff norm of x, i.e., |||x||| = max; ||x;||; and we shall
consider the Banach space [ X; endowed with this norm.
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Theorem 6.2. Assume that

@ fi(x,"):A; = R is lower bounded and lower semicontinuous for every
iel;

(b) fi(x,x;) =0foreveryi €I and every x = (x1, ..., Xp,) € A; ‘

© fi(z,xi) < fi(z, yi)) + fi(y, xi), for every x,y,z € A, where y = (y', yi),
and for every i € I.

Then for every ¢ > 0 and for every x° = (x?, ...,x,?,) € A there exists
X = (X1, ..., Xm) € A such that for each i € I one has

HG 5 +ellx) — xill <0 (6.2)
and
i@ xi) +elx —xilli >0, V€ Dy, x; #%. (6.3)

Proof. As before, we restrict the proof to the case ¢ = 1. Let i € I be arbitrarily
fixed. Denote for every x € A

Fix):={yi € A;: fi(x,y)+ llxi —yill: <0}.

These sets are closed and nonempty (for every x = (x1, ..., X;) € A we have
x; € F;i(x)). Define for each x € A

v (x) = i}_l_f )fi(x,zi).

Zi€sSi(x

In a similar way as in the proof of Theorem 6.1 one can show that
diam(F;(x)) < —2v;(x) foreveryx € Aandi € I.
Fix now x" € A and select for each i € I an element xil € F; (x9) such that

L% xh < v (x% 4270

Put x! := (xll, x,%l) € A and select for each i € I an element )cl.2 € Fi(x") such
that

fich xh) <vixl) 4272

Put x? := (x%, . x,zn) € A. Continuing this process we define a sequence {x"}
in A such that xi’”rl € F;(x"™) foreachi € I andn € N and

fGe™, 3 < (e 270D,
Using a same argument as in the proof of Theorem 6.1 one can show that
diam(F; (x")) < —2v;(x") <2.27" -0, n— oo,

foreachi e 1.
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Now define for each x € A the sets
F(x):=F1(x) X ... x Fp(x) CA.

The sets F(x) are closed and using (c) it is immediate to check that for each
y € F(x) it follows that F (y) C F(x). Therefore, we also have F (x" 1) € F(x")
for each n =0, 1, .... On the other hand, for each y, z € F(x") we have

IIly — zlll = max ||y; — z;[|l; < maxdiamF;(x")) — 0,
iel iel

thus, diam(F (x")) — 0 as n — o<. In conclusion we have
N2 o F(x™) ={x}, X € A.

Since ¥ € F(x9), i.e., ¥ € Fi(x°) (i € I) we obtain

OGO E) I =Tl <0, Viel,
and so, (6.2) holds. Moreover, x € F(x") implies F(x) € F(x") for all
n=0,1, ..., therefore,

F(x) = {x}
implying
Fi(x)={x;} Viel

Now for every x; € A; with x; # Xx; we have by the previous relation that
x; ¢ Fi(x) and so

Ji(x, xi) + 1% — xill; > 0.
Thus (6.3) holds too, and this completes the proof. O

As shown by the literature, the existence results of equilibrium problems
usually require some convexity (or generalized convexity) assumptions on at
least one of the variables of the function involved. Next, using Theorems 6.1
and 6.2, we show the nonemptiness of the solution set of (EP) and (SEP),
without any convexity requirement. To this purpose, we recall the definition of
approximate equilibrium point, for both cases (see [97] and [31]). We start our
analysis with (EP).

Definition 6.1. Given f : A x A — R, and ¢ > 0, x € A is said to be an
g-equilibrium point of f if

f&x,y) = —ellx =yl VyeA. (6.4)

The e-equilibrium point is strict, if in (6.1) the inequality is strict for all y # x.
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Notice that the second relation of (6.1) gives the existence of a strict
g-equilibrium point, for every ¢ > 0. Moreover, by (b) and (c) of Theorem 6.1 it
follows by the first relation of (6.1) that

f (&, x0) = ellx — xoll,

“localizing”, in a certain sense, the position of the x.
Theorem 6.1 leads to a set of conditions that are sufficient for the nonempti-
ness of the solution set of (EP).

Proposition 6.1. Let A be a compact (not necessarily convex) subset of a real
Banach space, and f : A x A — R be a function satisfying the assumptions:

@) f(x,-) is lower bounded and lower semicontinuous, for every x € A;
(b) f(z,t) =0, foreveryt € A,

© f(z,x) = f(z,y)+ f(y.x), foreveryx,y,z € A;
(d) f(,y) is upper semicontinuous, for every y € A.

Then, the set of solutions of (EP) is nonempty.
Proof. For eachn € N, let x,, € A a 1/n-equilibrium point (such point exists by

Theorem 6.1), i.e.,

1
f(xn,y)z—zllxn—yll, VyeA.

Since A is compact, we can choose a subsequence {x,,} of {x,} such that
Xp, — X as n — o0o. Then, by (d),

k— o0

_ . 1
Sf(x,y) > limsup <f(xnk,y)+a||xnk—yll), Vy €A,

thereby proving that x is a solution of (EP). O

Let us now consider the following definition of ¢-equilibrium point for sys-
tems of equilibrium problems. As before, the index set / consists on the finite
set {1,2,...,m}.

Definition 6.2. Let A;, i € I be subsets of certain real Banach spaces and put
A =]];c; Ai-Given f; : Ax A; - R, i € I and ¢ > 0, the point X € A is said
to be an e-equilibrium point of { f1, f2, ..., fi} if

fiGx, i) = —ellxi — yilli, Vyi€Ai, Viel.

The following result is an extension of Proposition 6.1, and it can be proved
in a similar way.

Proposition 6.2. Assume that, for every i € I, A; is compact and
fi 1 A x A; — R is a function satisfying the assumptions:
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@) fi(x,-) is lower bounded and lgwer semicontinuous, for every x € A;

(b) fi(x,x;) =0, for every x = (x', x;) € A; '

(© fi(z,x) < fi(z,yi)) + fi(y, x;), forevery x, y,z € A, where y = (y', y;);
(d) f; (-, yi) is upper semicontinuous, for every y; € A;.

Then, the set of solutions of (SEP) is nonempty.

The study of the existence of solutions of the equilibrium problems on
unbounded domains usually involves the same sufficient assumptions as for
bounded domains together with a coercivity condition. Bianchi and Pini [38]
found coercivity conditions as weak as possible, exploiting the generalized
monotonicity properties of the function f defining the equilibrium problem.

Let A be a closed subset of the Euclidean space X and f: A x A — Rbe a
given function.

Consider the following coercivity condition (see [38]):

Ir>0: VxeA\K, IyeA, |yl <lxll: f(x,y) <0, (6.5)

where K, :={x € A: ||x| <r}.

We now show that within the framework of Proposition 6.1 condition (6.5)
guarantees the existence of solutions of (EP) without supposing compactness
of A.

Theorem 6.3. Suppose that

@) f(x,-)is lower bounded and lower semicontinuous, for every x € A;
(b) f(t,t) =0, foreveryt € A,

© fz,x)<f(z,y)+ f(y,x), foreveryx,y,z € A,

(d) f(,y) is upper semicontinuous, for every y € A.

If (6.5) holds, then (EP) admits a solution.

Proof. We may suppose without loss of generality that K, is nonempty. For
each x € A consider the nonempty set

S)={yeA: |yl =lxl:f(x, y) =<0}

Observe that for every x,y € A, y € S(x) implies S(y) € S(x). Indeed, for
z€ S(y) wehave ||z|| < [lyll < llx[l and by (¢) f(x,2) < f(x,y)+ f(y,2) <0.
On the other hand, since X is an Euclidean space, K| is compact, hence by
(a) we obtain that S(x) C Ky is a compact set for every x € A. Furthermore,
by Proposition 6.1, there exists an element x, € K, such that

fCr,y) =0, Vyek,. (6.6)
Suppose that there exists x € A with f(x,, x) < 0 and put

a:= min
Jmin, Iyl
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(the minimum is taken since S(x) is nonempty, compact and the norm is contin-
uous). We distinguish two cases.

Case 1: a <r. Let yg € S(x) such that ||yg]] = @ < r. Then we have
f(x,y0) <0. Since f(x,,x) < 0, it follows by (c) that

fxr,y0) < f(xr, x)+ fx,y0) <0,

contradicting (6.6).

Case 2: a > r. Let again yg € S(x) such that ||yg|| = a > r. Then, by (6.5) we
can choose an element y; € A with ||y1]| < ||yoll = a such that f(yg, y1) <O0.
Thus, y; € S(y0) € S(x) contradicting

<a= min .
Iyl Jmin, Iyl

Therefore, there is no x € A such that f(x,, x) <0, i.e., x, is a solution of (EP)
(on A). This completes the proof. O

Next we consider (SEP) for noncompact setting. Let us consider the follow-
ing coercivity condition:

Jr >0: Vx € A suchthat ||x;|; > r forsomei € I,
Jyi € A, llyilli < lIxilli and f;(x, yi) <0. (6.7)

We conclude this subsection with the following result which guarantees the
existence of solutions for (SEP).

Theorem 6.4. Suppose that, for everyi € I,

@) fi(x,-) is lower bounded and l_ower semicontinuous, for every x € A;

(b) fi(x,x;) =0, for every x = (x', x;) € A; .

© fi(z,xi) < fi(z, yi) + fi(y, xi), for every x,y,z € A, where y = (', yi);
() fi(-, ;) is upper semicontinuous, for every y; € A;.

If (6.7) holds, then (SEP) admits a solution.

Proof. For each x € AD and every i € I consider the set
Si(x) :=={yi € Ai, llyilli < llxilli, fiCx, yi) <0}

Observe that, by (c), for every x and y = (yi, yi) € A, yi € S;(x) implies
Si (y) C S;i(x). On the other hand, since the set {y; € A; : ||yilli <r} = K;()
is a compact subset of A;, by (a) we obtain that S;(x) is a nonempty compact
set for every x € A. Furthermore, by Proposition 6.2, there exists an element
xr € [[; Ki(r) (observe, we may suppose that K; (r) # ¢ for all i € I') such that

JiCr,yi) 20, Vyi € Ki(r), Viel. (6.8)
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Suppose that x, is not a solution of (SEP). In this case, there exists j € I and
zj € Aj with fj(x,,z;) <0. Let z/ € A’ be arbitrary and put z = (z/, z;) € A.
Define

aj:= min |yjl;.
! Yj€S;j(2) I

We distinguish two cases.

Case 1: a; <r.Let y;j(z) € S;(z) such that ||y;(z)||; =a; <r. Then we have
fi(z,yj(2)) <0. Since fj(x,,z;) <0, it follows by (c) that

[iGr, 3j(@) = fxr,2j) + f(2,5(2) <0,

contradicting (6.8).

Case 2: a; > r. Let again y;(z) € S;(2) such that ||y;(2)|l; = a; > r. Let
y/ € A/ be arbitrary and put y(z) = (3/ ,¥j(z)) € A. Then, by (6.7) we
can choose an element y; € A; with ||y;|l; < [1y;(2)|l; = a; such that
fi((@),y;) <0. Clearly, y; € Sj()_/(z)) C S;(2), a contradiction since y;(z)
has minimal norm in §; (z). This completes the proof. O

6.1.2 The Vector Case

The aim of this subsection is to provide a vector version of Ekeland’s theorem
related to equilibrium problems. We deal with bifunctions defined on complete
metric spaces and with values in locally convex spaces ordered by closed con-
vex cones. To prove this principle, a weak notion of continuity of a vector-valued
function is considered, and some of its properties are presented. Via the vector
Ekeland’s principle, existence results for vector equilibria are proved in both
compact and noncompact domains. The results developed in this subsection
have been obtained by Bianchi, Kassay, and Pini [32].

Let f: X — Y, where (X, d) is a complete metric space and (¥, K) is a
locally convex space ordered by the nontrivial closed convex cone K as follows:

X<gy<=y—xek.

In the vector-valued case there are several possible extensions of the notion of
lower semicontinuity for scalar functions.

Let us recall the following definitions given by Borwein, Penot, and Théra
in [43]. The vector-valued function f is said to be lower semicontinuous at
xo € X if for each neighborhood V of f (x() there exists a neighborhood I/ of xg
such that f(U4) CV + K.

The concept of quasi lower semicontinuity weakens the definition given
above. The function f is said to be quasi lower semicontinuous (cf. [76]) at
xo € X if foreach b € Y such that b ¢ f(xo) + K there exists a neighborhood U/
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of xg in X such thatb ¢ f(x) + K, for each x € Y. A function f is quasi lower
semicontinuous on X if it is quasi lower semicontinuous at each point of X.

For the sake of completeness we recall the following result (see, for in-
stance, [76]):

Lemma 6.1. The function f is quasi lower semicontinuous on X if and
only if its lower level sets are closed, i.e., for every b € Y, L(f,b) =
{xe X, f(x) eb— K} isclosed.

In general, the quasi lower semicontinuity is not preserved by summation
without any additional requirements (see [76], Remark 23). However, it can be
proved that if f, g : X — R are quasi lower semicontinuous and lower bounded
(i.e., f(x) € b+ K, for some b), then f + g is still quasi lower semicontinu-
ous. One can wonder whether the sum of a quasi lower semicontinuous function
f and a lower semicontinuous function g is still a quasi lower semicontinuous
function. A positive answer is given in [76], Lemma 24, where the additional as-
sumption of monotone bounds property (MBP) is required on the space (Y, K).
Actually, if Y has not the MBP, the answer is negative, even in case of a contin-
uous function g as the following example shows.

Example 6.1. Let Y :=R? and K := {(x, 0) : x > 0}. Then (¥, K) has no MBP,
see [76]. Let f,g: R — R2 defined by f(t) :=(0,0) if t =0 and (—1, —1)
otherwise, and g(¢) := (0, ¢) for all 7. The function f is quasi lower semicon-
tinuous, while g is continuous, but the sum f 4 g is clearly not quasi lower
semicontinuous at ¢ = (: take, for instance, b := (—%, 0).

Taking into account the remarks above, it is interesting to single out classes
of functions that can be added to quasi lower semicontinuous functions without
destroying this property. In this direction, the next result provides a positive
answer on one hand, and will be useful for our purposes on the other hand.

Lemma 6.2. If f : X — Y is quasi lower semicontinuous, g : X — R is lower
semicontinuous, and e € K, then the function f + ge : X — Y is quasi lower
Semicontinuous.

Proof. If e = Oy there is nothing to prove. Assume e # Oy, and fix x € X.
Suppose it := b — g(X)e — f(X) ¢ K. Then the complementary set K¢ of K
being open, is a neighborhood of u, or, in other words, the set K C_fisa
neighborhood of the origin of Y. As any neighborhood of the origin is an ab-
sorbing set (see, for instance, W. Rudin [157], p. 24), there exists & > 0 such
that e € K€ — i, that is

b—g(F)e— f(X)+ee¢ K.

Since f is quasi lower semicontinuous, there exists a neighborhood ¢/ of x such
that

b—gxX)e— f(x)+ee¢ K, Vxel.
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By the lower semicontinuity of g, there exists a neighborhood V of X such that
gx)—e<gkx), VxeV.

This implies that for all x € V there exists a suitable k, € K such that
g(x)e — ge — g(x)e = —k,. Therefore, for every x e Y NV, we have

b+ke—gx)e— f(x) ¢K,
implying that b — g(x)e — f(x) ¢ K. O

Denote by K* the dual cone of the cone K in the topological dual space Y*
(see Section 2.2 in Chapter 2). Let us fix a point ¢ € K \ (—K), and consider a
functional ¢* € K* such that ¢*(e) = 1. The following result provides a vector-
valued version of the Ekeland’s principle related to the equilibrium problem.

Theorem 6.5. Let (X, d) be a complete metric space. Assume that the function
f X x X — Y satisfies the following assumptions:

(i) f(@t,t)=0yforallreX;
(i) y— e*(f(x,y)) is lower bounded for all x € X

Gii)) f(z,y)+ f(y,x)€ f(z,x)+ K foranyx,y,z € X;
(iv) y— f(x,y) is quasi lower semicontinuous for all x € X.

Then for every € > 0 and for every xo € X there exists X € X such that

@ f(xg,x)+ed(xg,x)ee—K;
(b) f(x,x)+ed(x,x)e¢ —K, Vx € X with x # X.

Proof. Without loss of generality, we can restrict the proof to the case ¢ = 1.
For each x € X consider the set

F(-x)z{yexv f(x,)’)‘i‘d(x,y)ee _K}

By (i) and (iv) F(x) is nonempty and closed for every x € X (see Lemma 6.1
and 6.2). Assume y € F(x), i.e.,

f(xvy)+d(xvy)e€ _Kv

andletz € F(y), i.e.,
f,2)+d(y,2)e e —K.

Adding both sides of the inclusions above, and taking into account that — K is a
convex cone, we get

fO, )+, 20+ dx,y)+d(y,z))ee —K.

By (iii) and by the triangle inequality of the distance, we easily get that z € F'(x),
therefore y € F(x) implies F(y) C F(x).
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Let us define the real-valued function v(x) = inf,cp)e*(f(x,2)). If
7 € F(x), then d(x, z)e = — f (x, z) — k, for a suitable k € K. Evaluating ¢* of
both sides, we obtain that d(x, z) < —e*(f(x, z)). Arguing as in Theorem 6.1,
we get the following chain of inequalities:

d(x,z) < —e"(f(x,2))
<— inf e*(f(x,2))
z€F (x)

=—v(x);
in particular, for every x1, x € F(x),
d(x1,x2) <d(x1,x) +d(x, x2) < —2v(x),

showing that diam(F (x)) < —2v(x).

Starting from xo € X, a sequence {x,} of points of X can be defined such that
Xnt1 € F(xy) and e* (f (xn, Xn41)) < v(x,) + 27D Notice that, from (iii), it
follows that e*(f (z, ¥)) + e*(f (¥, x)) > €*(f(z, x)); in particular,

V(Xn+1) =5 inf e*(f (xnt1,y)

n

> ( inf e*(f(xn, ¥)) — € (f (xn, Xns1))
YEF (xp)
=v(x,) — e*(f(xna Xn+1)).
Therefore, like in Theorem 6.1, we obtain that
—v(xn) < —€*(f (tn, X011)) + 27D < v, 40) — vlx) +270FD,

that entails
diam(F (x,)) < —2v(x,) <2-27".
This implies that
diam(F'(x,)) — 0, n— Q.

Since the sets F'(x,) are closed and F(x,+1) € F(x,), we obtain from this
that the intersection of the sets F(x,) is a singleton {x} and F(x) = {x}. Since
x € F(xg), we get (a). Moreover, if x # x then x ¢ F(x), and we get (b). This
concludes the proof. O

Remark 6.2. Let us point out that condition (ii) of Theorem 6.5 is clearly
weaker than the assumption of lower boundedness of f (x, -). Indeed, if a func-
tion g : X — Y is lower bounded, then there exists b € ¥ such that for every
x € X, g(x) € b+ K. In particular, e*(g(x)) > e*(b), that is e*(g) is lower
bounded. On the other hand, let us consider the function g : R — R? defined by
g(t) = (—t,1). If R? is ordered by the cone R2 , then it is easy to see that g is not
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lower bounded. But if we take e* = (1, 1), the real-valued function e*(g(¢)) =0
is constant, therefore is obviously (lower) bounded.

By Theorem 6.5 one can easily deduce the following variant of Ekeland’s
principle for vector equilibrium problems.

Theorem 6.6. Suppose that the assumptions of Theorem 6.5 hold. Let ¢ > 0 and
A > 0 be given and let xo € X such that

f(x0,y)+ee¢ —K, VyeX. (6.9)

Then there exists x € X such that:

@) f(x,x)ek;
(b") d(x,x0) <A;
() G, x)+(e/A)d(x,x)e¢ —K,Vx € X, x #X.

Proof. Let x € X be the element provided by Theorem 6.5 with ¢/A instead
of . Then we obtain (c’) by property (b) of Theorem 6.5. Also, by property (a)
we have

&
f(x0,X) + Xd(xo, x)e € —K. (6.10)
By assumption (i) and (iii) it follows that f(x,y) + f(y,x) € K; in par-

ticular, f(xg,Xx) = —f(x,x0) + ko (ko € K) and this, together with (6.10) im-
plies (a’). Moreover, condition (a) of Theorem 6.5 gives

I3
S (xo, %) + Xd(xo,i)e =—k;, k €K. (6.11)
Taking into account (6.9), from (6.11) we get

F(x0, %) + s = —;d(xo, e +ee—k
; (6.12)
= —X(d(xo,i) —Ae—ki ¢ —K;

this implies that d(xg, x) — A <0, i.e., d(xp, x) < A. This completes the proof.
O

Remark 6.3. If we assume that the cone K is pointed (i.e., K N (—K) = {0}),
then we can weaken condition (6.9) as follows:

f(x0,y)+ee¢ —K\{0}, VyeX. (6.13)

Indeed, from (6.13), in (6.12) we can argue that

—%(d(XO,f) — e —ki ¢ —K\ {0}.
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If d(x0, x) — X > 0, then we get that the left-hand side is in — K, and so it must
be 0, but this contradicts the pointedness of K. Within this setting we could also
recover Theorem 8 in [75], where we put f(x, y) :=g(y) — g(x).

In the following proposition we show that a suitable assumption on the func-
tion f, which seemingly is quite natural, guarantees the existence of an element
xo € X satisfying (6.9).

Proposition 6.3. Suppose that assumption (iii) of Theorem 6.5 holds and

(V) there exists an element y € X such that the function x — e*(f(x,y)) is
upper bounded.

Then there exists an element xy € X satisfying (6.9).

Proof. By (v) we have that sup, .y e*(f(z, y)) < oco. Let & > 0 be arbitrary and
consider an element xg € X such that

" (f(x0, $)) > supe™(f(z, ) —e.
z€X

This implies that
e (f(x0,9) —e*(f(z, ) +e>0, VzeX,
and this, together with (iii), gives that
e*(f(x0,2)) +e>0, VzeX. (6.14)

Let us show that the inequality above implies (6.9). Indeed, assume by contra-
diction that there exists y and kg € K such that

f(x0,y) =—ee —ko.

Applying ¢* to both sides, we get

e*(f (x0,¥)) = —& — e*(ko) < —¢,
that contradicts (6.14). O

One might wonder whether the results of Theorem 6.5 can be obtained by a
direct application of Theorem 2.1 in [31] (the scalar Ekeland’s principle) to the
real function e*( f). Next we show that this is not the case. In the same time we
compare the assumptions of Theorem 6.5 and Theorem 2.1 in [31].

Let us consider the following assumptions:

(i) e*(f(t,1)=0;
(ii*) y — e*(f(x,y)) is lower bounded for every x € X;
(iii*) e*(f(z,x) =e*(f(z,y) + e (f(y,x));

(iv*) y — e*(f(x,y)) is lower semicontinuous for every x € X.
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From Theorem 2.1 in [31] they imply that for every € > 0 and for every
xo € X there exists x € X such that

@) €*(f(x0,x)) +&d(xo, x) <0;
(b*) e*(f(x,x)) +ed(x,x) > 0 forevery x # x.

Notice that (i*) is trivially weaker than (i) in Theorem 6.5. To show that (iii*)
is weaker than the corresponding (iii), let us provide an example. Consider the
function f : R?> — R defined by

lx—yl —
e +14+gkx X
Flx,y) = gxX)—gly) x#y
0 xX=y

where g is any real-valued function. Assume that ¥ = R? and K = Ri. Take
v=(—1,2) and e* = (1, 1), and define F : R?> - R? as F(x,y) = f(x, y)v.
The function e¢*(F) = f satisfies (iii*) (see [31], Remark 2.1). On the other
hand, F does not satisfy (iii), since

Fx, )+ F(y.2) - F(x,2) e K = (f(x.,y) + f(y,2) — f(x,2)v € K,

and the second inclusion in never satisfied unless f(x,y) + f(y,2) —
f(x,2)=0.

Condition (iv*) is not comparable with (iv). Indeed, take, for instance, the
function £ : [0, 1] x [0, 1] — R?, defined as f(x, y) = F(y) — F(x), where

o | L 120
0,0) t=0.
The function F is quasi lower semicontinuous if the cone K is the Paretian cone;
the same is true for the function f(x, -), for every x € [0, 1]. Take e* = (1, 0).
Then e*(f (0, y)) = —1if y # 0, while e*(f (0, 0)) = 0. Therefore the function
e*(f(x,-)) is no longer lower semicontinuous.

The converse can be easily showed. Indeed, let us consider the space ¥ = R?
ordered by the Paretian cone, and the function f : R — R? defined as follows:
f(0)=1(0,0), f(r) = (—1,0) if t #~ 0. This function is not quasi lower semicon-
tinuous. Take ¢* = (0, 1). The function ¢*(f) : R — R is constant, and equal
to 0. In particular, it is continuous.

It is noteworthy that (a*) and (b*) entail some interesting results for the
vector Ekeland’s principle applied to the function f. Since e* € K*, by triv-
ial thoughts we know that

e*(k) <0= k ¢ int(K), e'(k)>0=k¢ —K.

Therefore, (a*) and (b*) give

@”") f(xo, %)+ ed(xg, X)e ¢ int(K);
(b") f(x,x)+ed(x,x)e¢ —K,Vx #X.
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While condition (b”) coincides with the corresponding (b), condition (a”) is
clearly weaker than (a).

As in the subsection above, now we turn to show the nonemptiness of the
solution set of a (this time) weak vector equilibrium problem without any con-
vexity requirements on the set X and the function f, going through the existence
of approximate solutions. For this purpose we use Theorem 6.5.

Let (X, d) be a complete metric space, Y a locally convex space ordered by
the closed, convex cone K such that int(K) # @, andlet f : X x X — Y be a
given function. Recall that by a weak vector equilibrium problem (see Chap-
ter 4) we understand the problem of finding x € X such that

f(x,y) ¢ —int(K), Vye X (WVEP)

A point x satisfying (WVEP) is called a vector equilibrium point. At the same
time, we will consider a perturbation of (WVEP) in a fixed direction e. We define
an e-weak vector equilibrium point in the direction e as a point X, € X such that

f(xe,y) +ed(Xe, y)e ¢ —K, VyeX, y#Xe. (WVEP;)

First we deal with the case of a compact domain X.

Theorem 6.7. Let (X, d) be a compact complete metric space. Assume that the
function f: X x X — Y satisfies the following assumptions:
(i) f(t,1)=0y forallt e X,
(i) y— e*(f(x,y)) is lower bounded for all x € X,
(i) fG )+ f(y,x)€ f(z,x)+ K foranyx,y,z € X;
(iv) y— f(x,y) is quasi lower semicontinuous for all x € X,
(v) f(,y) is upper semicontinuous for every y € X, i.e., for every xo € X and
every neighborhood V of f(xo,y) there exists a neighborhood U of x¢
such that f(x,y) €V — K forall x e U.

Then, the set of solutions of (WVEP) is nonempty.

Proof. Taking ¢ = 1/n, from Theorem 6.5 (b) we find a sequence {x,} where
Xy is a 1/n-weak vector equilibrium point in the direction e, i.e.,

1
f(xnaY)+;d(xn»Y)e¢_Kv V)’?éxn-

By the compactness of X, we can assume that {x,} (or a suitable subsequence)
converges to x € X. Suppose that f(x, y) € —int(K) for a suitable y € X. Take
a neighborhood V of f(x, y) such that V C —int(K). By assumption (v) there
exists a number N such that f(x,,y) € V — K, for n > N. Moreover, if n is big
enough, %d(xn, y)e +V C —int(K), thereby

1 1
S, y)+ —dx,, y)eeV — K 4+ —d(x,, y)e € —int(K),
n n

a contradiction. O
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Remark 6.4. We can obtain an existence result for (WVEP) through a scalar-
ization approach, under assumptions that are comparable with those of Theo-
rem 6.7. Indeed, let us consider the assumptions (i*)—(iv*), and the following

(v*) e*(f(-,y)) upper semicontinuous for every y € X.

Notice that (v) of Theorem 6.7 implies (v*) (see, for instance, [30]). By
Proposition 3.2 in [31] we get that there exists x € X such that

e (f(x,y) =0, Vy € X.

This implies, in particular, that x is a solution of (WVEP).

In order to obtain an existence result for (WVEP) in noncompact setting we
need to restrict our analysis from a general complete metric space. In the sequel
we suppose that the following three assumptions are satisfied:

(A1) The complete metric space (X, d) admits a topology 7 (possibly differ-
ent from the initial topology induced by d) such that the closed balls are
compact with respect to ;

(A2) Forevery y € X, the distance x — d(x, y) is lower semicontinuous with
respect to T;

(A3) Forevery x € X, the level set L(x) :={y e X : f(x,y) € —K} is closed
with respect to 7.

Due to symmetry, it is obvious that (A2) implies: for every x € X, the dis-
tance y — d(x, y) is lower semicontinuous with respect to 7.

Condition (A1) turns out to be a binding condition on the space X if both
the metric d and the topology t are induced by a norm; as a matter of fact,
in this case X must be finite dimensional. However, these three conditions are
enough general to cover other important cases, as, for instance, infinite dimen-
sional normed spaces.

Example 6.2. Let X be a real reflexive Banach space (the metric d is induced
by the norm of X). Then (Al) and (A2) are satisfied if t is the weak topol-
ogy on X. Indeed, by the Alaoglu’s Theorem (see [3], Theorem 6.25) every
closed, bounded and convex subset of X (such as closed balls) is weakly com-
pact. Moreover, the norm being convex and continuous, it is also weakly lower
semicontinuous (see [3], Theorem 6.26). Finally, if

(i) y > f(x,y) is quasi lower semicontinuous (with respect to the norm
topology of X) for all x € X;;
(ii) for every x € X the set L(x) is convex,

then (A3) is also satisfied. Indeed, by (i) L(x) is closed (with respect to the
norm) by Lemma 6.1, and, by (ii), is convex. Therefore, it is also weakly closed.
It is well known that condition (ii) is satisfied in particular if the function y —
f(x,y) is quasi-convex for every x € X (see, for instance, [30]).

In what follows we always assume that (A1)—(A3) hold. If not stated other-
wise, all topological conditions (such as compactness, boundedness, (quasi)
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lower/upper semicontinuity, etc.) will be considered with respect to the met-
ricd.

The study of the existence of solutions of the equilibrium problems on
noncompact domains usually involves the same sufficient assumptions as for
compact domains together with a coercivity condition (see [38]). Let us con-
sider the following coercivity condition that extends a similar one in [38], but
is here adapted to a metric space and to a vector-valued function. Fix a point
xo € X. The condition requires that there exists a compact set C C X such that

Vxe X\C,3IyeX, d(y,xo) <d(x,x9): f(x,y)e—K. (C1(xp))

We now show that within the framework of Theorem 6.7, condition (Cj(xg))
guarantees the existence of solutions of (WVEP) without supposing compact-
ness of X.

Theorem 6.8. Assume that the function f : X x X — Y satisfies the following
assumptions:

(i) f(t,t1)=0y forallteX,

(i) y— e*(f(x,V)) is lower bounded for all x € X,

(i) f@z, )+ f(y,x)€ f(z,x)+K foranyx,y,z€X;

(iv) y— f(x,y) is quasi lower semicontinuous Vx € X,

(v) f(,y) is upper semicontinuous for every y € X;

(vi) f satisfies condition (C1(xg)) for a suitable xy € X.

Then, the set of solutions of (WVEP) is nonempty.

Proof. For each x € X consider the nonempty set
S(x):={y e X:d(y,x0) =d(x,x0): f(x,y) € —K}.

Observe that for every x,y € X, y € S(x) implies S(y) € S(x). Indeed, for
z € S(y) we have d(z, xg) < d(y, x9) <d(x, x0) and, by (iii), f(x,z) € —K.On
the other hand, since the closed ball {y € X : d(y, xo) <d(x, x¢)} is T-compact
by (A1), we obtain by (A3) that S(x) is a T-compact set for every x € X. Fur-
thermore, by Theorem 6.7, there exists an element x¢ € C such that

flxc,y) ¢ —int(K), VyeC. (6.15)

By contradiction, suppose that there exists x € X with f(xc,x) € —int(K)
and put

a:= min d(y, xg)
YES(X)

(the minimum is achieved since S(x) is nonempty, T-compact and the distance
is T-lower semicontinuous by (A2)).
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We first show that S(x) N C = @. Indeed, let y € S(x) N C. Then
f(x,y) e —K. Since f(xc,x) € —int(K), it follows by (iii) that

fxe, %)+ f(x,y) € flxc,y) + K,

so that f(xc, y) € —int(K), contradicting (6.15) since y € C.

Now choose an element yg € S(x) such that d(yp, x9) = a. Since yg ¢ C,
by (Ci(xg)) we can choose an element y; € X with d(y1, x9) < d(yp,X0) =a
such that f(yo, y1) € —K. Thus, y; € S(yp) € S(x) contradicting

d(y1,x0) <a= min d(y,xop).
YES(X)

Therefore, there is no x € X such that f(xc, x) € —int(K), i.e., xc is a solution
of (WVEP) (on X). This completes the proof. Ul

6.1.3 The Case of Countable Systems

We are concerned in what follows with a version of Ekeland’s variational prin-
ciple for countable systems of equilibrium problems defined on complete metric
spaces. This result is applied to establish the existence of solutions for noncon-
vex countable systems of equilibrium problems. The results developed in this
subsection have been obtained by Alleche and Radulescu [5].

Consider the following equilibrium problem:

f(x*,y)=0 forall yeA, (EP)

where A is a given set and f : A x A —> R is a bifunction. Then f is an
equilibrium bifunction if f (x,x) =0 for every x € E.

We start with the following preliminary result, which guarantees the exis-
tence of solutions to equilibrium problems in the weakly compact case.

Proposition 6.4. Let A be a nonempty weakly compact subset of a real Ba-
nach space E and f : A x A — R be a bifunction. Assume that the following
conditions hold:

1. f(x,x)=0, foreveryx € A;

2. f(z,x)< f(z,y)+ f(y,x), foreveryx,y,z € A;
3. f is lower bounded and lower semicontinuous in its second variable;
4. f is weakly sequentially upper semicontinuous in its first variable.

Then the equilibrium problem (EP) has a solution.

Proof. By the Ekeland variational principle for equilibrium problems (see The-
orem A.3 in Appendix A), for every n € N*, there exists x,, € A a %-solution of
the equilibrium problem (EP). Therefore

1
[,y = —;len -yl VyeA.
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Since A is weakly compact, the sequence (x,),, has a weakly converging subse-
quence (x,,k) . to some x* € A. Since f is weakly sequentially upper semicon-
tinuous in its first variable on A, we have for all y € A

1
f(x*,y) = limsup f (x,;, y) > limsup (—anxnk - y||> =0.

k—+o00 k—400
This means that x* is a solution to the equilibrium problem (EP). O

The following result guarantees the existence of solutions to equilibrium
problems in the nonweakly compact case. Instead of the 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 6.9. 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. f(x,x)=0, forevery x € A;

2. f(z,x)< f(z,y)+ f(y,x), forevery x,y,z € A;
3. there exists a nonempty weakly compact subset K of A such that

Vxe A\K, dyeA, yl<lxll, fxy) =0

4. f is weakly sequentially lower semicontinuous in its second variable on K

the restriction of f on K x K is lower bounded in its second variable;

6. the restriction of f 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

Lx)={yeAllyl=lxl. f(x, y)=<0},

and put S (x)) = cl4 (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, ify € S(x), then S (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. It follows that ||z, || < ||yl < ||x|| and f (x,z,) <
f &, y)+ f(y,zn) <0, for every n. It follows that the sequence (z,), lies
in L (x) and then, z € S (x).
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On the other hand, the restriction of f on K x K satisfies all the conditions
of Proposition 6.4 and therefore, there exists x* € K such that

f(x*,y)=0 forallyeKk.

Suppose that x* is not a solution of the equilibrium problem (EP) and let
x € A such that f (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). Let yy € S (x) be such that

= min
llyxll Jmn Iyl

and since L (x) is bounded, let (y,), be a weakly converging sequence in L (x)

to yy.
We distinguish the following two cases.

Case 1. Assume that y, € K. Since f (x*,x) < 0, choose & > 0 such that
f (x*,x) < —e&. Since f (x, y,) <0, for every n, then

F () < f (x5 %) + f (x, y0) < —&.

The bifunction f being weakly sequentially lower semicontinuous in its second
variable on K, we obtain

f (", 3x) < liminf £ (x*, y5) < ¢ <0
which yields a contradiction.

Case 2. Assume that y, ¢ K. Then, there exists y; € A, ||y1]l < ||yx|l and
f (yx, y1) <0. Thus,

VIES()CS(x) and [yill <l[lyxll= min |yl
yeSx)

which is impossible.
The proof is complete. O

Inspired by the study of systems of variational inequalities, countable and
noncountable systems of equilibrium problems have been introduced and in-
vestigated in the literature, see, for instance, [57]. Instead of finite systems of
equilibrium problems as studied in [31] by means of the Ekeland variational
principle, we now consider 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* = (xl.*)l.el € A such that

fi(x*,yi)=0 forall iel andall y; €A, (SEP)

where f;: A x A; > R, A =[] A; with A; some given set.

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

1
dx,y)=)_ o7 (xi, i) forevery x=(xi)icr,y = (e € 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 sys-
tems of equilibrium problems defined on complete metric spaces. It generalizes
Theorem A.3 stated for finite systems of equilibrium problems under the setting
of the Euclidean space R”".

Theorem 6.10. Let A; be a nonempty closed subset of a complete metric space

(Xi,d;), for everyi € I, and assume that the following conditions hold:

1. fi(x,x;)=0, foreveryi € I and every x = (xi,xi) € A;

2. fi(z,xi) < fi z,yi)+ fi (v, xi), foreveryi € I, every x;, y; € A;, and every
v,z € A such that y = (yi, y,-);

3. fi is lower bounded and lower semicontinuous in its second variable, for
everyi € 1.

0

Then, for every € > 0 and for every x° = (xl. )iel € A, there exists x* =

(x;k)iel € A such that for each i € I, we have

{f,- (xo,xi*) + &d; (x?,x;") <0,

fi (x*, x;) + &d; (xl-*—xi)>0, Vxi € A, xi #x}.

Proof. By replacing f by % f, we may assume without loss of generality that
e =1.Leti €I be arbitrary fixed, and for every x = (x;);c; € A, we set

Fi(x) ={yi € Ai | fi (x,y1) +d; (xi, yi) <0}.
Clearly, these subsets are closed and nonempty since x; € F; (x), foreveryi € I.
In addition, if y; € F; (x), for some x € A, y; € A; and i € I, then F; (y) C

F; (x), forevery y = (yi, yi) € A. Indeed, suppose these conditions hold and let
72 =1(2i)ie; € F; (). Then, we have

Ji G, yi) +di (xi,yi) =0 and - fi (v, zi) +di (yi, zi) <0.
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It follows by addition that
fi &, zi) +di (xi, zi) < fi (6, y) + fi (v, 2i) +di (i, yi) +di (3i20) <0

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

v; (x) = inf )fi (x,2zi)

zieF;(x

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

d(xi,zi) < —fi (x,zi) < — inf )fi (x,zi) = —v; (x).

zi€Fi(

It follows that § (F; (x)) < —2v; (x), for every i € I and every x € A, where
8 (S) stands for the diameter of the set S.

Fix now x0 = (x?)ie] € A and choose for each i € I an element xil eF; (xo)
such that

fi (xo,xil> <v; <x0> +2-1

€ A and for each i € I an element x7 € F; (x°) such that

fi (x],xiz) <v; (xl) +272,

Patx! = (x)),

Put x> = (xl.z)l. <; € A. Proceeding by induction, we construct a sequence (x"),
in A such that x{'“ € F; (x") and

fi (x”, xi"H) <v; (x")+27"*D " forevery iel andevery neN.

Note that

v; (x"“) = inf f (x"“, zi>
ZiGFi(X"H)

inf fl <Xn+l, Zi)

zi€F;(x™)

inf (fz (xn,Zi) — fi (x”,xf+1>)

zi€Fi(x")

= inf f; (x", z,') — fi <x”,x?+l>

Zi€F; (x™)

= (xn) - f (xn’xinJrl)

v

v
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which yields
o () z s () = (x0T
> v (x") = (v (x7) +270D).
It follows that v; (x"*1) > =271 and then,
5(Fi (x")) < —2u; (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 € 1, there exists x" € A; such that

neN

* __ * . : * . (+0
Put x* = (x] )ie] € A.Forevery i € I, since x} € F; (x"), then

1
fi (xo,xl?k) +d; (x?,xi*) <0.

On the other hand, since x € F; (x"), then F; (x*) C F; (x"), for every n and
then F; (x*) = {xl*} foreveryi € I.
Now, if x; € A; is such that x; # x7, then x; ¢ F; (x*). It follows that

fi (x*,xi) +d; (xi*,xi) >0
which completes the proof. O

When X; is replaced by a real Banach space E;, for every i € I, we denote by
|I.Il; 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

iel
metric topological vector space. Note tflat the distance d cannot be induced by
a norm since / 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 guarantees the existence of solutions to countable sys-
tems of equilibrium problems in the weakly compact case. It is also a general-
ization of Proposition 6.4.

Proposition 6.5. Let A; be a nonempty weakly closed subset of a real Banach
space Ej and f; : A x Aj — R, for every i € 1. Assume the following conditions
hold:
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—

. fi(x,x;)=0, foreveryi € I and every x = (xi,xi) €A;

2. fi(z,xi) < fi (2, yi)+ fi v, xi), foreveryi € I, every x;, y; € A;, and every
v,z € A such that y = (yi, yl-);

3. f; is lower bounded and lower semicontinuous in its second variable, for
everyi € I;

4. f; is sequentially upper semicontinuous in its first variable with respect to
the topology o, for every i € I,;

5. A is sequentially compact subset of E with respect to the topology o.

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

Proof. By Theorem 6.10, for every n € N*, let x" = (xi")l.e[ € Abea %-solution

of the system of equilibrium problems (SEP). Therefore

1
ﬁ@ﬂﬁ)z—;Wf—%m Vyi € A;.

Since A is sequentially compact subset of E with respect to the topol-
ogy o, then the sequence (x"), has a converging subsequence (x"*); to some
x* = (xl* )l. < € A withrespect to the topology o It follows that the subsequence
(x? k ) ¢ s weakly converging to x* e A;,foreveryi e I.Since f; is sequentially
upper semicontinuous in its first variable on A with respect to the topology o,
for every i € I, we have

fi (x*, yi) = limsup f; (x"*, y;)
k——+00

1
> lim sup <——||xl."" —yi||) =0 Viel, Vy e€A.
k—+00 nk

This means that x* is a solution to the system of equilibrium problems (SEP).
O

The following result establishes a sufficient condition for the existence of so-
lutions to countable systems of equilibrium problems in the nonweakly compact
case.

Theorem 6.11. Let A; be a nonempty weakly closed subset of a real reflexive

Banach space E; and f; : A x Aj — R, for everyi € I. Assume that the follow-

ing conditions hold:

1. fi (x,x;) =0, foreveryi € I and every x = (xi,xi) €A,

2. fi(z,xi) < fi (z,yi)+ fi (v, xi), foreveryi € I, every x;, y; € A;, and every
v,z € A such that y = (yi, y,');

3. there exists a nonempty closed subset K; of A; for every i € I, such that

for every x:(xi,xj)eA with x;j ¢ Kj, forsome jel,

there exists y; € Aj suchthat ||y;| < |lx;|l and fj(x,yj)fo;
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4. f; is weakly sequentially lower semicontinuous in its second variable on K;,
foreveryiel;
5. the restriction of f; on (]_[ K i) x K is lower bounded in its second vari-
iel
able, for everyi € I,;

6. the restriction of f; on | || Ki> x K; is sequentially upper semicontinuous
iel
in its first variable with respect to the topology o, for everyi € I;

7. The subset || K; is sequentially compact subset of E with respect to the
iel

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

Proof. For every x = (x', x;) € A and every i € I, define the subset
Li (x) ={yi € Ai | lyill = Ix: I, fi (x, i) <O},

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 the proof of Theorem 6.9, we

have the following properties:

1. The subset S; (x) is nonempty, for every x € A and every i € I.

2. The subset S; (x)) is weakly compact, for every x € A and everyi € I.

3. Foreveryi €I and every x = (xi,xi) ,y= (yi, y,~) € A, ify; € S; (x), then
Si (y) C Si (x).

On the other hand, the restrictions of f; on (]_[ Ki> x K;, for every i € I
iel
respectively, satisfy all the conditions of Proposition 6.5 and therefore, there
exists x* = (x7,...,x%) € [T K; such that
iel

fi(x*,y;)=0 forall i€l andall y;€K;.
Suppose that x* is not a solution of the equilibrium problem (SEP) and let
xj € Aj be such that f; (x*, xj) <0, for some j € I. Let x/ € A/ be arbitrary

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

ly()jll= min |yl
Y= e

and since L; (x) is bounded, let (y,), be a weakly converging sequence in
Li(x)toy (x)j.
We distinguish the following two distinct situations.

Case 1. Assume that y (x) ; € K. Since fj (x*, x;) <0, choose & > 0 such that
fi (x*,xj) < —e. Since f; (x, y,) <0, for every n, then

Fi () < f5 (6%xj) 4 fi (6, yn) < —e.
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The bifunction f; being weakly sequentially lower semicontinuous in its second
variable on K j, we obtain

X ) L. e _
fi(x ’y(X)])S}lli)nigf, (x*,yn) < —£ <0
which yields a contradiction.

Case 2. Assume that y(x); ¢ K. Let y/ € AJ be arbitrary and put y, =
(y-/,y(x)j) € A. Then, there exists y; € Aj, [y;ll < ||y(x)j || and
£ (yx.vj) <0. Thus,

yj €8j(y) CSj(x) and |yl <lly);ll= min [y;l
yj€8;(x)

J

which is impossible.
The proof is complete. O

6.2 METRIC REGULARITY, LINEAR OPENNESS AND AUBIN
PROPERTY

The aim of this section is to study some regularity properties of the so-called
diagonal subdifferential operator associated to the equilibrium problem. Eke-
land’s variational principle will play an important role in proving these prop-
erties. The regularity of the diagonal subdifferential operator will provide sen-
sitivity results on parametric equilibrium problems, which will be discussed in
the next chapter.

Let Eq, E> be metric spaces, and T : E1 =% E, be a set-valued mapping.
Recall that in Chapter | we denoted by gph(T') the graph of T defined as

gph(T) :={(x,y) €e Ey1 x E»: y e T(x)}.

Consider the inverse mapping T~ : E; = E; defined by T7'(y) :=
{x € E; : y € T(x)}. Note that T~!(y) corresponds to the lower inverse of
the singleton B := {y} as defined in Chapter 1. The open ball centered at x with
radius r, will be denoted by B(x, r) and its closure with B(X%,r). For any subsets
A, B of a metric space E consider the excess functional

e(A, B) :==supd(a, B) = supbing d(a,b),

acA acAbE

under the convention e(¥, B) := 0, and e(A, @) := +o0, for A # @.
In the following we recall some notions related to metric regularity of map-
pings (see, for instance, [67] and [90]). The set-valued mapping T

(i) is globally metrically regular if there exists a positive k such that, for all
xeE,yekEr

dx, T~V (y)) <kd(y, T (x)); (6.16)
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(ii) is metrically regular around (x,y) € gph(T) if there is a positive constant
k along with a neighborhood U of X and a neighborhood V of y such
that (6.16) holds forall x e/ and y € V;

(iii) satisfies the Aubin property around (¥, ) if there exist a positive k, and
neighborhoods U of x and V of y such that

e(Tx)NV, T <kd(x,x), Vx,x el.

Furthermore, we recall also some of the at-point properties: the set-valued map-
ping T is said to be

(iv) metrically subregular at (x,y) € gph(T) if there is a positive constant k
along with a neighborhood ¥/ of X such that

dx, T~ '(3) <kd,T(x)), Vxel; (6.17)

(v) strongly metrically subregular at (x,y) € gph(T) if there is a positive con-
stant k along with a neighborhood ¢/ of x such that

d(x,x) <kd(y,T(x)), Vxel, (6.18)

(vi) calm at (x,y) € gph(T) if there exist a positive k, and neighborhoods
U=Ux),V =V(y) such that

e(Tx)NV, T(x)) <kd(x,x), Vxel.

Note that the global metric regularity of 7 is equivalent to the openness at linear
rate k, i.e., for every (x, y) € gph(T),

B(y,r) CT(B(x,kr)), Vr>0.

In addition, the metric subregularity of T at (x,y) is equivalent to the calmness
of T~ ! at (¥, x) (see, for instance, Proposition 2.7 in [18]); in particular, if T is
strongly metrically subregular at (X, y), then T~ (y) NU = {x}.

The results of this section have been established by Bianchi, Kassay, and
Pini in [37].

6.2.1 The Diagonal Subdifferential Operator Associated to an
Equilibrium Bifunction

In the sequel we will denote by X a Banach space with X* its dual space,
and by K a nonempty, closed, and convex subset of X. Given a bifunction
f: K x K - R such that f(x,x) =0 for all x € K, let us denote by
Al X = X* the following operator (see, for instance, [87]):

{x*eX*: f(x,y)>x*y—x),VyeK}, xekK

Al (x) =
@, xeX\K.
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Let us consider the bifunction f: K x X — R U {400} obtained by extending
in a standard way the bifunction f as follows:

y o f(xv )7) ye K
flx,y) = {+oo VEK. (6.19)

Thus, A (x) = Bf(x, -)(x), where 0 denotes the subdifferential operator usu-
ally considered in the convex analysis setting. For this reason, by abuse of
language, we refer to the set-valued map A/ as a diagonal subdifferential oper-
ator of f. In particular, A/ has closed and convex values.

Observe that the equilibrium problem (EP) and the operator A/ are strongly
related: x € K is a solution of (EP) if and only if 0 € A (%).

The bifunction f is said to be cyclically monotone if

n
Zf(xi,le) <0, VneN, Vxi,...,xp, xp41 € K, Xpq1 =x1.

i=1

In particular, any cyclically monotone bifunction is monotone, i.e.,
fO, Y+ f(y,x)<0,forall x,y € K.
Recall that f satisfies the triangle inequality on K x K if

fx, < fx,2)+ f@z, ), Vx,y,zeK. (6.20)

6.2.2 Metric Regularity of the Diagonal Subdifferential Operator

The results of this subsection deal with the metric regularity of A/ around a
point of its graph. Let us first recall a well-known result concerning the subdif-
ferential of the sum of two convex functions.

Lemma 6.3. (Moreau-Rockafellar) Ler f, g : X — R U {400} be two proper,
lower semicontinuous and convex functions such that intdom f N domg # @.
Then, forall x € X, o(f + g)(x) = 9f (x) + dg(x).
Let f: K x K — R be a bifunction such that (x, x*) € gph(Af), and con-
sider the following two properties:
(@ A/ is metrically regular around (X, X*), with neighborhoods U = B(x, r)
and V = B(x*,r"), and k > 0;
(b) there exist ¢ > 0 and U’ = B(x,p), V' = B(*, p’) such that
(AN~ (x*) £ @ for all x* € V', and

inf  (F(F,x)— (" x—%) >c-d*x, (ADH) "),  (6.21)
Fe(AN)~1(x*)
foreveryx e’ NK,x* V.

We start with the following results, which provide the link between proper-
ties (a) and (b):
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Theorem 6.12. Let f satisfy (a), and the following conditions:

i) f(x,-) is convex and Isc, for every x € K ;
(i) f satisfies the triangle inequality (6.20).

Then f satisfies (b) with ¢ < 1/4k, and p =r/2, and p’ = min{r’, r /2k}.
Conversely, if f satisfies (b), and is a-monotone, for some o > —c, i.e.,

feaN+Fx) < —alx =y, V¥x,yeK,
then (a) holds, with k = C_+a, andr=p,r' =p’.

Proof. (a) implies (b): Note that, under the assumption of metric regular-
ity at (x,X*), it follows that (AF)~1(x*) # @ for every x* € V. In order to
prove (6.21), we argue by contradiction.

Suppose that there exists z € 4/’ N K and z* € V' and Z € (AF)~1(z*) such
that

F(Z,2)+ (2,2 — 2) <cd?(z, (AF) ' (@). (6.22)
Observe that 7 is a global minimizer of the Isc convex function
h()i=FGE )+ 75—,
Indeed, £(z) =0, and
FeAf @ e hx)=0, VxeX.
Since, from (6.22), h(z)<cd?(z,(AF)~1(z*)), we get that d?(z,(AT) "1 (z*))>0.

By applying The Ekeland’s Variational Principle (Theorem A.l in Ap-
pendix A) to the function i with

1
er=cd’ @ (ANTI@) >0, di=2d (AN @) >0,
we get the existence of u € K with ||u —z|| < %d(z, (AF)~1(z*)) such that
h(x) = h(u) —2cd(z, (A") 1 @))llx —ull, VxeX.

Hence, u is a global minimizer of the convex function

h(:) +2cd(z, (AN @D - —ull
=F(Z, )+ (25,7 — ) +2cdz (AW - —ull;

thus,

0€d(FE )+ (7= +2cd (AN @I - —ull) @),
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Since dom F (3, -)=K, and dom ((z*,Z — -)+2cd(z, (AD)" @) - —ul) =X,
by Lemma 6.3,

0€dFG, ) — 7" +2cd(z, (AN (*)B(0, 1). (6.23)
Observe that
AFG, )w) c AT ). (6.24)

Indeed, fix any u* € 9F (Z,-)(u). Then F(Z,y) — F(Z,u) > (u*, y — u), for all
y € X; in particular, F(z, y) — F(Z,u) > (u*, y — u) holds for every y € K. By
the triangle inequality (6.20) we have

which means that F (i, y) > (u*, y —u), i.e., u* € AF ().
Therefore, from (6.23), there exists an element x* € A¥ (1) with

x* — z*|| < 2cd(z, (AF)"1(z*)).
Additionally, since
d(z, (AH)7NZ*) < llz — ull +d(u, (AF) 1 (z*)

1
< 5dG, (AN +du, (AT (),

one has
0<d(z, (AH7N(2") < 2d(u, (A") "1 (z*);
hence,
d(z*, AF () < |x* — || <dedu, (AF) 7' (). (6.25)
Note that

llw =% < llu—zll + llz = X]|

1 Fy—1,_x% r
< Ed(z,(A ) (@) + 3
1 — — F\—1,/_% r
Si(llz—XIler(x,(A ) (z )))+§ (6.26)
3

r k v o F—
<7+ 5ar(z , AT (@)
<r.
Hence, u € B(x, r), and we obtain, by (6.25):
d(*, AT ) <dcd @, (AT)71(z*) <dckd(Z*, AT ) < d(z*, AT (u)),

a contradiction.
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(b) implies (a): Without loss of generality, we will assume o < 0, since
a’-monotonicity implies a-monotonicity, for every @’ > «. Take any x € U and
x*eV.

If either d(x, (AF)~1(x*)) =0 or A¥(x) = @, there is nothing to prove.
Hence suppose that (x, x*) € (YN K) x V such thatd(x, (AT (x*)) =1 > 0.
Fix any ¢ > 0, and take x, € (A7)~ (x*) such that

lx —xe]l <t +e.
From the assumptions, (6.21) implies that
F(xe,x) > (x*, x —xg) +c-d*(x, (AF) 71 x*) = (x*, x —xe) +c- T2, (6.27)
Let z* € AF (x); then,
F(x,x¢) = (2%, xe — x). (6.28)
Adding (6.27) and (6.28), from (ii) we get

c-TP (X =25 X —xe) < F(xe, x) + F(x, xe) < —alx — x|,

implying that

-T2 < (= x* x—x) —allx —xelZ < |12F — x| - (x +6) —a(r + )2

Taking the infimum with respect to z* € AT (x), and letting & — 0, we have that
(c+a)t <d(x*, AF (x)).
This implies that (a) holds if k = . O

The next example shows that the triangle inequality is an essential assump-
tion in Theorem 6.12. Indeed, let K = [—1,1] € R and -consider
f:[—1,1] x [-1,1] — R given by f(x,y) = x(y — x). Then it is easy to
show that

(oo, —1], x=-1
Al (x) = {x, xe(=1,1)
[1,+00), x=1
Also,
=1, ye(=o00,~1]
AN =1y, ye(=LD
1, yell, +o00).
Now take ¥ = 0. Then i* = A/ (0) =0 and A/ is metrically regular around

(0,0) with i/ =V = B(0, 1) and k = 1. It is obvious that f satisfies the as-
sumption (i) in Theorem 6.12, but not (ii) (the triangle inequality). Indeed, by



184 Equilibrium Problems and Applications

taking x =0, y =1, z = —1in (6.20) one obtains 0 < —2, a contradiction. Now
let us show that there is no ¢ > 0 such that (b) is satisfied. An easy calculation
shows that p = p’ = 1/2, hence one obtains i/’ =V’ = B(0, 1/2). Thus, X = x*
in (b) and the left-hand side of this relation vanishes, while for the right-hand
side we obtain c|x — x* |2. This clearly shows that (b) cannot be satisfied for all
x,x*e(=1/2,1/2).

6.2.3 Metric Subregularity of the Diagonal Subdifferential
Operator

The results of this subsection relate the (strong) metric subregularity of A/ with
the behavior of the bifunction f.

Let f: K x K — R be a bifunction such that (x, x*) € gph(Af). Let us
consider the following two properties:

@) Al is metrically subregular at (x, x*), with neighborhood U/ = B(x, r),
and k > 0;
(b’) there exists U’ = B(x, p) and ¢ > 0 such that

f,x) > (E x =) +ed*(x,(ADHTI @) Vxeld NK.

Theorem 6.13. Let f satisfy (a’), and

(i) f(x,-) is convex and lower semicontinuous;
(i) f satisfies the triangle inequality (6.20) with x = X.

Then, (b’) holds with ¢ < 1/4k, and p = 23—r
Conversely, if f satisfies (b’), and is cyclically monotone, then (a’) holds,
with k = % andr = p.

Proof. (a’) implies (b’): We can follow the same line of the proof of Theo-
rem 6.12, by taking 7 = X, z* = x*, and noting that (6.26) becomes

) 1 o )
Hu—xHSHu—zH+Hz—xH§§d&JAf)luﬂ)+nz—ﬂl

X|| <r.
2 .

(b’) implies (a’): Fix x e Y. If Af (x) = @ there is nothing to show. Other-
wise, take any x* € A/ (x). Fix € > 0, and denote by x, a point in (A/)~1(x*)
such that

Ix — xell <d(x, (A1 GE*) +-e. (6.29)

By the definition of diagonal subdifferential we have that

f(xsxé)z(-X*sxé_x>’ f(va-i)z(i*vi_xé)'
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From the inequality (6.29), (b’) and the cyclic monotonicity, we have that

llx* — Z*(d(x, (AD)T(F*) +€)

> e — B - [lx — xell

>, x —x)— (X, x—X) — (3, X — x¢)

> — f(x,xe) — (X5, x — %) — f(xe, %)

> —f(x, %) — f(Xe, ¥) — f(F, %) +cd*(x, (AH)71E))

>cd?(x, (AT @),
By taking € — 0, we get
cd®(x, (ADTNE)) < Ix* —3*1d (x, (A1 E)).

If d(x, (AY)~1(x*)) = 0, there is nothing to prove. Otherwise, we have
1
d(x, (ANHT'E)) < " — &), vx*e Al ().
c
The assertion follows by taking the infimum with respect to x* € A/ (x). O

In the following result we present two characterizations of the strong metric
subregularity of the map A/ .

Let us take (¥, ¥*) € gph(A/), and let us consider the following properties:

@”) A’ is strongly metrically subregular at (x,x*) with neighborhood
U=B(x,r),and k > 0;
(b”) there exists ' = B(X, p), and ¢ > 0, such that

fEx)> (& x—%) +clx—x>, Vxeld NK;

(c”) there exists a neighborhood U” = B(x, ), along with a positive constant
B such that

(x* =&, x —X) > Bllx — |1, V(x,x*) e gph(Al), x eUU’.
Then the next theorem holds:

Theorem 6.14. Let f : K x K — R, and (x, x*) € gph(AL). If f satisfies (a”),
and the following conditions

(i) f(x,-) is convex and lower semicontinuous;,
(ii) f satisfies the triangle inequality (6.20) for x = X,
then (b”) holds, with c = 1/4k and p =r/3.
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If (b”) holds, and f satisfies the condition
[ B+ f(Ex) < —allx—X|>, xeU NK, (6.30)

for some o > —c, then f satisfies (¢”) with B =« + c and T = p.
(c”) always implies (a”) withr =1, and k = 1/8.

Proof. (2”) = (b”): A7 is, in particular, metrically subregular at (x, x*) and
Theorem 6.13 implies inequality (b’) in B(x,2r/3) and ¢ < 1/4k. Note that
(@”) and (b’) both hold in B(X,2r/3) N K. If (AV)~1(x*) = {x}, it triv-
ially follows, with p = 2r/3, and ¢ < 1/4k. Otherwise, take z € (AN,
z # x. In particular, z € K. By the assumption of strong metric subregularity,
z ¢ B(x,2r/3) N K (see the comments after (vi) in the Preliminaries), and
lx —z|| = llx — x|| for any x € B(x,r/3) N K. Thus, d(x, (AV)~1(x*) =
|lx — x| for any x € B(x,r/3) N K, and (b”) holds for the neighborhood
U =B(x,r/3)NK,and ¢ < 1/4k.
(b”) = (¢”): Take (x,x*) € gph(Af), x e/’ N K, then

fx, %) > {x*x—x)

Fx,x) > (& x — %) +cllx — %)%
Thus, from (6.30),
(X%, x —X) = (T, x —X) = — f(x, ) — (&, x)+cllx—F]* > (c+a)|x — 5],

and thus (¢”) holds with /" =l and B = ¢ + «.
(¢”) = (a”): For every (x, x*) € gph(AT), x eU" \ {x},

o* — [l — | = (* — £, x — 3) = Bllx — %1%

Therefore, ||x — x| < %le* — x*|, for every x* € Af (x), then
1
I =%l < ZdG, Al (), vxel”,

hence (a”) holds fork =1/8 andU =U". O



C

hapter 7

Applications to Sensitivity of
Parametric Equilibrium
Problems

Contents
7.1 Preliminaries on Generalized 7.4.2 Fixed Points Sets
Equations 188 of Set-Valued
7.2 Holder Continuity of the Pseudo-Contraction
Solution Map 190 Mappings 201
7.3 Calmness and Aubin Property of 7.4.3 Inverse of the Sum of Two
the Solution Map 194 Set-Valued Mappings 205
7.4 Applications to Sensitivity of 7.4.4 Sensitivity Analysis of
Parametric Equilibrium Problems Variational Inclusions 211
and Variational Systems 195 Notes 213
7.4.1 Pompeiu-Hausdorff
Metric and
Pseudo-Lipschitz
Set-Valued Mappings 197
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Chapter points

The results presented here include sensitivity analysis of parametric equilibrium
problems and variational inclusions.

Holder continuity, calmness, and Aubin property of the solution map are derived
using regularity properties of the diagonal subdifferential operator discussed in
Chapter 6.

It is developed a natural relationship between the Aubin property and the inverse of
the sum of set-valued mappings.

There are highlighted properties of set-valued pseudo-Lipschitzian mappings in
order to deal with the Lipschitzian property of the inverse of the sum of two
set-valued mappings.
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We shall apply the results of Chapter 6 to obtain sensitivity results concerning
parametric equilibrium problems.

Let P be a metric space and K be a nonempty set. Given a parametric bifunc-
tion F : K x K x P — R, we consider the set-valued map S : P = K defined
by

S(p):={xeK: F(x,y,p)=0, Vy € K},

i.e., for any p € P, S(p) represents the solution set of the parametric equilib-
rium problem: find x € K such that F(x,y, p) >0,Vy e K.

Given an initial value of the parameter, say p, and a corresponding solution
x e K,ie., x € S(p), it is important from both theoretical and numerical points
of view to find out information on the set S(p) for p close to p. In other words
we are interested to know the behavior of the solution set S(p) when p lies in a
neighborhood of p. This is related to the calmness of the solution map at (p, x)
as we will see in the sequel. Moreover, information about the distance between
S(p) and S(p’) when p and p’ are arbitrary parameters in a neighborhood of p
are also interesting to obtain, and this is related to the Aubin property of the
mapping S around (p, x), which will be discussed also in this chapter. Nowa-
days the relationship between the Aubin property and metric regularity of a map
on one hand, and calmness and metric subregularity on the other hand, are well
known facts (see, for instance, [67] and the references therein).

Our aim is to provide both global and local stability results related to the
solution map of a parametric equilibrium problem; in particular, sufficient con-
ditions for Holder continuity, as well as for Aubin property, and calmness of the
solution map are provided. These results are obtained by means of regularity
properties of the diagonal subdifferential operator associated to the equilibrium
bifunction, discussed in Chapter 6.

The results of this chapter have been obtained by Bianchi, Kassay, and
Pini [37], and Alleche and Radulescu [9].

7.1  PRELIMINARIES ON GENERALIZED EQUATIONS

In the sequel we will denote by X a Banach space, with X* its dual space, and
by K a nonempty, closed, and convex subset of X. Given a set of parameters P,
in what follows we will consider a parametric bifunction F : K x K x P - R,
satisfying the conditions:

Al F(x,x,p)=0,foreveryxe K, pe P;
A.2 F(x,-, p) is convex and lower semicontinuous, for every x € K, p € P.

As in Chapter 6, we will denote by F the standard extension of F to
K x X x P (see (6.19)).
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For every p € P, let us denote by A g : X =2 X* the diagonal subdifferential
operator for the marginal bifunction F(, -, p), i.e.,

AF (x) = (x*eX*: F(x,y,p)>{x*y—x), VyeK}, xek
P, xeX\K.

Then the problem (EP,, K) can be equivalently formulated in terms of an
inclusion involving the operator Ag as follows: x is a solution of (EP,, K) if
and only if 0 € AF (%), namely, x € (A5)~1(0). Our aim is to provide regularity
result for the solution map like Holder continuity, calmness, and Aubin property.
To this purpose, we briefly recall some basic facts about parametric generalized
equations.

Let X, P be metric spaces, and Y be a linear metric space. For any set-valued
map H : X x P = Y, we denote by S : P = X the solution map of the inclusion
0Oe H(x, p),ie.,

S(p):={xeX:0eHx,p)=(H(, p) (0.

In the following, we will assume that the solution map is defined on the whole P.

In order to deal with a set-valued map H depending on more than one
variable, we give the partial notions of metric regularity, Aubin property, and
calmness (see, for instance, [69]). Recall from Chapter 6 that, for any subsets A,
B of a metric space, the excess functional is defined as

e(A, B) :=supd(a, B) = supgngd(a, b),

acA acAbE
under the convention e(¥, B) := 0, and e(A, @) := +o0, for A # @.

Definition 7.1. Let H : X x P =2 Y, and consider (x, p, 0) € gph(H). Denote
by U, V, W, neighborhoods of x, p, 0, respectively, and by H), the marginal
map such that H,(x) = H(x, p), forevery x € X and p € P.

(i) H issaid to be metrically regular with respect to x, uniformly with respect
to p, around (x, p, 0) if there exist k > 0 and U, V, WV such that

d(x, Hy'(y)) <kd(y, Hy(x)), Yx,p,y)eU XV xW; (1.1)

(ii) H is said to have the Aubin property with respect to x, uniformly with
respect to p, around (x, p, 0) if there exist k > 0 and U/, 1V, WV such that

e(H,(x) N W, Hp(x")) <kd(x,x'), Vx,x' e, peV; (1.2)

(iii) H is said to be calm with respect to x, uniformly with respect to p, at
(x, p, 0) if there exist k > 0 and U, V, W such that

e(H,(x)NW, Hy(x)) < kd(x, x), Vxel, peV. (7.3)
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Similar definitions can be given with respect to p, uniformly with respect
to x, by considering the marginal map H,. Likewise the metric regularity of a
map at a point (x,y) is equivalent to the Aubin property of the inverse map at
(¥, x), similar results can be proved for the partial notions given above.

In the next propositions we recall some sufficient conditions on H entailing
suitable sensitivity properties of the solution map.

Proposition 7.1. ([36]) Suppose that the set-valued map H : X x P =3 Y satis-
fies the following conditions:
(i) there exists k,y > 0 such that e(H (x, p), H(x, p)) < kd;/, (p, p)), for ev-
ery x € X, forevery p, p' € P;
(i) H(., p) is globally metrically regular with constant k', uniformly with re-
spectto p € P.

Then e(S(p), S(p')) <kk'dL(p, p), forall p, p’ € P.

Proposition 7.2. ([69]) Let H : X x P =Y, and consider (x, p,0) € gph(H).
Suppose that the following conditions are satisfied:
(i) H has the Aubin property with respect to p, uniformly with respect to x,
around (X, p, 0), with constant k',
(ii) H is metrically regular with respect to x, uniformly with respect to p,
around (x, p,0), with constant k.

Then S has the Aubin property around (p, X) with constant kk'.

A pointwise version of the propositions above can be proved (see, for in-
stance, Th. 3.1 in [18]):

Proposition 7.3. Let p € P and x € X be fixed such that x € S(p). Suppose that
U(p), U(x) andV are neighborhoods of p, x and 0 in P, X, and Y respectively,
satisfying
(i) H(x,-) is calm with respect to p uniformly with respect to x at (X, p,0),
with constant k, and neighborhoods U(p), V, for all x € U(X);
(ii) H(, p) is metrically subregular at (x,0) with constant k', and neighbor-
hood U(x).
Then themap S : P = X is calm at (p, X) with constant kk', and neighborhoods
U(p) and U(X), i.e.,

e(S(p) NUX), S(p)) <kk'dp(p. D), VpeU(p). (7.4)

7.2 HOLDER CONTINUITY OF THE SOLUTION MAP

In this section we find out conditions on F' in order to apply Proposition 7.1 to
the set-valued map H, where H (x, p) = A [Ij (x). We focus, first, on condition (i).

Proposition 7.4. Consider F : K x K x P — R satisfying assumptions A.1-A.2
and, in addition,
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A.3 There exist positive k, vy such that

|F(x,y, p)—F(x,y, p)| <kd”(p, pllx—yl. Vx,yeK, p,p'eP.
Then e(Ag(x), A,f,(x)) <kd¥(p, p)), foreveryx €K, p, p' € P.

Proof. 1f Ag (x) = ¢ there is nothing to prove. Otherwise, let x* € Ag (x); then,
from the assumptions,

F(x,y,p)=F(x,y, p)—kd”(p, p))llx — yll
> (x*,y —x) —kd” (p, p)lx = ylI;
in particular,
F(x,y,p)+kd” (p, p)llx —yll = (x*,y —x), VyeKk,

ie,x*e 8(?(&-, P +kd” (p, p)llx — -|)(x). From Lemma 6.3, we get that
x*e Alf/(x) + B(0,kd” (p, p)), i.e., B(Ag(x), Alf/(x)) <kd”(p,p). O

A particular case where the assumptions of Proposition 7.4 are satisfied is
provided by

F(x,y,p):=h(x,y)+{g(p),y—x),

where h(x, x) =0, h(x, -) is convex and lower semicontinuous for every x € K,
and g : P — X* is Holder continuous of order y and constant k.

In the next example we provide a class of parametric bifunctions satisfying
assumption (i) in Proposition 7.1:

Example 7.1. Take F : R" x R” x R"™ — R, such that F € C? and

F(X,‘,‘)(.x, P)

2
’ <k, Vi=l1l,....m,j=1,...,n,

apidy;
for every x € R"”, p € R™. In this case, A[f(x) ={VF(x,-, p)(x)}, and

IVF(x,-, p)(x) = VF(x,-, pH(x)ll
2

<nm sup
i,j

F(x,-,)(x, p)‘ lp=pll<kllp-7pI.
opidy;

Conditions leading to (ii) in Proposition 7.1 can be provided via suitable
monotonicity assumptions on the diagonal subdifferential operator A¥. Let us
first state the following result (for a similar result of local type, see [129],
Lemma 3.3). In the rest of this subsection we suppose that the Banach space
X is reflexive.
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Lemma 7.1. Let T : X = X™ be a maximal monotone operator satisfying for
some positive a the monotonicity condition:

(=1, x—=x"y>al|x—x|> Vx,x' edom(T),Yv e T(x),v € T(x).
(7.5)

Then T is surjective, and globally metrically regular with constant 1/a.

Proof. Under the assumptions, the operator 7 is weakly coercive (i.e.,
infyrer(y Ix*|| = +o00 as ||x|| = +00), therefore it is surjective (see Theo-
rem 2.17 in [89]). T is also trivially one-to-one, that is, T(x) N T (x") = @ if
x # x'. This entails that 7! is defined and single-valued on the whole X*.

Let us now show that T is globally metrically regular with constant 1/«. Let
(x0, vo) € gph(T') and r be a positive real number. Take any v € B(vo, 7); then,
by the one-to-one property of T, there exists a unique x € X such that v € T (x).
By (7.5) we argue that

v —voll = erllx = xoll-

In particular, x € B(xo, r/«), thereby proving that 7 is open at linear rate 1/c.
Since this is equivalent to the global metric regularity, the proof is complete. [

Taking into account the previous results, we can prove the mentioned Holder
continuity of the solution map:

Theorem 7.1. Let F : K x K x P — R be a parametric bifunction satisfying
conditions A.1-A.3. Suppose, in addition, that

A4 Ag is maximal monotone for every p € P, and satisfies (7.5), for some
positive o, uniformly with respect to p € P.

Then the solution map S is single-valued and Holder continuous with constant
k/a, ie.,

k
I1S(p) — S(P)HIl < ad%(p,p’), Vp.p' €P.

Proof. Fix any p € P. Then, by Lemma 7.1, the mapping H (-, p) = Alf is glob-
ally metrically regular with constant 1/«, uniformly, with respect to p € P.
Moreover, by Proposition 7.4, e(Ag x), Ag, x)) < kd; (p, p)), forevery x € X,
and every p, p’ € P. Then the assertion follows by Proposition 7.1, by noting
that, from the assumption A.4, one gets the single-valuedness of the solution
map. O

Remark 7.1. In Anh-Khanh-Tam [13], Theorem 3.3, the authors provided con-
ditions on F entailing the Holder continuity of the solution of the equilibrium
problem with respect to the parameter. In the example below, that will be given
without parameters for simplicity, we show that Theorem 3.3 in [13] does not
include our Theorem 7.1.
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Let X =R, K = [0, +00) and consider the bifunction F' : K x K — R given
by

Py 1Y T v
= _ﬁ O<y<?i
T =y=3

We show that all the requirements needed in our case are satisfied, but con-
ditions (i)—(ii) of Theorem 3.3 in [13] fail. A.1 is trivial. Observe that F(x, )
is convex and lower semicontinuous for every x € K, i.e., A.2 holds. For A.4
observe that, for every x € K,

~ 2x, 0
AF(x, ) () =1" t
{teR:t<0}, x=0,
which means that Alf is maximal monotone and «-strongly monotone with
o=2.

On the other hand, let x = 2, and observe that F (2, -) is not h.8-strongly
convexlike for every i, 8 > 0 (see Definition 2.2 in [65]). Indeed, taking y; = 41_1’

Y2 = % andr = %, there is no z € K such that

h1 h1

PR AT Rt

1 1
F(2,2) < EF(Z’ i)+ EF(Z,yz) -
as —3 is the minimal value of F(2,-) on K. Thus, assumption (i) in The-
orem 3.3 [13] does not hold. Moreover, F is not even monotone; in fact,
F(1,3) + F(3,1) > 0, which shows that assumption (ii) in Theorem 3.3 [13]
does not hold either.

In the next result, which also asserts the Holder continuity of the solution
map, all the assumptions will be given directly on F.

Corollary 7.1. Let F : K x K x P — R be a parametric bifunction satisfying
conditions A.1-A.3. Suppose, in addition, that

A4 F(-,-, p)is a-monotone, uniformly with respect to p € P, for some posi-
tive a (see Theorem 6.12),

A5 F(-,y,p) is upper hemicontinuous on K (i.e., upper semicontinuous on
line segments in K ), for every y € K, p € P.

Then the solution map S is single-valued and Holder continuous with con-
stant k/a, i.e.,

k
1S(p) — S(pHIl < Edﬁ(p, p), Vp,p eP.

Proof. Fix any p € P. By Proposition 3.1 in [87], the map Ag =H(,p)is
maximal monotone. It is sufficient to prove that A.4’ implies that Ag satis-
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fies (7.5). Indeed, take (x, v) and (x’, V') in gph(AIf). We have that
F,x,p)=(v,x"—x),  FQ&',x,p)={, x—x)

and, by adding up both left and right-hand side, the «-strong monotonicity of A 1’;
follows. o

Remark 7.2. As observed by one of the referees, variants providing Lipschitz
continuity of the solution map can be achieved as follows. If instead of A3 we
suppose the condition:

A3
|F(x,y,p)— F(x,y, p)l

is finiteon P x P,
x#yekK ”y — x|

then we can equip the set P with the metric

, |F(x,y,p)— F(x,y, p)l
o(p,p)= sup
x#yekK ”y_x”

Without loss of generality one may assume that F(-,-, p) # F(-,-, p’) for
p # p’ because otherwise one could replace P by the equivalence classes with
respect to the relation p ~ p’ & F(-,-, p) = F(-,-, p’). Then, using the same
arguments as in Proposition 7.4, the bound

(A (x), AL, (x) < p(p, p)

follows. This gives alternative results, similar to Theorem 7.1 and Corollary 7.1,
concerning the Lipschitz continuity of the solution map.

7.3 CALMNESS AND AUBIN PROPERTY OF THE SOLUTION
MAP

In the next two propositions we provide conditions on F in order to apply Propo-
sitions 7.2 and 7.1 to the set-valued map H, where H (x, p) = Ag(x).

Proposition 7.5. Let F : K x K x P — R be a parametric bifunction. Take
p € Pandx € K suchthat x € S(p); setl = B(x,r) N K, and denote by W(p)
a neighborhood of p. Suppose that the bifunction F satisfies assumption A.l,
and the following additional conditions:

A2’ F(x,-, p) is convex and lower semicontinuous for every x € U,
A.3’ there exists a positive k such that

|F(x,y, p)— F(x,y, p)| <kd(p, p)llx — yl,
Vxel,yeK,peW(p);
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A6 F(x,x,p)> cdz(x, S(p)), for every x € U and for some positive c;
A7 F(., -, p) is cyclically monotone.

Then the solution map S : P = X is calm at (p, x).

Proof. From assumptions A.1, A.2’ and A.3’, following the same steps as in
Proposition 7.4 we can argue that the operator (x, p) — Alf (x) is calm with
respect to p, uniformly with respect to x at (x, p, 0). Furthermore, from The-
orem 6.13, we get that AL is metrically subregular at (i, 0), with constant
k = 1/c. The assertion follows from Proposition 7.3. O

Remark 7.3. Note that, if F(x, -, p) is strongly convex, then (b”) holds with
Xx* = 0; in this case, since S(p) NU = {x} (A.2), A.6 can be simplified as fol-
lows:

A6’ F(X,x,p)=clx—x|?

Proposition 7.6. Let F : K x K x P — R be a parametric bifunction. Take
p € P and x € K such that x € S(p); set U = B(x,r) N K, and denote by
W, V neighborhoods of p, O, respectively. Suppose that F satisfies assump-
tions A.1-A.2, and the following additional conditions:

A.3” there exists a positive k such that

|F(x,y,p)— F(x,y, p)I <kd(p, pllx — yll,
VxelU,yeK,p,p eW;

A.6” (Ag)_1 (x*) £, for all x* € V, and there exists ¢ > 0 such that

inf  (F(%,x,p) = (x*, x — %)) = cd’(x, (A}) ' (")),

Fe(AD'®
Vxel,x* eV, peW;

A8 F(.,-, p) is a-monotone, uniformly with respect to p € W, for some
o> —c.

Then the solution map S : P = X has the Aubin property around (p, x).

Proof. From assumptions A.1-A.2 and A.3”, following the same steps as in
Proposition 7.4 we get that (x, p) Alf (x) is Aubin with respect to p, uni-
formly with respect to x around (x, p, 0). Furthermore, from A.6”, arguing as
in second part of Theorem 6.12, we can show that (x, p) — Alf (x) is metrically
regular with respect to x, uniformly with respect to p, around (x, p,0). The
assertion follows from Proposition 7.2. O

7.4 APPLICATIONS TO SENSITIVITY OF PARAMETRIC
EQUILIBRIUM PROBLEMS AND VARIATIONAL SYSTEMS

Studies about the inverse of the sum of set-valued mappings have drawn in last
years the attention of many authors and constitute today an important and active
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research field. A basic motivation of such studies is related to the existence
of solutions of variational inclusions. Recall that a variational inclusion (or a
generalized equation) is a problem of the form

find x € X such that y € A (x), VD

where A is a set-valued mapping acting between two Banach spaces X and Y,
and y € Y is a given point. In many cases, the point y could be of the form
f (x) where f is a single-valued function from X to Y or of the form f (p, x)
with p a parameter leading to an important class of variational inclusions called
parameterized generalized equations.

This problem serves as a general framework for describing in a unified
manner various problems arising in nonlinear analysis and in other areas in
mathematics including optimization problems and variational inequality prob-
lems.

In the simple case of a single-valued mapping A, problem (VI) reduces to
a simply functional equation, and it is then related to the surjectivity of the
involved single-valued mapping. From the same point of view, in the case of set-
valued mappings, the problem is also related to the surjectivity of the involved
set-valued mapping in the analogue sense. The pioneering work in this direc-
tion is the Banach' open mapping theorem which guarantees that a continuous
mapping acting between Banach spaces is open if and only if it is surjective.

Among various advancements in this area, there are also the famous work
by Lyusternik [121] for nonlinear Fréchet differentiable functions and that of
Graves [85] for nonlinear operators acting between Banach spaces. It should
be emphasized that no differentiability assumption is made in the theorem of
Graves. Also, many investigations about the solution mappings by means of
classical differentiability or by the concepts of generalized differentiation have
been carried out and several results for variational inclusions have been ob-
tained. This direction has given rise to the rich theory of implicit functions for
parameterized generalized equations.

Another point of view having roots in the Milyutin’s covering mapping the-
orem which, in turn, goes back to the theorem of Graves, is what is known in
the literature under the name of the openness with linear rate or the covering
property, see [64]. This approach makes use of a constant like that appearing
in the Banach open mapping theorem for studying the regularity properties of
the inverse of set-valued mappings and it has produced many results with ap-
plications to different kinds of variational inclusions in the infinite dimensional
settings. We also refer to the notion of locally covering maps and its applications
to studying the distance to the set of coincidence points of set-valued mappings.
Many deep and important results are obtained and applied to different areas of
mathematics, including stability and continuous dependence, system of differ-
ential inclusions, implicit function theorems, functional equations, and existence
of double fixed points.
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In this section, we investigate the necessary conditions to deal with the Lip-
schitzian property of the inverse of the sum of two set-valued mappings. As the
inverse of the inverse of a set-valued mapping is the set-valued mapping itself,
and since the inverse of a Lipschitzian set-valued mapping need not be Lip-
schitzian, we wonder why always consider set-valued Lipschitzian mappings
if we want to obtain that the inverse of their sum is Lipschitzian. This leads
to say that nothing can prevent a set-valued non-Lipschitzian mapping to have
an inverse set-valued mapping which is Lipschitzian. However, going back to
the Banach open mapping theorem, we understand that this question has roots
in the fact that the inverse of a surjective linear and continuous mapping act-
ing between Banach spaces has some regularity properties, and by linearity, the
mapping itself is Lipschitzian. Of course, the situation is different when deal-
ing with set-valued mappings. Motivated by this question, we investigate here
the property of being set-valued pseudo-Lipschitzian in order to study the Lips-
chitzian property of the inverse of the sum of two set-valued mappings.

Our analysis is structured as follows. We first provide the necessary back-
ground to deal with set-valued mappings in the settings of metric spaces,
and introduce some notions defined from the properties of set-valued pseudo-
Lipschitzian mappings. Next, we obtain results on the behavior of fixed points
sets of set-valued pseudo-contraction mappings. We make use of our results
on the behavior of fixed point sets of set-valued pseudo-contraction mappings
to deal with the inverse of the sum of set-valued non necessarily Lipschitzian
mappings. Under weakened conditions of the Lipschitzian property but with ad-
ditional conditions on the existence of fixed points, we obtain that the inverse of
the sum of two set-valued mappings is Lipschitzian. Finally, we make use of the
proximal convergence to develop techniques and obtain results on the sensitivity
analysis of variational inclusions.

7.4.1 Pompeiu-Hausdorff Metric and Pseudo-Lipschitz
Set-Valued Mappings

Let (X, d) be a metric space. Given x € X and r > 0, we denote by B (x,r)
(resp., B (x,r)) the open (resp., closed) ball around x with radius r.

Let A be a nonempty subset of X. The distance from a point x € X is de-
fined by d (x, A) :=infyea d (x, y), and, as usual, d(x, ) = +00. The open ball
around A with radius r is denoted by B (A, r) :=J,c4 B (u, 7).

For two subsets A and B of X, the excess of A over B (with respect to d) is
denoted by e (A, B) and is defined by e (A, B) :=sup, 4 d (x, B). In particular,
we adopt the conventions e (4, B) :=0and e (A, @) := 400 if A # 0.

The distance between A and B (with respect to d) is denoted by Haus (A, B)
and is defined by

Haus (A, B) :=max{e (A, B),e(B,A)}.
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Restricted to the closed subsets, Haus is an (extended real-valued) metric called
the Pompeiu-Hausdorff metric.>>

Let (X,dx) and (Y, dy) be two metric spaces. In the sequel, a set-valued
mapping 7 from X to Y will be denoted by T : X = Y. The domain of T is
the set dom (7) :={x € X | T (x) # @}, and its graph is given by grph (T) :=
{(x,y) e X xY |y eT(x)}. If the graph of T is closed, then T has closed val-
ues. The converse holds under additional conditions, in particular if 7" is upper
semicontinuous.

Recall that a set-valued mapping 7 : X == Y is said to be upper semicontinu-
ous at a point xg € X if for every open subset V of ¥ such that 7' (xg) C V, there
exists an open neighborhood U of xq such that T (x) C V, for every x € U. The
set-valued mapping 7 is said to be upper semicontinuous if it is upper semicon-
tinuous at every point of X.

For a subset A of X, we denote by T (A) := U,eaT (x), the image of A
by T. For a subset B of Y, the inverse image of B by T is T~!(B) :=
{x e X | BNT (x) 0}, while T~! (y) stands for 7! ({y}), if y € Y. A set-
valued mapping 7 : X =2 Y is upper semicontinuous if and only if 7~! (B) is
closed, for every closed subset B of Y.

In the sequel, the fixed points set of a set-valued mapping 7 : X = X will be
denoted by Fix (T'), thatis, Fix (T) :={x € X |x € T (x)}.

The Lipschitz continuity (with respect to the Pompeiu-Hausdorff metric) is
one of the most popular properties of set-valued mappings. A set-valued map-
ping T : X =2 Y is said to be L-Lipschitzian on M C dom (7') if it has closed
values on M and there exists L > 0 such that

Haus (T (x1), T (x2)) < Ldx (x1,x2) Vxi1,x2€ M.

If X=Yand L €0, 1), then T is called L-contraction on M.

To deal with the properties of the inverse of the sum of two set-valued map-
pings, it has been proved in [35, Lemma 2] the following result for set-valued
Lipschitzian mappings. If T : X = Y is L-Lipschitzian on M, then for every
two nonempty subsets A and B of M,

e(T(A), T(B))<Le(A,B).

This property being not adapted to our techniques, we develop here some
analogue properties related to pseudo-Lipschitzian set-valued mappings.

Recall that a set-valued mapping 7 : X == Y is said to be pseudo-
Lipschitzian around (x, y) € grph (T') if there exist a constant L > 0 and neigh-
borhoods M, C dom (T') of x and My, of y such that

e (T (x)) N My, T (x2)) < Ldx (x1,x2)  Vxi,x2 € M.

The notion of being pseudo-Lipschitzian around (x, y) is called the Aubin
property when M, and M, are closed balls around x and y, respectively. It is
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well-known that the Aubin property of the set-valued mapping 7 turns out to be
equivalent to the metric regularity of the set-valued mapping 7.

We extend the above definition to any two nonempty subsets M, C dom (T)
and My C Y, and we say that T is L-pseudo-Lipschitzian on M, with respect
toMy. When X =Y, M, =My, =M and L € [0, 1), the set-valued mapping T
is called L-pseudo-contraction with respect to M.

Let M C dom(T') and N be two nonempty subsets of X, and S a nonempty
subset of Y. We say that T is fully L-pseudo-Lipschitzian on M for N with
respect to S if for any two nonempty subsets A and B of M, we have

e(T(A)NS,T(B)<Le(ANN,B).

It follows immediately from the definition that any set-valued fully L-
pseudo-Lipschitzian on M for N with respect to S is L-pseudo-Lipschitzian
on M with respect to S. It is also fully L-pseudo-Lipschitzian on M for N’ with
respect to S, for any subset N’ containing N.

Conversely, any set-valued L-Lipschitzian mapping 7 : X =2 Y on a subset
M is fully L-pseudo-Lipschitzian on M for N with respect to any subset of Y,
for any subset N of X containing M.

More generally, we have the following result for set-valued pseudo-
Lipschitzian mappings which can be compared to [35, Lemma 2].

Proposition 7.7. Let T : X = Y be a set-valued L-pseudo-Lipschitzian on M
with respect to S. Then, for any nonempty subsets A and B of M, we have

e(T(A)NS,T(B)) <Le(A,B).

In particular, T is fully L-pseudo-Lipschitzian on M for N with respect to S, for
any subset N containing M.

Proof. Let A and B be nonempty and contained in M. To avoid any confusion,
put A’ ={x € A|T (x) NS # @}. Then,

e(T(ANS, T(B))= sup dyu,T(B))
ueT(A)NS

sup sup inf dy (u, T (x2))

x1 €A’ ueT (x))NS X2€B

IA

sup inf  sup dy (u,T (x2))
x €A ¥2€B yeT(x NS

= sup inf e(T (x;) NS, T (x2))

xleA/XzEB

<L sup inf dy (x1,x2)
x €A/ X2€

<L supdy(x;,B)=Le(A,B).

xléA
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Since ¢ (A, B) = e(AN N, B) whenever N contains M, then the set-valued
mapping T is fully L-pseudo-Lipschitzian on M for N with respect to S. O

Although the notion of being fully pseudo-Lipschitzian seems to fit very
well with the other existing notions such as those of being Lipschitzian and
pseudo-Lipschitzian, it may be interesting to look for conditions involving it for
a subset N which does not necessarily contain M.

Proposition 7.8. Let T : X = Y be a set-valued L-pseudo-Lipschitzian on M
with respect to S, and let N be a subset of X such that T (x) N S = @, whenever
x € M\ N. Then, T is fully L-pseudo-Lipschitzian on M for N with respect
to S.

Proof. Let A and B be nonempty and contained in M. We remark that 7 (A) N
S =T (AN N)NS. The proof then follows step by step that of Proposition 7.7.
O

The following example provides us with a set-valued non-Lipschitzian map-
ping which is fully pseudo-Lipschitzian mapping, where M is not contained
in N. We can also choose N in such a way that neither M is contained in N nor
N is contained in M.

Example 7.2. Let T : R? = R? be the set-valued mapping defined by

T () = {{2’“} X ([0.21x1U B oo if .y <L,

{2x} x ]0,x?] if ()| >1.

Let M =S8 =B(0,0),1) and N = {(x,y) eM||x| < %} In this example,

we have N C M. Clearly, the set-valued mapping T is not Lipschitzian on R
However, T is 2+/2-pseudo-Lipschitzian on M with respect to S. We remark
that for any x e M \ N, T (x) N S = @. Then, we conclude by Proposition 7.8
that T is fully 2+/2-pseudo-Lipschitzian on M for N with respect to S.

If we take N’ = N U Nj where N1 \ M = @, then T is still fully 2+/2-pseudo-
Lipschitzian on M for N” with respect to S. In this case, neither M is contained
in N" nor N’ is contained in M.

Finally, recall that if (Y, d) is a linear metric space, the distance d is said to
be shift-invariant metric if

d(y+z,y +z)=d(y,y) forally y,zeX.

Let A and B be two subsets of a linear metric space (Y,d) with shift-
invariant metric d, and a, b, b’ € Y. It is shown in [35] that

e(A+a,B+a)<e(A,B) and e(A+b, A+b')<d(b,b).
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7.4.2 Fixed Points Sets of Set-Valued Pseudo-Contraction
Mappings

Existence of fixed points is a subject which is not limited to set-valued con-
traction or pseudo-contraction mappings, and in this spirit, we do not make
use here of classical conditions assuring existence of fixed points for set-valued
mappings. More precisely, we assume that the fixed points sets of the involved
set-valued mappings are nonempty and linked in such a way that a result on the
behaviors of their fixed points sets is derived. Furthermore, instead of conditions
on the distance between the images of the set-valued mappings as considered in
some recent papers, we impose conditions only on those for the fixed points.

We do not follow here classical procedures usually employed when deal-
ing with the behaviors of fixed points sets of set-valued mappings. Instead, we
make use of the following more precise version of the lemma on existence of
fixed points of set-valued pseudo-contraction mappings, which is also called the
Dontchev-Hager fixed point theorem; see [28]. This version is enhanced in the
sense that not only the completeness is assumed only on the closed ball, but
more particularly, only the values of the restriction of the set-valued mapping
on the closed ball are assumed to be nonempty and closed. The proof follows,
step by step, the arguments used in [66], which are based on techniques hav-
ing roots in the Banach contraction principle. A proof using arguments based
on a weak variant of the Ekeland variational principle has also been carried out
in [28].

Eemma 7.2. Let (X,d) be a metric space. Let x € X and a > 0 be such that
B (x,a) is a complete metric subspace. Let A € [0,1) and T : X = X be a
set-valued mapping with nonempty closed values on B (x, «) such that

1. dx, T () <(—-Maand .

2. e(T(x)NB(x,a),T(x') <Ad(x,x') Vx,x' € B (X, ).

Then, T has a fixed point in B (X, ).

Now, we derive the following result on the behavior of fixed points sets of
set-valued mappings. It is worthwhile noticing that one of the general results
obtained in this direction is [19, Theorem 4.1]. However, our conditions seem
to be somewhat different. In any case, and at the current stage of advancement,
it is not easy to see if it is possible to derive our result from it, see Remark 7.4
below for explanation.

Theorem 7.2. Ler (X, d) be a metric space. Let xo € X and r > 0 be such that
B (xg, 1) is a complete metric subspace. Let A € (0,1) and 0 < B < (1 —A)r
andlet T, S : X =2 X be two set-valued mappings such that

1. T is A-pseudo-contraction with respect to B (xo,r) and has nonempty
closed values on B (xq, r);
2. S has nonempty fixed points set and for every x € Fix (S),

d(x,x0) <pB and d(x,T (x)) <Ap.
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Then, T has a nonempty fixed points set and

e(Fix(S),Fix(T))fﬁ sup e(S(x), T (x)).

— M xeB(xq,r)

Proof. Fix ¢ > 0 and put

_ 1 AR
a=miny{ —— sup e(Sx),T(x)) +e¢,
— N xeB(xg,r) 1—2

Let x € Fix (S) be an arbitrary element.

Claim 1: We prove that B (X, @) C B (xo, r). To do this, let x € B (X, «). Then,
from assumption (2), we have

d(x,x9) <d(x,x)+d(x,x0)
1
<a+ﬁ§ﬁkﬁ+ﬂ <iar+{0-=MNr=r.
Claim 2: We have d (x, T (x)) < (1 — A) «. Indeed, since x € Fix (S), then by
assumption (2), d (x, T (x)) < AB. Also,

dx,T(x)=e(SX),.Tx)= sup e(Sx),T(x))),

x€B(xg,r)
and, since d (x, T (x)) is finite, then

dE@ T &)< sup e(S@),T @)+ (1—Ne.

xeB(xp,r)

Thus,d (x, T (x)) < (1 —A) .
It results by Claim 1 and assumption (1) that 7' has nonempty closed values
on B (X, «) and for every x, x’ € B (X, ),

e(Tx)NBE, ), T(x))<e(Tx)NB(xor),T(x)) <Ad(x,x').

Now, all hypotheses of Lemma 7.2 are satisfied for 7" on B (%, «) and then,
T has a fixed point x* € B (X, «). It follows that
1
d®@ Fix(T)) <d (X, x*) <a<—— sup e(Sx),Tx)+e.
1—2 X€B(xq,r)
This inequality being valid for any X € Fix (S), we obtain
1
e (Fix (8),Fix (T)) < - sup e(S(x),T (x))+e.

— M xeB(xq,r)

Letting & go to zero, we complete the proof. O
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Remark 7.4. In [19, Theorem 4.1], the authors consider the set of coincidence
points of two set-valued mappings ® and W which is exactly the fixed points
set of ® whenever W is the embedding set-valued mapping Emby of X de-
fined by Embyx (x) = {x}, for every x € X. Then, according to our notations, we
take =T, d=Sand ¥ =V = Emby. In our assumptions, T is A-pseudo-
contraction with respect to B (xq, r) which is weaker than the property of being
pseudo-Lipschitzian with Lipschitz constant A considered in [19]. But to over-
come this fact, we know that it is pseudo-Lipschitzian with Lipschitz constant
A + ¢, for every & > 0. According to the notations of [19], we take x; = y; any
point in Fix (S) which plays the role of xo and yp in [19], respectively. But we
can not take our xq because d (xo, T (x0)) is not known under our assumptions.
Also, we take R| = R, = R=\r, B =A+4 ¢ and o = 1. As a conclusion, for
any 1 > 0 and r, > 0 verifying condition (3.11) of [19, p. 821], we obtain

e (Fix SNB (xS‘, rl),Fix(T)) < ; sup e(Sx),T (x)).
I_A‘_gxeB(xa*,rl)

It is not clear how to choose, for every ¢ > 0, r; (which depends on ¢) in such
a way that Fix (S) C B (x&,r1) C B (xo,r), since the upper bound in the sec-
ond term of the inequality is taken on B (x;, r1). Furthermore, neither X nor
the graph of 7' are assumed to be complete in Theorem 7.2. This condition is
required in [19, Theorem 4.1].

Now, we derive the following useful property.

Corollary 7.2. Let (X, d) be a metric space. Let xo € X and r > 0 be such that
B (xo,7) is a complete metric subspace. Let > € (0,1) and 0 < < (1 —X)r
andlet T, S : X = X be two set-valued mappings such that

1. S and T are A-pseudo-contractions with respect to B (xo,r) and have
nonempty closed values on B (xq,1);
2. S has nonempty fixed points set and for every x € Fix (S),

dx,x9)<pB and dx,T (x)) <Af;
3. T has nonempty fixed points set and for every x € Fix(T),
d(x,x0) <pB and d(x,S(x)) <AB.

Then,

Haus (Fix (S) , Fix (T)) < ﬁ sup Haus (S (x),T (x)).

— N xeB(xg,r)

Remark 7.5. It is worthwhile emphasizing the importance of the above re-
sult which allows to replace the excess by the Pompeiu-Hausdorff metric in
the conclusion of Theorem 7.2. Even if all the fixed points sets of the involved
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set-valued mappings are in B (xo, r), there does not seem to be any result in the
literature dealing with set-valued pseudo-contraction mappings which provides
such a conclusion; see, for comparison, the recent generalization given in [2] of
Lim’s lemma.

In the following example, we give two set-valued mappings satisfying the
conditions of Theorem 7.2 with respect to each other. Though some conditions
are relaxed, this example provides us a situation where the Pompeiu-Hausdorff
metric can be used in the conclusion of Theorem 7.2.

Example 7.3. According to Theorem 7.2, let X = R2, x0=1(0,0), =1 and

=L
)L_\/j.

Let T : R? =2 R? be the set-valued mapping defined by

{3} < ([0. 5 ]uB. +oel) if Nerni<1,
{2x} x ]0,x?] if G,y =>1.

T ((x,y)=

Thus, T has nonempty closed values on B (xo,r) and the images of points
of B (xp,r) are not necessarily included in B (xg,r). And since, for every
(x1, y1) and (x2, y2) in B (xq, ), we have

1
e(T ((x1,y1)) N B (x0,7), T ((x2, y2))) < 5 lx1 — x2],

then, T is A-pseudo-contraction with respect to B (xg, r). We note that T is not
Lipschitzian on R? and Fix (7)) = {(0, 0)}.

Now, take any o € ]0, 2\/§ (1 — ﬁ)[ and define S : R? = R? by

+ By :
See.wy — LU ([0 B Ui, Foet) it i<,
{2x} x 10, x°] it Jyl=1
The set-valued mapping S has nonempty closed values on B (xg,7) and the
images of points of B (xg,r) are not necessarily included in B (xg,r). Also,
it is A-pseudo-contraction with respect to B (xq, ) and Fix (§) = {«a} x [O, %]
Finally, S is not Lipschitz on R2.
We set 8 = (1 — \/X) < (1 —A)r and we verify the other conditions of
Theorem 7.2.
1. For the unique fixed point (0, 0) of 7', we have

d((0,0), 5((0,0))) = %

< &<1—ﬁ)<x(1—ﬁ)=m.

9}
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2. For any («, y) € Fix (S), we have

2
d((e,7),(0,0) < a2+%=?a=ﬁ(l—ﬂ)<ﬂ

and

d(@y). T(@ym=d(@.(3.3))= "; +(v- %)2

= vH(1- V) < (1-VE) =

Proposition 7.9. Under assumptions of Theorem 7.2, we have

e(Fix(S)N B, Fix(T)) < ﬁ sup e(S(x)NB, T (x)),

— N xeB(xg,r)
for every subset B of X such that B N Fix (S) # 0.

Proof. 1t suffices to replace S in Theorem 7.2 by the set-valued mapping S N B
defined on X by (SN B) (x) =S (x) N B. [l

7.4.3 Inverse of the Sum of Two Set-Valued Mappings

As in Theorem 7.2 of the last section, the two set-valued mappings involved
in the following results, will be connected between them by some additional
conditions related to the existence of fixed points. We formulate this connection
in the following definition which can be compared to the notion of sum-stable
maps used in [69, Definition 4.2].
Let F,G : X =2 Y be two set-valued mappings, xo € X, yo€ Y, BCY,
o > 0and B > 0. We say that F is («, 8)-compatible with respect to G on B for
xo and yy if the following conditions hold:
(FP1) for every y € B, there exists x, € X such that (y — G (xy)) N
(F (xy) = yo) #&;
(FP2) if x is such that (y — G (x)) N (F (x) — yp) # @ for some y € B, then
dx (x,x0) < B and dyx (x, F~! (y’ +y—G (x))) < ap, forevery y' € B
with y’ # y.
Example 7.4. Set X =Y = R2 and x0 =yo=(0,0) € R2. Choose A = %,
B= (1 - ﬁ) and § = 2\/§ (1 — \/X) Put B = B ()9, §) and define, for every
z € B, the set-valued mapping T, : R = R? by

T. ((x.y)) = {%”Z”}X([O’%]UBHFOO[) it Jenl<,

{2x} x ]0,x7] if ()l =>1.
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As in Example 7.3, the set-valued mapping 7, is not Lipschitzian but
A-pseudo-contraction with respect to B (xg, 1), has nonempty closed values on

B (x9, 1) and Fix (T;) = {|Iz|l} x [O, @], for every z € B.
For z € B and («, y) € Fix (T3), we have

d((@,y),x0) <p and d((@y), Ty (o, 7)) <A,

for every 7z’ € B such that z # 7.
Now, if F and G are two set-valued mappings defined on R? to R? in such a
way that for any z € B and (x, y) € R?, we have

T () =F ' (v = G ((x, ),
then F is (A, B)-compatible with respect to G on B for xo and yg

We now formulate the following inverse set-valued mapping result for the
sum of two set-valued mappings similar to [35, Theorem 3], where the condition
of being Lipschitzian is replaced by some local conditions such as the condition
of being pseudo-Lipschitzian.

From now on, the metric of the linear metric space Y will be always assumed
to be shift-invariant and (—1)-homogeneous. A metric dy on a linear space Y is
called a-homogeneous, @ € R, if dy (ax, @y) = || dy (x, y),foreveryx,y €Y.
Every metric associated to a norm is «-homogeneous, for every o € R. Thus, the
metric dy is (—1)-homogeneous if dy (—x, —y) =dy (x, y), forevery x,y € Y.

Theorem 7.3. Let (X,dx) be a metric space, (Y, dy) be a linear metric space,
r >0, xo € X, and yo € Y be such that B (xq, r) is a complete metric subspace.
Let F,G : X =Y be two set-valued mappings satisfying the following assump-
tions

1. G has nonempty closed values on B (xo,r), G (xo) is a bounded set with
diameter dy, and there exist « > 0, § > 0 and a nonempty subset N of Y
such that G (B (xo,7)) C B (G (x0),ar), and G is a-pseudo-Lipschitzian
on B (xq, r) with respect to B (G (x0),8) + yo — N;

2. B(xg,r) Cdom(F), B (y9,6+ ar +dy) C F(B (xo,1)), F is upper semi-
continuous, and there exists K > 0 such that aK < 1 and F~' is
fully K-pseudo-Lipschitzian on B (yy, § + ar +dy) for N with respect to
B (xo,1);

3. there exists 8 > 0 such that B < (1 —aK)r, and F is («, B)-compatible
with respect to G on B (G (xg) , 8) for xo and yy.

Then, (F + G)_l is 1_121{ -Lipschitzian on B (G (x0) + Yo, 9).

Proof. Let y € B (G (x0), ) be fixed, and consider the set-valued mapping
Ty : X = X defined by

Ty(x):=F ' (y+y-Gx)={eX|3zeGx),y+y—z€F@®)}.
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Clearly, Fix (Ty) =(F+G)~! (y + y0), and it follows by condition (3) that
there exist xy € X, y6 € G (xy), and yp € F (xy) such that

Y —=YG =JYF —)o.

Therefore, y = yr + y¢ — yo € (F+G) (xy) — Yo, hence x, €
(F + G)~ " (y + yo). This proves in particular that

B (G (x0) + y0,8) Cdom (F +G)~".

To verify hypotheses of Theorem 7.2 to any couple of set-valued mappings
T, with y € B (G (x¢) , §), we state first the following fact:

y+y0—G(x)CB(yy,6+ar+dy) VYxeB(xo,r).

Indeed, let x € B (xp,r) and z € G (x). Since dy is a shift-invariant metric, it
suffices to verify that dy (y,z) <8 + do + ar. Let yx, € G (xp) be such that
dy (¥, yx,) <8 and put e =8 — dy (, yx,) > 0. Let u, ; € G (x) be such that
dy (us,z, z) < ar + %§. Then, we obtain

dy (v,2) <dy (. vx) +dy (¥xo» tte.2) +dy (ue.z, 2)

<dy (y,yxo)+do+ozr+§

:8—8+do+ar+§<5+do+ar.

The set-valued mapping T has nonempty closed values on B (xo, ). Indeed,
letx € B (xg,r). Foreveryz € G (x), y+yo—z € B (yo, 8 + ar + dp), and then
F~'(y +y0 — z) # 0. Thus, Ty (x) # 9, for every x € B (xo, r). Moreover, by
the upper semicontinuity of F and since y + yo — G (x) is closed, then Ty (x) =
F~1'(y + yo — G (x)) is closed, for every x € B (xo, 7).

The set-valued mapping 7) is oK-pseudo-contraction with respect to
B (xg, r). Indeed, for x1, x2 € B (x0,r), we know from above that y + yy —
G (x1) and y + yo — G (x2) are contained in B (yg, 6 + ar + dp). Then,

dx (Ty (x1) N B (x0,r), Ty (x2))
=e(F 0 +30—G @) NB o, n F~ (v +y0— G (x2))
=Ke((y+y—=Gx)NN,y+yo—Gx2).

Since dy is shift-invariant and (—1)-homogeneous, then

Ke((y+yo—G@x)NN,y+yo— G (x2)
=Ke(G(x))N(y+yo—N),G(x2)) <aKdy (x1,x2).
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To verify the condition (2) of Theorem 7.2, take y, y’ € B (G (x0),8), y # ¥’
and suppose x € Fix (Ty). Then, by condition (3), dx (x, xo) < 8 and

CQ(LF_%y+ym—Gu»)<aﬁ

It follows that dx (x, xg) < 8 and dx (x, Ty (x)) < a8 which are required.

It remains now to verify that the set-valued mapping (F + G)™! is %—
Lipschitzian on B (G (xo) + yo, 6). Notice that Fix (T‘) C B (xg,r), for all
y € B(G (x0),9).

For z,7/ € B(G (x0) +y0,8), let z =y + yo and 7/ = y' + yo with
v,y € (G (x0),8). We have

e(F+6)™ @, (F+6)7" () =e (Fix(T,)  Fix (7))
and

e (Fix (Ty) , Fix (Ty/)) =e (Fix (Ty) N B (xg, r), Fix (Ty/))

=<

sup e (Ty (x)N B (xg,7), Ty (x)).
1 —ak x€B(xg,r) ( Y g )

On the other hand, for every x € B (xg, r), we have
e(Ty (x) N B (x0,r), Ty (x))
=e(F 0+30-G@NNB G0N, F (' + 30 -G )

<Ke((+y0—G@x)NN,y +yo—G(x))
<Ke(y+y -G,y +y—Gx)<Kdy(y.)).

We conclude that

(F+6)'@.F+6)7' () =

/
STTa% dy (z.2)

v (y’y/) - 1—akK

which, by interchanging z and z’, completes the proof. U

Remark 7.6. We remark that in condition (1) of the above theorem, the condi-
tion of G being «-pseudo-Lipschitzian on B (xg, r) with respect to

B (G (x0),8) + yo — B (y0,0 +ar +do)

can be replaced by the weaker condition of G being «-pseudo-Lipschitzian
on B (xp,r) with respect to y + yo — B (yo,8 +ar+dpy), for every
y € B(G (x0) . ).
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Now, we obtain a result similar to the classical result due to Graves on the
inverse of continuous functions acting between Banach spaces. We first state the
following property.

Theorem 7.4. Suppose that hypotheses of Theorem 7.3 are satisfied such that
B (y0.8 +ar +do) C F(B (xo.7)),

F~Vis fully K -pseudo-Lipschitzian on B (yo, 8 + ar + do) for N with respect to
B (xg, 1), and B (G (x9) , 8) is replaced by UueG(xo) B (u, 8) in the correspond-

K
1—aK

ing conditions. Then the set-valued mapping (F + G)™! is
onUyeGxg) B + Y0, 9).

-Lipschitzian

Proof. The proof follows step by step the proof of Theorem 7.3 where instead of
taking y € B (G (x0), ), we take y € UueG(m) B (u, ). The unique fact which

merits to be established is that for every y € U, e (o) B (u,$),
y+y0—Gx)CB(yo,d+ar+dy) Vxe€B(xp,r).

Let y € Uycgg) B (#,8) and take u, € G (xo) such that y € B (uy,3). Let
x € B(xp,r) and z € G (x). Since dy is a shift-invariant metric, it suf-
fices to verify that dy (y,z) <8 + do + ar. Since dx (y,uy) <8, let (on),
be an increasing sequence of positive numbers such that nETOO on =1 and

&n =8 — opdx (y,uy) > 0, for every n. Now, for every n, let y, . € G (xo) be
such that dy (yn,-, z) < ar 4+ %. Then, we obtain
dy (y,2) <dy (y, uy) +dy (uys Yn,z) +dy (yn,zs Z)

<dy(y,uy)+do+olr+%n,

and since lim &, =68 —dy (y, uy), we have

n—+00
5 —dy (v,
dy(y,z)de(y,uy)+do+ozr+#
5 +dy (v,
=w+do+ar§5+do+ar

which completes the proof. U

Remark 7.7. Theorem 7.3 and Theorem 7.4 provide us with the conclusion
that the set-valued mapping (F + G)~! is Lipschitzian. In [19, Lemma 4.3], the
authors obtain that the inverse of the considered set-valued mapping is pseudo-
Lipschitzian, which is a property weaker than that of being Lipschitzian. It
should be emphasized that this result has been used to derive sufficient con-
ditions for the existence of double fixed points of set-valued mappings which,
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in particular, has applications to the problem of regularity of the composition of
set-valued mappings, see [91].

Recall that the Banach open mapping theorem guarantees that a linear con-
tinuous mapping A from a Banach space X to a Banach space Y is surjective
if and only if it is an open mapping. In particular, if A is surjective linear and
continuous, then there exists K > 0 such that

By (0,1) C A(Bx (0,K)).

Corollary 7.3. Let (X, ||.|lx) and (Y, ||.|ly) be two Banach spaces. Denote by
A : X — Y a surjective, linear, and continuous mapping and let K be the con-
stant arising from the Banach open mapping theorem. Let r > 0 and xo € X. Let
g : X — Y be a single-valued mapping and suppose that the following condi-
tions are satisfied:

1. there exist @ > 0 and a subset N of Y containing A (xo) such that «K < 1,
g (B (x0,7)) C B (g (x0),ar), and g is a-pseudo-Lipschitzian on B (xq, 1)

with respect to B (g (xo), 171?1(’,) + A (x0) — N;

2. A~ Vis fully K -pseudo-Lipschitzian on B <A (x0) , 1—;1( r+ ocr) for N with
respect to the set B (xq,1);

3. there exists B > 0 such that B < (1 —aK)r, and A is («, B)-compatible

with respect to g on B (g (x0) 1_12‘Kr) for xo and yy.

Then, (A + G) ™' is 12 —-Lipschitzian on B (A (x0) + g (x0), I—I?Kr).

Proof. Let F = A and G = g. From the Banach open mapping theorem,

B(AG0). <) CA(B (0.n) = F (B xo.r).

We complete the proof by applying Theorem 7.4 with § = 1_12‘1( r, yo = A (xg)

and dy = 0. O

We now give some remarks about the conditions on the mapping A that have
been involved in the proof of Corollary 7.3. The continuity of A implies, by
the Banach open mapping theorem, the openness of A. However, the linearity
of A is not used in the proof. Instead of that, we need that A~! is fully pseudo-
Lipschitzian.

On the other hand, the openness of A can be involved without the linear-
ity of A. In the literature and especially, in Convex Analysis without linearity,
generalizations of some implicit function theorems and other questions of Opti-
mization have been obtained without linearity, see [136]. See also [156] where a
notion denoted by PL weaker than that of the linearity has been recently defined
and a generalization of the Banach open mapping theorem has been derived. It
is shown in particular, that every surjective continuous mapping acting between
Banach spaces and satisfying the conditions of the notion PL is open.
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7.4.4 Sensitivity Analysis of Variational Inclusions

In what follows, based on proximal convergence, we make use of the results de-
veloped previously and develop techniques related to the existence of solutions
of variational inclusions.

Let (P, dp) be a metric space which is called the set of parameters, and let
A: P x X 'Y be a set-valued mapping, where (X, dx) is metric space and
(Y,dy) a linear metric space. For a fixed value of the parameter p € P, we
consider the parameterized generalized equation:

find x e dom (A (p,.)) suchthatO € A (p, x), (PGE)

where its set of solutions is denoted by S4 (p) which defines a set-valued map-
ping.

The regularity properties of the solution mapping p > S4 (p) are related to
the theory of implicit functions and its applications for variational inclusions.

We define a measure of the sensitivity of the solutions with respect to small
changes in the problem’s data in order to apply it to the problem of existence of
solutions of variational inclusions. For any pg € P, we define the full condition
number of A at py with respect to a subset W of X as the extended real-valued
number by

C? (A| po, W)= limsup ¢ (SA (Z)NW. S (Z/))

2.2'~{po) e(Z,2) ’
747 70

where the convergence is taken in the sense of the upper proximal convergence.
A net (Z},)y is upper proximal convergent to Z if lime (Z}, ,Z ) = 0. Therefore
2

¢t (Al po, W)
. e(Sa(Z)NW,S4(2")) , )
_;Egsup{ e(Z,Z/) |Z,ZCB(pO,8),Z§éZ,Z?é® .

The extended real number K (A, §| po, W) is defined by

K (A5 po, W)
zsup{e(SA(Z)ﬂW,SA (z'))

Z,Z' CB N, Z+7,7 .
e(Z.2') 2.2 CB P00, 22 M}

Then the function § — K (A, § | po, W) is decreasing and for every pg € P,
we have (}in})K (A, 8] po, W)y=c*(A| po, W).
—

Proposition 7.10. If K (A, § | po, W) < +00, then one of the following alter-
natives holds:
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1. there exists a neighborhood V (po) of po such that Sa (p) = 0, for every
p €U (po);

2. there exists a neighborhood V (po) of po such that Sa (p) # 0, for every
p €U (po).

In particular, if 0 < K (A, § | po, W) < 400, then there exists a neighborhood

V (po) of po such that the solutions set of the parameterized generalized equa-

tion (PGE) is nonempty, for every p € V (po).

In the sequel we focus on the special case where P = Y. We study the pa-
rameterized generalized equation associated to A : Y x X =2 Y defined by using
a set-valued mapping F : X =2 Y as follows:

Fx)—p if xe€B(xg,r),
] otherwise.

A(p,X)Z{

We remark that S, (Z) = F~! (Z), for every subset Z of P and it results that in
this framework, the full condition number given above takes the more explicit
form

FY'zynw, F~1(z'
¢ (A| po, W)= limsup «(F' @ ()

7.7'~{po} e(Z,2)
247! 2

In this setting, we will write c*f‘ (F | po, W) and K (F, 6 | po, B (x9,r)) instead
of c*} (A | po, W)and K (A, § | po, B (xo, 1)), respectively.

Now, we obtain the following result on the existence of solutions of param-
eterized generalized equations.

Theorem 7.5. Letr > 0, xo € X, and py € Y be such that B (xo,r) isa complete
metric subspace. Let G : X = Y be a set-valued mapping. Suppose that

0 <c*(F | po, B (x,r)) <400

and choose § such that K (F, 8| po, B (xo, r)) < +00. Suppose further that the
following conditions are satisfied

1. G has nonempty closed values on B (xo,r), G (xo) is a bounded set with
diameter dy < 8, and there exist a subset N containing B ( Do, 8) and

5 —dp 1
r ’K(F,§|p0,B(xo,r))

0 <o < min

such that G (B (xo,r)) C B(G (xo),ar), and G is a-pseudo-Lipschitzian
on B (xq, r) with respect to B (G (x0),8 —ar — do) + po— N;

2. B(xg,r) Cdom(F), B (po, 5) C F (B (xo,1)) and F is upper semicontin-
uous;
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. there exists 8 > 0 such that B < (1 —akK (F,3| po, B (xo,r)))r, and F

is (o, B)-compatible with respect to G on B (G (x0),8 —ar — do) for xq
and py.

K(F.8|po,B(xo,r))
—aK (F,8|po,B(x0.r))

< +o00, for every

y € G (x0).

Proof. Put 8§ =8 — ar —dp > 0. We have a K (F,g | po, B (x0, r)) < 1. Also,
for every subset Z, Z' of B (po, 3), we have

e (F’l (Z) N B (xo,r), F~! (z’)) <K (F.5| po, B (x0.7)) e (Z.Z))

and then, F~! is fully K (F, 8| po, B (xo, r))—pseudo-Lipschitzian on B (po, 5)
for N with respect to B (xg, ).

K(F,8|po, B(xo,r))

By Theorem 7.3, it follows that the set-valued mapping (F + G)~! is
-Lipschitzian on B (G (x¢) + po, ). Then, for every

1—aK (F,3|po, B(x0.1))

vy € G (xp), we have

¢*(F+G|y+ po, B(xo, 1))
e((F+G)""(2)N B (xo,1r), (F+G) ' (2))

= limsup -
Z,7' = {y+po) e(Z,7)
Z+7' 70
- e(F+6) "' (). (F+6)~' (7))
< sup
Z.Z'CB(y+po.d), e(Z,7")
247,240
K (F,58| po, B (xo, 7
(F.81| po, B (x0,7)) < 4o,

~ 1—aK (F,3] po, B (x0,7))

which completes the proof. O

NOTES

1.

Stefan Banach (1892-1945), Polish mathematician and one of the world’s most important and
influential 20th-century mathematicians. He founded modern functional analysis and helped de-
velop the theory of topological vector spaces. Banach was a member of the Lwéw School of
Mathematics. His major work was the 1932 book, Théorie des Opérations Linéaires, the first
monograph on the general theory of functional analysis. Banach himself introduced the concept
of complete normed linear spaces, which are now known as Banach spaces. He also proved sev-
eral fundamental theorems in the field, and his applications of theory inspired much of the work
in functional analysis for the next few decades.

. Dimitrie Pompeiu (1873-1954), Romanian mathematician. In 1905, he obtained a Ph.D. degree

in mathematics in Paris with a thesis written under the direction of Henri Poincaré. He is known
for a challenging conjecture in integral geometry, now widely known as the Pompeiu problem.
Pompeiu constructed a nonconstant, everywhere differentiable functions, with derivative vanish-
ing on a dense set. Such derivatives are now called Pompeiu derivatives.
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3. Felix Hausdorff (1868-1942), renowned German mathematician with pioneering contributions
in analysis. He introduced several fundamental concepts, such as Hausdorff spaces, Hausdorff di-
mension, Hausdorff metric, Hausdorff density, Hausdorff maximal principle, Hausdorff measure,
Hausdorff moment problem, or Hausdorff paradox.
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Look up at the stars and not down at your feet.
Stephen Hawking (1942-2018)

Chapter points

e The result of this approach is to produce a rigorous mathematical analysis for
models at the interplay between Nash equilibria and mathematical physics.

e The arguments combine refined analytic tools, variational analysis, fixed point
theory, and iterative methods.

e Applications include periodic problems with variational or nonvariational structure
as well as problems driven by singular operators.

8.1 INTRODUCTION

Many problems describing models in the real world can be reduced to fixed
point problems of the type

u=N(u),

where N is a nonlinear operator.
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In many cases, the problem has a variational structure, namely it is equivalent
to finding the critical points of the associated “energy” functional E, that is
E’(u) = 0. Thus, the fixed points of the operator N appear as critical points of
the functional E. The critical points could be minima, maxima or saddle points,
conferring to the fixed points a variational property. Thus, it makes sense to ask
whether a fixed point of N is a minimum, or a maximum or a saddle point of E.
Problems of this type become more interesting in the case of a system

{u—Nl (u, v) 8.1)
v=N;(u,v),

which does not have a variational form, but each of its component equations has
a variational structure. More precisely, there exist functionals E; and E» such
that the system (8.1) is equivalent to

Eiy(u,v) =0

Ep (u,v) =0,
where E11 (u, v) is the partial derivative of E; with respect to u, and E2> (u, v)
is the partial derivative of E, with respect to v.

A nontrivial problem is to see how the fixed points (u, v) of the operator

N = (Nj, N3) are connected to the variational properties of the two functionals.

One possible situation, which fits to physical principles, is that a fixed point
(u*, v*) of N is a Nash-type equilibrium of the functionals E{, E», that is,

koK) o *
El(u,v)—n}}nEl(u,v)
kook\ *
Ez(u,v)_mvaz(u,v).

(Note that the relations above correspond to a symmetric form of (2.11) in
Chapter 2, for the particular case of n = 2, in the sense that “min” is taken
instead of “max”.)

In the next section, we will focus on this problem in relationship with the
Nash equilibrium for Perov contractions. An iterative scheme for finding a
Nash-type equilibrium is introduced and its convergence is studied. The result
is illustrated with an application to periodic solutions for a second-order differ-
ential system, which describes the oscillations of two pendulums.

We first establish a minimum property for classical contractions in the ab-
stract setting of Hilbert space. We start with the case of contractions on the
whole space.

Theorem 8.1. Let X be a Hilbert space and N : X — X be a contraction with
the unique fixed point u*. Assume that there exists a C'-functional E bounded
from below such that

E'(uy=u—Nu) forallueX. (8.2)
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Then u™ minimizes the functional E, that is,
E (u*) =infE.
(u ) iny
Proof. By the Bishop-Phelps theorem (Theorem A.4 in Appendix A), there is a

sequence (u,) with

E (u,) — i§fE and E’(u,) — 0. (8.3)

Let v, := E' (u,) =u,, — N (u,). We have v,, — 0 and
|un+p - un| = }N (”n+p) -N (un)} + }Un+p - Un|
<a |un+p _un‘ + ‘Un+p - Un‘ .

Here, a € [0, 1) is the contraction constant of N. Hence

1
|un+p —Up| = m |Un+p - Un| .

Since (v,) is a convergent sequence, this implies that (u,) is Cauchy, too. It
follows that u,, — u for some u. Now relation (8.3) yields

E@=infE and E'G)=0.

Relation E’ () = 0 shows that u is a fixed point of N, and since N has a unique
fixed point, u = u*.

An analogue result holds for contractions on a ball Bg = {u € X : |u| < R}
of the Hilbert space X. O

Theorem 8.2. Let X be a Hilbert space and N : Bg — X be a contraction
satisfying the Leray-Schauder condition

u#AN (u) for lul=Rand i€ (0,1). (8.4)

Let u* denote the unique fixed point of N (guaranteed by the nonlinear alter-
native). Assume that there exists a C'-functional E bounded from below on B
such that

E'u)y=u—N ) forallue Bg.

Then u* minimizes the functional E on B, that is,

E (u*) =infE.
Bp
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Proof. As a consequence of Schechter’s critical point theorem in a ball (Theo-
rem A.5 in Appendix A), there is a sequence (u,,) of elements from B g, with

E (u;) — inf E and
Br
either E’ (u,) — 0, or
(E/ (un), un)

E () = -~

Up - O’ |un| = R’ (E/ (un): un) S O

In the first case, when E’ (u,) — 0, we repeat the argument developed in the
proof of Theorem 8.1.

In the second case, since (E’(un),un) = R*> — (N (un),u,) and N is
bounded as a contraction, we may pass to a subsequence in order to assume
the convergence

/

Furthermore, if v, := E’ (u,,) + p,ly, then
(I +w)up =va+ N (un) + zn
with z,, = (u — ) u,. Therefore z,, — 0. Next, we observe that
(I + 1) [tngp — tn| < |Vngp — Va| + @ tngp — tn| + |2n4p — 2

and so

1
< -
“1+pu—a
This implies that (u,) is Cauchy. Let u be its limit. Then

R, (o =l + 2 = ).

E@)=infE and E’ (u)+ pu=0,
Bg
where |u| = R and p > 0. We claim that the case > 0 is not possible. In-
deed, if we assume that u > 0, then from u — N (#) + uu = 0 we would have
u= ﬁN (u) which has been excluded by the Leray-Schauder condition (8.4).
Hence 1 =0, E' (u) =0, that is, u = N (u). Again the uniqueness of the fixed
point guarantees u = u*. O

We recall that a sequence (u,,) with (E (u,)) converging and E’ (u,) — 0 is
called a Palais-Smale sequence, while the property of a functional of existing a
convergent subsequence for each Palais-Smale sequence, is named the Palais-
Smale condition. Thus, Theorem 8.1 asserts that if E’ is represented by (8.2),
then E satisfies even more than the Palais-Smale condition, in the sense that
the Palais-Smale sequences are entirely (not only some of their subsequences)
convergent.
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We point out that if in Theorem 8.2, the operator N is assumed to be more
general condensing, then the minimizing sequence (u,) has a subsequence
converging to the absolute minimum of E on Bpg. Indeed, if (uy,) satisfies
E’ (uy) — 0, then using a measure « of noncompactness with respect to whom
N is condensing, we find

a({un}) =0 ({E" () + N (un)}) 8.5)
<a({E' un)}) +a (N )}
=a ({N un)}).

If {u,} is not relatively compact, that is, o ({u;,}) > 0, then by the condensing
property, o ({N (#,)}) < a ({¢,}), which in view of (8.5) yields the contradic-
tion o ({un}) < o ({u,}). Hence {u,} is relatively compact, as desired.

If we focus on critical points of a functional E, and not on the fixed points
of an operator N, then we can state the following more general result.

Theorem 8.3. Let X be a Banach space with norm |.| and E be a C'-functional
bounded from below with E' strongly monotone, that is

(E'w)—E"(v),u—v)>alu— v|?> forallu,veX,

and some a > 0. Then there exists u* € X with

E (u*)= igl(fE and E'(u*)=0.
Proof. As in the proof of Theorem 8.1, let (u;) be such that

E (u,) — igl(fE and E’(u,) — 0.
Denote v, := E’ (u,). We have v, — 0in X’, and

2
a|\Un+p — Mn| = (E/ (un+p) —E (Un), Untp — un)
= (Untp = Vns tntp = tn) = [Vntp = Vn| [ttnsp — tn].
It follows that
1
A e

and the assertion follows as above. U

Similarly, we have the following generalization of Theorem 8.2.

Theorem 8.4. Let X be a Hilbert space and E be a C ! functional such that E'
is strongly monotone on B and

E' (u)+uu#0 for lul=Rand u > 0.
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Then there exists u™ with

E(u*)=infE and E'(u*)=0.
Bgr

Proof. With the notations from the proof of Theorem 8.2, we have
2
a |un+[, - u,,|
< (E/ (un—i-p) —E (un) , Up+p — un)
= (Un+p — Up, Up4p — un) - M (un+p —Up, Untp — Mn)

+ (M - ﬂn+p) (Mn+ps Un+p — un) — (1 — M) (Mn» Un+p — Un) .

Hence

(a+np) \Mn—&-p _un| = |Un+p - Un| +R(|,U«_,Uvn+p} + |//v_l/«n|)a

which implies that (u,,) is a Cauchy sequence. O

8.2 NASH EQUILIBRIUM FOR PEROV CONTRACTIONS

Let (X;,].];), i =1, 2, be Hilbert spaces identified to their dual spaces and let
X = X1 x X». Consider the system

u=Nj(u,v)
v= N (u,v)

where (u,v) € X. Assume that each equation of the system has a variational
form, that is, there exist continuous functionals E;, E> : X — R such that
E1 (., v) is Fréchet differentiable for every v € X7, E3 (u,.) is Fréchet differ-
entiable for every u € X1, and

Eq1 (u,v) =u— Ny (u,v) (8.6)
Ex» m,v)=v— Ny (u,v).

As in the previous section, E11 (., v), E22 (u, .) denote the Fréchet derivatives of
E;(.,v) and E; (u, .), respectively.

We say that the operator N : X — X, N (u,v) = (N (u,v), N2 (u,v)) is
a Perov contraction if there exists a matrix M = [m,- j] € Mj 2 (R4) such that
M" tends to the zero matrix 0, and the following matricial Lipschitz condition

is satisfied
|N1 (u7v)_N] (?9?)'1 SM |M—§|] (87)
|N2(u7v)_N2(uvv)|2 |U—U|2

for every u,u € X1 and v, v € X».
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Notice that the property M" — 0 is equivalent to p (M) < 1, where p (M)
is the spectral radius of matrix M, and also to the fact that / — M is non-
singular and all the elements of the matrix (I — M )_1 are nonnegative (see
Precup [143], [144]).

Theorem 8.5. Assume that the above conditions are satisfied. In addition, we
assume that E1 (.,v) and E; (u,.) are bounded from below for every u € Xj,
v € X», and that there exist positive numbers R and a such that one of the
following conditions holds:

either E| (u, v) Zi}l(lel (.,v)+a for |uly = Randall v e X,
1

8.8
or Ez(u,v)zi)r(lez(u,.)—i—a for |v|, > Rand allu € X;. 85
2

Then the unique fixed point (u*, v*) of N (guaranteed by Perov’s fixed point
theorem) is a Nash-type equilibrium of the pair of functionals (E1, E3), that is,

E (u*, v*) =inf £ (., U*)
X1

Proof. Assume that relation (8.8) holds for E,. We shall construct recursively
two sequences (up), (v,), based on the Bishop-Phelps theorem. Let vy be any
element of X,. At any step n (n > 1) we may find a u, € X and a v, € X» such
that

. 1 1
E1 (un, vo—1) <inf Eq (L, ve—1) + =, |E11 (U, va—1)|; < — (8.9)
X1 n n
and
. 1 1
E> (up, vy) <inf E3 (uy,, ) + —, |E22(un»vn)|2§ - (8.10)
X n n

For % < a, from (8.8) and (8.10) we have |v,|, < R. Hence the sequence (v;,) is
bounded. Let oy, := Eq1 (uy, vy—1) and By, := E2o (uy, vy). Clearly «,,, 8, — O.
Also

up — N1 (Up, vp—1) =y
vy — No (up, vp) = By

It follows that

Un+p — un‘l = ‘Nl (un+pv Un+p71) — Ny (uy, Unfl)}] + ‘aner - an‘l

=mi |un+p - un|1 +mi2 |Un+p71 - Un71|2 + ’an+p _Oln’1
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< mut untp = ttn|y +m12 [Vasp = valy + [onrp — ol

+mi2 (|Un+ﬁ—1 — Un—1 |2 - |U"+P - v,,|2).

Denote a, p = |un+[,—un|1, bu,p = |v,,+1,—v,, 2 Cnp = ’anﬂ,—(xn 1
dn.p =|Bu+p — Bnl,- Then
an,pSmllan,p+m12bn,p+Cn,p+m12 (bn—l,p_bn,p)- (8.11)

Similarly, we deduce that
bn,p <ma1an,p + m22bn,p + dn,p-

Hence

|: an,p i|§M|: an,p j|+ Cn,p+ml2 (bnfl,p _bn,p) )
bn.p b, p dn.p

Consequently, since / — M is invertible and its inverse contains only nonnegative
elements, we may write

[ Znap }S(I_M)] [ Cn,p+m12 (bn—l,p _bn,p) :|

n,p dn,IJ
Let (I — M)~" =[y;;]. Then
n,p)) + ylZdn,p (812)

n p)) + V22dn,po

an,p = V11 (Cn,p +mi2 (bn—l,p

—-b
bn,p =y (Cn,p +mi2 (bn—l,p —b

From the second inequality, we deduce that

Y21mi2 LIy, + y22dn,p

byp < ———by
P 14+ ymin P 1+ y21myp

(8.13)

We observe that (bn’ p) is bounded uniformly with respect to p. Lemma 8.1
shows that b,, ;, — 0 uniformly for p € N, and hence (v,) is a Cauchy sequence.
Next, the first inequality in (8.12) implies that (u,) is also Cauchy. Let u*, v*
be the limits of (u,), (v,), respectively. The conclusion now follows if we pass
to the limit in (8.9) and (8.10).

In case that E satisfies (8.8), we interchange E1, E; in the construction of
the two sequences, more exactly we obtain

(8.14)

S| =

. 1
E> (up—1,v,) < l)l(lez (tp-1,.)+ . |E2 (n—-1,Vp)lp <
2
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and
. 1 1
Ey (up,v,) <inf Eq (., vy) + —, |Ell(unavn)|1§_' (8.15)
X1 n n

This completes the proof. O

The following elementary result is frequently used to argue the convergence
of the iterative schemas.

Lemma 8.1. Let (xn, ,,), (yn’ p) be two sequences of real numbers depending on
a parameter p, such that

(xm p) is bounded uniformly with respect to p,
and
0<xup <Axn_1,p + Yu,p foralln, p and some X € [0, 1). (8.16)

If yn,p — O uniformly with respect to p, then x, , — 0 uniformly with respect
to p too.

Proof. Let & > 0 be any number. Since y,, , — 0 uniformly with respect to p,
there exists n1 (not depending on p) such that y, , < ¢ for all n > ny. From
Xn,p < AXp_1,p +€ (n > ny), we deduce that

’

Sp ST e (A2 ) <KMot e

where c is a bound for x;, . This yields x, , — 0, uniformly in p. O

Remark 8.1. If instead of condition (8.8) we assume that there exist convergent
subsequences (uy; ), (vn;)of the sequences (u,), (v,) given by (8.9) and (8.10),
then the conclusion of Theorem 8.5 remains true. To prove this, we first show

that the sequence (bnj_l,l) defined by bnj_1,1 = |vn_i — Up;—1 |2 is bounded.
Indeed, from (8.13), we obtain that
buj—1.1 <Abu, 21+ (1 =27 (= D).
This yields
bp;—10 AT by i+ L=A (= J2),
whence
b1 —1<A (b, _—11—1) (= j2). (8.17)

Denote z; = bn_/._m. Notice that the case z; > 1 for all j > j> is not possi-
ble. Since otherwise 0 <z; — 1 < A2 (z.,'2 — 1), whence z; — 1. However,
by (8.16), this would imply the contradiction 1 < 1 — A. Therefore, there exists
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J3 = jo with z;; < 1. Then (8.17) implies that z; < 1 for all j > j3, hence (zj)
is bounded, as claimed.
Next, from Lemma 8.1, applied for p =1 and x;; := bn_,—],l, we find that

b,,_,._l,l — 0 as j — oo. Hence the sequence (v,,_/._ 1) is convergent to the limit
v* of (vy;)- The conclusion follows if we let j — o0 in (8.9), (8.10) withn = n;.

__ An analogue result holds for Perov contractions on the Cartesian product
BpR, x Bg, of two balls of X and X>.

Theorem 8.6. Ler N : ERI X ERZ — X, N =(Ny, Np) be_a Perov general_ized
contraction, that is, relation (8.7) is satisfied for u,u € B, and v,v € By,.
Assume that for every A € (0, 1),

u#ANi (u,v) if luly =Ry, v€Bg,,
v # ANy (u,v) if |vly=Ra, u € Bpg,.

In addition, we assume that the representation (8.6) holds on Bg, x B, for two
continuous functionals E1, E : X — R such that E| (., v) is Fréchet differen-
tiable for every v € X», E> (u, .) is Fréchet differentiable for every u € X1, and
that E1 (., v), E> (u,.) are bounded from below on ERI and ERz respectively,
for every u € ERI, Ve ER2~ Then the unique fixed point (u*, v*) € ERI X ERZ
of N (guaranteed by the nonlinear alternative for Perov contractions, see Pre-
cup [143]) is a Nash-type equilibrium in ERI X ERz of the pair of functionals
(E1, E»), that is,

E (u*, U*) = inf E;| (., U*)

E, (u*, v*) =inf E; (u*, ) .
The proof combines arguments from the proofs of Theorems 8.2 and 8.5.

8.2.1 Application: Oscillations of Two Pendulums

Consider the following periodic problem

W' (1) =V, F (t,u(t),v() ae on (0,T)
V' (1) =VyG (t,u(t),v(t)) ae.on (0,T)
u@) —u(M=u"0)—u'(T)=0
v (0) —v(T)=2"(0) —v'(T) =0,

(8.18)

where F, G : (0, T) x Rb x RR2 — R.

All functions of the type H : (0,T) x R" - R™, H=H (t,x) (n,m > 1),
including F, G, V. F, and V, G, will be assumed to be Ll-Carathéodory, namely
H (., x) is measurable for each x € R", H (¢, .) is continuous for a.e. t € (0, T),
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and such that for each R > 0, there exists bg € L' (0, T; R,) with |H (t, x)| <
bg (t) fora.e.t € (0,T) and all x e R", |x| < R.

In our case, the system does not have a variational structure, but it splits into
two subsystems having each one a variational form.

A pair (u4,v) € H; (0, T; Rkl) X H; (0, T; R]Q) is a solution of prob-
lem (8.18) if and only if

E11(u,v) =0, Exn(u,v)=0,

where E1, Ey: H) (0, T:R") x H} (0, T; RR2) - R,

T
E| (u,v):/ <%|u/|2+F(t,u(t),v(t)))dt
0 (8.19)

T
E> (u,v):/ <5 |v'|2—I-G(t,u(t),v(t))) dr.
0
Here, H 1& O, T; R¥ ) is the space of functions of the form
t
u(t) =/ v(s)ds + c,
0

with u(0) = u(T), c € R¥, and v € L? (0, T; R¥).
We define a scalar product in H[l (0, T, ]Rk") (i=1,2)by

T
(u,v); = /0 [(u’ ),V (1) + m? (u (), v (t))] dt,

where m; # 0. The corresponding norm is

T
jul; = (/ (J OF +m? w02 dz)
0

/
We identify the dual (H; (0, T; Rh)) to H; (O, T; ka) via the mapping J;
defined by

172

/
(H) (0.T:RY)) s b dih=u,
the unique weak solution of the problem

—u” +m?u=h ae on (0,T)
u @) —u((T)=u'(0)—u'(T)=0.

Then

Eip (u,v) =u— Ji (mfu V. F(,u, u)),
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Eyu,v)=v—J, (m%v -VyG(.,u, v)) .
Hence
Ny, v) = Jy (m%u V. F(,u, v)) Ny, v) = (mgv ~V,G (., v)) .

In what follows, we use the obvious inequality
1
lul2 < — lul; (u cH) (0, T R"f)) (8.20)
m;

and the estimation of the norm of J;, as linear operator from L? (0, T; Rki ) to
H 11 (0, T; Rki ) To obtain this, we start with the definition of the operator J;,
which gives
1
|Jih|? = (Jih, Jih); = (h, Jih) 12 < |kl 2 | Jih 2 < p— |hl2 | Jihl; .
1
Hence

ik, Smii”"“ (heL2 (o, T;Rki)). (8.21)

We say that a function H : (0, T) x R — R is of coercive type if the func-
tional E : Hll (0,T;R¥) > R,

T
E (u) =/ (% ' () + H (¢, u (z))) di (8.22)
0

is coercive, that is, E (1) — 400 as |u| — oco. Here we have denoted

T
/ 2 2 /

Lemma 8.2. Assume that for some y € R\ {0}, V (H —y? |x|2) is bounded by
an L'-function for all x € R* and the average of H (t, x) — y? |x|* with respect
to t is bounded from below, more exactly:

1/2

V(@0 =y 1P| =am

fora.e.t €(0,T), all x € R¥, some a € L' (0, T; R,), and
T
/ H(t,x)dt — T)/2 |x|2 >C >—00
0

for all x € R¥ and some constant C. Then the functional (8.22) is coercive.
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Proof. Denote H,, (t,x) = H (t,x) — Y2 |x|?. For u € H; (0, T; Rk), we have

u=ﬁ+ﬁwhereﬁ=fOTu(t)dt and 7 = u — u. Then
T 1 2 T
_ / 2 2 —
E(u)_/ (§|u (t)| + v lu (@)l )dl+/ H, (t,u)dt
0 0
T
+/ [Hy (t,u(t)) — Hy, (t,0)]dt
0

> min{1,22} |u|2+C+/0T /01 (VH, (1,7 + 57 (1)), @ (1)) dsdt
zmin[1,2y2}|u|2+C—|a|L| s -

Since [it], < c|u] < ¢ |u|, we deduce that
E(u)Zmin{1,2y2}|u|2~|—C—c|a|L1 lul = 00 as |u] — oco.

The proof is now complete. O

Notice that if H is of coercive type, then the functional (8.22) is bounded
from below. Indeed, the coercivity property implies that there exists a positive
number R such that E (1) > 0 if |u| > R. Since the injection of Hll7 (0, T; R¥)
into C (0, T;R*) is continuous, there exists ¢ > 0 such that |uls, < c|ul
for every u e Hll (0, T; R¥). Then, for |u| < R, |ulo < cR and since H is
L'-Carathéodory, H (t,u (1)) > —b (t) for a.e. t € (0, T). As a result, for |u| <
R, one has E (u) > — |b| ;1. Hence E (u) > — |b|;1 forall u € Hll7 (0, T; R¥) as
we claimed.

Our hypotheses are as follows:

(H1) for each R > 0, there exist 01,02 € L' (0, T; R;) and y # 0 such that
F(t,2,9) = y* [xIP =01 (@) x| =02 (1)

fora.e.t € (0,T), all x € R¥ and y € R* with |y| < R;
(H2) there exist g, g1 : (0, T) x R¥2 — R of coercive type with

gt.y) =G, x,y)<g1(t.y) (8.23)

forall x e R¥ | y e R¥2 and ae.t € (0, T);
(H3) there existm;; e Ry (i, j = 1,2) with

3 (6 =) = Vi (F (4,2,9) = F(GE )| <mut [x =%+ mia |y = 51

(8.24)
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for all x,x € R¥1, V,y € Rk and ae. r € (0, T), such that the spectral
radius of the matrix

M=| ™ ™™ (8.25)
mai maj
mipmy m%

is strictly less than one.

Theorem 8.7. Under hypotheses (H1)—(H3), problem (8.18) has a unique solu-
tion

(u,v) € H) (0, 1; Rkl) x H) (0, 1; Rk2),

which is a Nash-type equilibrium of the pair of energy functionals (Ey, E>)
given by (8.19).

Proof. From (H1) we have that Ej (.,v) is bounded from below for each
ve HI; (0, 1; R*2). Indeed, if R = |v], then

T
El(u,wz/o (5|u/(t)|2+7/2|u(t)|2—01(t)lu(t)l—Gz(t)>dt

2
> Cyluly — Calul; — C3

whence the desired conclusion.
Next, using the first inequality in (8.23), we have

rr
E>(u,v) > ¢ (v) :=/0 (5 v @) +g v (t))) dt.

Since g is of coercive type, ¢ is bounded from below. Thus, E> (u, .) is bounded
from below even uniformly with respect to u.
Furthermore, if we denote

T 1
¢1 (v)=/0 (5 v O] +& (r,v(r») dt,

we fix any number a > 0, we use (8.23) and the coercivity of ¢, then we may
find a number R > 0 such that

infE (u,.) +a <inf¢y +a <@ (v)

for |v|, > R. Since E3 (1, v) > ¢ (v), this shows that condition (8.8) is satisfied
by Ej.
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Finally, using (8.20), (8.21) and (8.24) we obtain

[Ny @ 0) = Ny @ D)y = |y (m =) = Vi (F Coaesv) = F T D))

IA

L [} =) = Vi (F (o 0) = F 70D
mq L

mii — mi2 _
<—u—ulp+—|v—"2p2

mi mi

miy — mi2 _
<—5 lu—ul; + lv—"1lp.

m mipm3

1

A similar inequality holds for N> and so condition (8.7) is satisfied with the
matrix M given by (8.25). Therefore all the hypotheses of Theorem 8.5 are
fulfilled. O

Example 8.1. Consider the system of two scalar equations

u = 2y12u +a (t)sinu (t) + b (t)cosu (t)cosv () + ¢ (1) (8.26)
v =2y3v+ A(t)sinu (t)cosv (1) + B (1) cos v (1), '

where y1, 72 #£0and a,b, A, B L®(0,T), ce L' (0, T). In this case,

F(t,x,y)= y12x2 —a(t)ycosx+b(t)sinxcosy+c(t)x
G (t,x,y) =y?y? + A(t)sinxsiny + B (1) siny

and we let m; = y,-\/i (i =1, 2). If the spectral radius of the matrix

1 1b]00
| 57 aleo F 1blec) o
|Also 1
5 5,7 (Aloo + 1Bloo)

is strictly less than one, then the system (8.26) has a unique T -periodic solution,
which is a Nash type equilibrium of the pair of energy functionals of the system.

8.3 NASH EQUILIBRIUM FOR SYSTEMS OF VARIATIONAL
INEQUALITIES

In this section, the solutions of some systems of variational inequalities are
obtained as Nash-type equilibria of the corresponding systems of Szulkin func-
tionals. This is achieved by an iterative scheme based on Ekeland’s variational
principle, whose convergence is proved via the vector technique involving
inverse-positive matrices. An application to periodic solutions for a system of
two second order ordinary differential equations with singular ¢-Laplace opera-
tors is included. In this section we follow the results developed by Precup [146,
147].
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Consider the following system of variational inequalities: find (x,y) €
X x Y such that

(Fr ey u—x)+ 9 @) —¢x) =0

forall (u,v)e X xY, (8.27)
(G v =3+ v @ =¥ 020
where X, Y are Banach spaces with norms |.|y , |.|y and F7, g;, are the Fréchet
derivatives of F and G in the first and second variable, respectively.
We first assume that the following condition is fulfilled:

(Hyp) F,G:X xY — Rare of class C! with respect to the first and the second
variable, respectively, and ¢ : X — (—o0, +o0], ¥ : ¥ — (—00, +00] are
proper, lower semicontinuous and convex functionals.

Then a couple of elements (x, y) € D (¢) x D (¥) is a solution of the system
if x is a critical point in Szulkin’s sense of the functional F (., y) + ¢ and y is a
critical point in Szulkin’s sense of the functional G (x, .) + . We are interested
in such a solution which is a Nash-type equilibrium of the pair of functionals
(E1, Ep), where E, E> : X X Y — (—00, +00],

Ei:=F+¢, Ey=G+1,
that is
Ei(x,y)=minE{ (u,y), E>(x,y)=minE; (x,v).
ueX veY

From a physical point of view, a Nash-type equilibrium (x, y) for two inter-
connected mechanisms whose energies are E, E;, is such that the motion of
each mechanism is conformed to the minimum energy principle by taking into
account the motion of the other.

To obtain such a solution of the system (8.27), an iterative scheme is in-
troduced, a Palais-Smale type condition is defined, and the convergence of the
iterative procedure is proved via a vector technique based on inverse-positive
matrices. In such a way, the abstract part of this section represents a vectoriza-
tion of the direct variational principle for Szulkin-type functionals [165].

The main abstract result of this section is illustrated with an application to the
study of the periodic problem for a system of equations involving the singular
¢-Laplace operator:

(1 (x')) = ViFi (t,x, y)

) (8.28)
(2() =VyFa(t,x,y).

We point out that this system is composed by two equations having a varia-
tional form each, but without a variational structure in its whole. Another feature
of the analysis we will develop is that we work in the Lebesgue space L? instead
of the standard space of continuous functions.
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A function H : (0,T) x R" - R™, H = H (t,x) (n,m > 1) is said to be
Ll-Carathéodory, if it satisfies the Carathéodory conditions, that is, H (., x) is
measurable for each x € R” and H (¢, .) is continuous for a.e. r € (0, T); and
for each r > 0, there is b, € L! (0, T; R4) such that |H (¢, x)| < b, (¢) for a.e.
t€(0,T) and all x € B, (R").

The function H is said to be (p, g)-Carathéodory (1 < p, q < 00) if it satis-
fies the Carathéodory conditions and |H (¢, x)| <a |x|P/9 4+ b (1) for all x € R",
ae.te€(0,T)andsomea e Ry, be L71(0,T;Ry).

The superposition operator x — H (., x (.)) is well-defined and continu-
ous from C ([0, T]; R") to L' (0, T; R™), provided that H is L'-Carathéodory.
The superposition operator is from L? (0,7;R") to LY (0, T;R™) if H is
(p, g)-Carathéodory.

A square matrix of real numbers is said to be inverse-positive if it is nonsin-
gular and all the elements of its inverse are nonnegative. A class of such kind of
matrices is given by the matrices of the form I — A, where [/ is the unit matrix,
the elements of A are nonnegative, and the spectral radius of A is strictly less
than one. However, there are matrices A with not all elements nonnegative and
spectral radius bigger than one, such that I — A is inverse-positive. An exam-

-2 a

ple is the matrix A =
0 -1

:|, where a > 0. Also note that a matrix of

a —b
—c d
determinant is positive, that is, ad — bc > 0.

Let us now assume the following hypothesis.

the form |: i|, with a, b, c,d > 0 is inverse-positive if and only if its

(Hj) The functionals E (., y) and E; (x, .) are bounded from below for every
xeD(p)andy e D ().

Theorem 8.8. Assume that conditions (Hy), (Hy) hold. Then for every
yo € D (), there exist sequences (x,) and (y,) such that x, € D (¢),
yn €D W),

) 1
E1 (o, ynt) SI0FEL (o yn1) + — (8.29)
1
(73 Qs 1) st = ) 9 () = 9 () = =~ Ju = Zalx (8.30)
forevery ue D (p),
1
E2 (. yu) <10f B (in, ) + (8.31)
n
) 1
(9% e ) v =) ¥ @) =¥ () = = [0 = yuly - (8.32)

forevery ve D (¥).

Proof. For n =1, we first obtain x; by applying Theorem A.6 to the functional
E1 (., y0). Then y; is obtained similarly for the functional E; (x1,.). Further-
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more, at any step n, we obtain x, and then y, by applying Theorem A.6 to
E1 (., yp—1) and E3 (x,, .), respectively. O

We now require a stronger continuity property for F, G:
(H) Condition (Ho) is satisfied and F, G, Fy, Q; are continuous on X x Y.

We also define the following Palais-Smale compactness condition for the
pair of functionals (E1, E3).

(PS*) If (xp)p>1> (Yn)p>o are any sequences such that the conditions
(8.29)—(8.32) are satisfied, then (x,), (y,) possess convergent subse-
quences (xn_/), (yn j) with the additional property

Yn; = Yn;—1 >0 as j— oo. (8.33)

Theorem 8.9. Assume that the conditions (Hj) and (PS*) are satisfied. Then
the system (8.27) has at least one solution which is a Nash-type equilibrium of
the pair of functionals (E1, E3).

Proof. By Theorem 8.8, if yg is any fixed element of D (), then there are se-
quences (x,),>1 and (y,),>o satisfying the conditions (8.29)—(8.32). The (PS*)
condition guar_antees the existence of the convergent subsequences (xn j), (yn j)
with the additional property (8.33). Let x, y be the limits of the corresponding
subsequences. Then

Xn; =X, Yp; —>y and y,,—1—>y as j— oo.

The conclusion now follows from the inequalities (8.29)—(8.32) written for
n =n;j, if we pass to the limit with j — oo by taking into account (Hg). O

The next result gives us a sufficient condition for (PS*) to hold, namely

(Hp) There exist constants m;; € Ry (i, j =1, 2) with
miymoy — miamoy > 0, (8.34)
and exponents 8, y > 1 such that
(FL e, y) = FL(u,v), x —u) = myy x —ulfy —mpalx —uly ly —vl}
(G5 @) = Gy )y = v) 2 —may 1 =l 1y = vly +moay = ol
forallx,u e X;y,veY.

Theorem 8.10. Assume that (Hy), (H1), and (H3) hold. If (y,) is bounded, then
the sequences (xp), (yn) given by (8.30), (8.32) are convergent.
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Proof. From (8.30) we obtain

<-F; (xn+p7 yn—i-p—l) - -F)/c (Xn> Yn—1)» Xn — xn+p)

1 1
== ;—'—n—i—p |xn+p_xn|x-

(‘7:)2 (xn+P’ yn+p—l) - ]:)/c (Xns Yn—1) » Xn — -xn+p)

Since
_ |8 _ _ y—1
=-—mji |xn+p xn|X +mi2 |xn+p xn|X |Yn+p—1 Yn—1 |Y
we deduce

_ _ 2
mii |xn+p —Xn|§ : —my2 \yn+p—1 - yn—l|; : = P

Similarly, from (8.32) we deduce that

—myi ’xn+p - xn’i_l +ma |Yn+p - )’n|);_l =

S|

Denote ay, p := |Xntp —xn‘i_l, bu,p = |Yntp — y,,|7;,_1. Then

2
mllan,p_m12bn,p§m12 (brz—l,p_bn,p)+;l, (8.35)
2
—m214n,p +m22bn,p =< ;

Therefore

M |: An,p :| < mi2 (bn—l,p - bn,p) + % 7 (8.36)
bu.p 2

where

M= [ mi —mp ]
—m21 M
From (8.34) it follows that the matrix M is inverse-positive. It follows that we
can multiply relation (8.36) by M~! to obtain

np | < -1 m12(bn—l,p_bn,p)+%
bup |~ 2 ’

n

If M~ =[dyj],_; -, then

2 2
an,pfdll |:m12 (bn—l,p_bn,p)+;j|+d12;v (8.37)
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2 2
bp,p <da1 | mi2 (bn—l,p—bn,p)+; +d22;~

The last inequality yields

daima 1 i +dn 2
YT T tdumyy T T dyminn’

Thus, by Lemma 8.1, we deduce that b, , — 0 in Y, uniformly with respect
to p, hence the sequence (y,) is Cauchy in Y. Now the first inequality of (8.37)
implies that the sequence (x,) is also Cauchy in X. O

Remark 8.2. We notice that under the assumption (H»), the system (8.27) has
at most one solution. Indeed, if (x, y) and (x,y) are two solutions of (8.27),
then

(Free. ). =x)+o@ —9x) >0
(Fr@E».x=X)+e (-9 =0
whence

(FL(x,y) = FL&,5),T—x)=0

It follows that
—_B—1 1
mu k=% —mply =377 <0,
Similarly we have
—p—1 —y—1
—myy |x —xlf( +mnly -y} <0.

These two inequalities yield
—B-1
M 'x_x|X1 5[0]
ly =31y~ 0

_B—1

=15 <M4[0}‘
—y—1 - 0

|y - Y|y

Consequently, |x — Yli_l =|y— yli’,_l = 0. It follows that (x, y) = (X, ).

whence

The next condition will guarantee the boundedness of the sequence (y;).
(H3) There exist a, R > 0 such that

Ez(x,y)zgl&f)Ez(x,.)+a forxe D(¢), ye D). |yly = R.
(8.38)
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Theorem 8.11. [f the conditions (HS‘), (Hy), (Hy), and (H3) hold, then the
system (8.27) has a unique solution (x,y) which is a Nash-type equilibrium of
the pair of functionals (E1, E3).

Proof. For % < a, from (8.31) and (8.38), we have |y,|y < R. Hence the se-
quence (y,) is bounded and the conclusion follows from Theorems 8.9, 8.10
and Remark 8.2. [l

8.3.1 Application to Periodic Solutions of Second-Order Systems

To illustrate the theory let us consider the periodic problem

(61 (x') = Vi Fi (2, x,y) (8.39)

(2(0) =VyFa(t,x, y)
x(0)=x(T)=x"0)—x"(T)=0
y () —y(T)=y"(0)—y (T)=0

where Fi, F>: (0, T) x Rf x RF2 — R,

We look for solutions (x, y) withx € C! ([0, T],R*), y e C! ([0, T],RR2),
such that |x'|, o < r1, ||, <72, @1 (x) and ¢ (y') are differentiable a.e.,
and (8.39) is satisfied a.e. on (0, T).

We shall assume that F, F are (2, 1)-Carathéodory and V, Fy and V, F, are
(2, 2)-Carathéodory functions. As concerns the functions ¢;, i = 1, 2, we shall
assume the following condition:

(hy) ¢;: By, (Rki) — Rkijsa homeomorphism such that ¢; (0) =0, ¢; = VP;
with @; : B, (R¥) — R of class C! on B,, (R¥'), continuous and strictly
convex on By, (R) and with ®; (0) =0.

The typical example of such a homeomorphism is the following function

arising from special relativity, ¢ : B, (R¥) — R,

Z

N

for which ¢ (2) = V® (2), ® (2) =r — V1?2 — |z|*.

Finding solutions of the system (8.39) it suffices to obtain pairs (x, y) of
functions such that x, y are critical points in Szulkin’s sense of the func-
tionals Ej (., y) and E» (x,.), respectively, where Ep, E7 : L? (0, T; Rkl) X
L?(0,T; Rk2) — (—o0, +0o0l,

¢ ()=

Ei=F+¢, E2=G+y (8.40)

T T
f(x,)’)=/0 Fi(t,x(@),y()dt, Q(x,y):/o F(t,x (1), y (1) dt,
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T
@ (x)= /O<I>1(x’(t))dt, if x € K,

+00, otherwise,

T
V()= /0 @2 (¥ (0)dr. if yeKs

+00, otherwise,

and
K; = {z e Wwhoe (0, T;R"f) :2(0)=2(T) and || §r,~} (i=1,2).
Thus

D(p)=K; and D (y)=K>.

By straightforward computation we obtain that the functionals F, G, ¢, and
¥ satisty (Hpj), where

X=12 (0, T Rk') and Y =12 (0, T ]Rk2> .

In what follows, we denote by |.|x, |.|y the L?-norms of L? (O, T; Rk') and
L? (0, T; sz), respectively.
In order to guarantee condition (H) we require the following condition:

(hr) There exist constants m;; € Ry (i, j = 1,2), with

myymy — miamyy > 0,
such that
(Vi F1 (t,x,y) — Vi F1 (t,u,v), x —u)
2
>myy|x —ul” —mp|x —ully —v|,

(VyFa(t,x,y) = VyFr (t,u,v), y —v)

2
> —myy |x —ully —v|+manly — v

(8.41)

forall x,u € ]Rkl; Y,V E Rk2,
Indeed, if x, u € L? (O, T; Rkl) and y,v € L? (0, T; Rk2), then

(Fe(x,y) = Fr(u,v),x —u)

T
=/0 (Vi Fr(t,x (1), y (@) = VaF1 (t,u (1), v (@), x (1) —u(r))dt
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T T
2 [ @ =u@Pdi—mn [0 -uolly© - voldr
0 0
>myy|x —ulk —mip|x —ulyly —vly.
Hence the first inequality in (Hjy) is fulfilled with § = y = 2. The second in-

equality follows similarly.
In order to satisfy (H3) we assume the following coercivity condition on F3:

(h.) There exist Ll-Carathéodory functions g,k : (0, T) x R*k2 — R such that
g, Y)SF(t,x,y)<h(t,y) (3.42)
fora.e.r€(0,T),all x e RF y e R¥2, and
T
o (y) ::/0 gt,y(@®)dt - oo as ye Ky, |yly = oo. (8.43)

We first notice that « is bounded from below on K. Indeed, from (8.43),
there exists R > 0O such that

a(y) >0 forall ye Ky with |y|y > R. (8.44)

On the other hand, if |y|y < R and ¢y € [0, T'] is such that |y (f9)| = |y|~, from
t

/ v (s)ds
fo

[Vlpoo < |y @)+ Trp forallrel0,T],

ly @O =1y ()| =1y (1) =y (to)| = [y[pe — = [Ylpee = Tr2

we have

whence, by passing to the L?-norm, we deduce

|yly + Tro < —=R+Try=:R;. (8.45)

Iylpes < \/— \/_

Since g is Ll-CaIathéodory, there exists a funct_ion bg, € L! (0, T;R4) such
that g (t, y)| < bg, (t) fora.e.t € (0, T) and y € Bg, (R*?). Then

a(y) = —|bg, |, forallye K, with |y|y <R. (8.46)

Relations (8.44) and (8.46) show that « is bounded from below on K, as
claimed. Next, let

T
B () :=/O h(t,y())dt.
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If we fix any number a > 0, we use (8.42) and the coercivity of « we may find
R > 0 such that

inf G(x,)+a< inf B+a<a(y)
DY) DY)

for all y € D () with |y|ly > R. Since G (x, y) > « (¥), this proves that condi-
tion (Hy) is satisfied.
Finally, (H;) will be guaranteed by using the following condition:

(hp) For each R > 0, there exists og, g € L (0, T; R4) and yr > 0 such that

Fi(t,x,y) > yr x> — or (t) |x| — g (1)

forae.re€(0,7),all x € R* and y € Br (Rk2).
To check (Hy), let x € K1, y € K». According to (8.45) we have

1
Yl < —T lyly + Tro =: R.

Then

F(x,y) > yr X% — lorl 1x] g0 — InRIL1 -

Furthermore, from the similar inequality to (8.45) for K|, we obtain

1
F(x,y) > yr |x|% — ol 1(— x| +Tr1)—|77R| 1,
X v g lx L

where the right-hand side is bounded from below as a quadratic function. Thus,
both functionals F (., y), G (x,.) are bounded from below on K| and K>, re-
spectively. On the other hand, the functionals ¢ and v are bounded from below
as follows from their definition and the continuity of &, ®; on their compact
domains. Therefore condition (Hp) is satisfied.

As a conclusion we have the following theorem.

Theorem 8.12. Under hypotheses (h)g, (h)F, (h)c, and (h)p, the problem (8.39)
has a solution (x,y) which is a Nash-type equilibrium of the pair of energy
functionals (E1, E2) given by (8.40).

Example 8.2. Consider the coupled system of two scalar equations

(1 (x")) = mix +ai (t)siny + by (t) cosx cos y + 1 (7) (8.47)
(¢2 (') =m3y +az (t)sinx + by (¢) sinx cos y + ¢ (1) |

where ¢1, ¢, satisty (Wo; my,my # 0; ai,a2,b1,b2 € L*°(0,T) and
c1,ca € L? (0, T). In this case,

Fi(t,x,y)= m%x2/2+a1 (t)xsiny + by (¢)sinxcosy +cy (1) x
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F(t,x,y)= m§y2/2+a2 (t) ysinx + by () sinxsiny + ¢ () y.
If
2 P
mi>|bl'|Loc, l—1,2

and

(m? = b1l ) (3 = b2l1) > (arl o + 1b1]) (oo + (b2l 1)
(8.48)

then the system (8.47) has a T -periodic solution, which is a Nash type equilib-
rium of the pair of corresponding energy functionals of the system. Indeed, we
have

(Vi F1(t,x,y) — Vi F1 (t,u,v), x —u)
=m? (x —u)*> +ay (t) (siny — sinv) (x — u)
4 b1 (t) (cosx cosy — cosucosv) (x — u)
>mi (x —u)” — |ay|poo [x — ully — v = |b1] e (x —u)?

—|btlpee |x —ully — vl
= (3 = b1l ) (=0 = (oo + b1l ) v = ul [y = .
Hence the first inequality in (8.41) holds with
miy=mi —|bilp~, mia=lailpe + bilp.
Similarly, the second inequality in (8.41) holds with
ma1 = laz| oo + b2l o, maz=m3 — |bal oo
Thus, (8.48) is equivalent to (8.34). The condition (h), also holds with

g (t,y) =m3y* /2 — (lay (1)| + |2 (D)) |y| — |ba (1))
h(t,y) =m3y*/2+ (lax (1)| + |2 (D)) [y| + b2 (1))

as follows using (8.45). Indeed

r m% 2
A g, y@)dt > EX Iyly = (la2lp + lealpr) [ylps — 1201

L
VT

for every y € K. This shows that « (y) - oo as y € K», |y|ly — 0.

2
msT
> % V13 = (lazl g1 + lealp1) ( Iyly + Tr2) — b2y
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8.4 NASH EQUILIBRIUM OF NONVARIATIONAL SYSTEMS

Many systems arising in mathematical modeling require positive solutions as
acceptable states of the investigated real processes. Mathematically, finding pos-
itive solutions means to work in the positive cone of the space of all possible
states. However, a cone is an unbounded set and, in many cases, nonlinear
problems have several positive solutions. That is why it is important to local-
ize solutions in bounded subsets of a cone. This problem becomes even more
interesting in the case of nonlinear systems that do not have a variational struc-
ture, but each of its component equations has, namely there exist real “energy”
functionals E7 and E» such that the system is equivalent to the equations

Eq(u,v)=0
Ey (u,v) =0.

We recall that Eq; (u, v) is the partial derivative of E; with respect to u, and
E>; (u, v) is the partial derivative of E, with respect to v.

A problem of real interest is to see how the solutions (u, v) of this system
are connected with the variational properties of the functionals £ and E». One
possible situation, which fits to physical principles, is that a solution (u, v) is a
Nash-type equilibrium of the pair of functionals (E1, E>), that is,

Ei(u,v) =min E{ (w, v)
w

Ey(u,v) =min E> (u, w).
w

A result in this direction is given in Section 8.2 for the case when min,, is
achieved, either on an entire Banach space and then, or on a ball. Nonsmooth
analogues of those results, in the abstract framework of Szulkin functionals,
have been developed in Section 8.3.

In this section, we are concerned with the localization of a Nash-type equi-
librium in the Cartesian product of two conical sets, more exactly if u € K; and

v € Ky, where K; (i = 1,2) is a cone of a Hilbert space X; with norm ||-||;, and
ri<h@), lul; <R,
rn<hb), lvl;=<Ro,

for some positive numbers r; and R;, i = 1, 2. The main feature in this section
is that /; : K; — Ry are two given functionals. Usually, I; are the correspond-
ing norms, while here they are upper semicontinuous concave functionals. For
instance, in applications, such a functional / (1) can be infu. If in addition, due
to some embedding result, the norm ||u|| is comparable with sup « in the sense
that supu < c ||u|| for every nonnegative function u# and some constant ¢ > 0,
then the values of any nonnegative function u satisfying » </ (u) and ||u|| < R
belong to the interval [r, cR], which is very convenient for finding multiple so-
lutions located in disjoint annular conical sets.
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In the first part of this section we are concerned with the localization of a
critical point of minimum type in a convex conical set as above and we explain
how this result can be used in order to obtain finitely or infinitely many solutions.
The result can be seen as a variational analogue of some Krasnoselskii’s type
compression-expansion theorems from fixed point theory. Next, we obtain the
vector version of this result for gradient type systems. In particular, this result
allows to localize individually the components of a solution. The final part of
this section is devoted to the existence and localization of Nash-type equilibria
for nonvariational systems. An iterative algorithm is used and its convergence is
established assuming a local matricial contraction condition. The main abstract
result is illustrated with an application dealing with the periodic problem. The
results of this section are due to Precup [148].

8.4.1 A Localization Critical Point Theorem

Let X be a real Hilbert space with inner product (.,.) and norm ||.||, which is
identified with its dual. Assume that K C X is a wedge, and let/ : K — R be
a concave upper semicontinuous function with / (0) =0. Let E € C' (X) be a
functional and let N : X — X be the operator N (1) :=u — E’ (u).

For any positive numbers r and R we consider the conical set

Kp:={ueK:r=<l(u) and |u|| < R}.

Then K, is a convex set since / is concave, and it is closed since [ is upper
semicontinuous.
Assume that K, g # @ and

N (K;r) CK.
Lemma 8.3. Let the following conditions be satisfied:
m:= inf E (u) > —o0; (8.49)

uek,r

there exists € > 0 such that E (u) >m + ¢ for

all u € K,r which simultaneously satisfy | (u) =r and ||ull = R;

(8.50)
(N (u)) >r foreveryu e K,g. (8.51)
Then there exists a sequence (u,) C K,g such that
1
E(u,) <m+ — (8.52)
n

and

1
IE" (un) + dpuan | < - (8.53)
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where

E/ n’/>-“n 3
a2 | E ) = R and (E () ) <0 (8.5

0 otherwise.

Proof. By Ekeland’s variational principle, there exists a sequence (u,) C K,g
such that

E(uy) <m+ L (8.55)
n
E(uy) <E(v)+ % lv —unll (8.56)

forallve K, g andn > 1.
We distinguish the following distinct situations.

Case 1. There is a subsequence of (u,) (also denoted by (u,)) such that
r <1 (u,) and |lu,|| < R for every n. For a fixed but arbitrary n and ¢ > O,
consider the element

v=u, —tE (u,).

Since v= (1 —t)u, +tN (u,) and both u,, and N (u,,) belong to K, we deduce
that v € K for every ¢ € (0, 1). Next, the concavity of / and relation (8.51) yield

L) >0 —1)] (up) +tL(N (un)) = r
for all £ € (0, 1). In addition, the continuity of the norm gives ||v|| < R for every

t € (0, 1) small enough. It follows that v € K, for all sufficiently small ¢ > 0.
Replacing v in (8.56) we obtain

t
E (un = tE' n)) = E (un) = = | E" (un) |
Dividing by ¢ and letting ¢ go to zero yields
1
—(E"(n), E" () = = [ E" (wa) |
Therefore

1
| ] =
n

Thus, in this case, relation (8.53) holds with A, = 0.

Case 2. There is a subsequence of (u,) (also denoted by (u,)) such that
lunll = R for every n. Passing eventually to a new subsequence, in view
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of (8.50) and (8.55), we may assume that / (u,) > r for every n. Two subcases
are possible:

(@) For a subsequence (still denoted by (u,)), we have (E' (uy) , u,) > 0 for
every n. Then for any fixed index n, the above choice of v in (8.56) is still
possible since

ol = [ — 1" ) |* = Nun I + 22 | E' )| > = 26 (E" () s )
=R+ 2| E )| — 20 (E' (n) , un) < R?
for 0 <1 <2(E' (un) . un)/ | E’ (”n)||2'

(b) Assume that (E’ (), u,) < 0 for every n. Then for any fixed index n,
we use (8.56) with

v=uy — 1 (E' (up) + Aty + €uy),
where t, € > 0 and A, = — (E’ (u,) , u,)/R* > 0. Since

1—1t—1th, —te
U=(1—I)Tun+tN(un)v

we immediately see that v € K for every ¢ € (0,1) small enough that
1—t—1tA, —te >0. Also,

(E" (un) + Anttn + €Un, up)= €R?>0,

and as in case (a), we find that ||v|| < R for sufficiently small > 0. On the other
hand, from [ (u,) > r, we have &l (u,,) = r for some number § € (0, 1). Then,
for any p € [§, 1], we have

L(pun) =1(pun + (1 —p)0) > pl (uy) + (1 — p)1(0)
= pl (uy) = 8l (uy) =r.

In particular, we may take p = (1 —t —tX, —te) /(1 —t) which belongs to
[8, 1] for sufficiently small . Consequently,

1—t—1tA, —te
[(v) =1 ((1 —1) — 1=, +tN (Mn))
=1((1=1) pup+1tN (up)) = (1 — 1)1 (pun) + 1l (N (un)) > r.

Therefore v € K, for every sufficiently small # > 0. Replacing v in (8.56) and
letting t — 0 yields

1
<E/ (Un), —E' (up) — ptty — 6”11) = ~ ” E' (un) + Apty + €uy H .
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Finally, let € tend to zero and use <u,,, E’ (u,) + knun> =0 to deduce

IE" (un) + Anun || < %

which is relation (8.53). O
Lemma 8.3 yields the following critical point theorem.

Theorem 8.13. Assume that hypotheses of Lemma 8.3 are satisfied. In addition,
assume that there is a number v such that

(E'(u),u)=v foreveryu € K,g with ||u|| =R, (8.57)
E' (u)+ u##0 forallu € K, g with |u|| = R and A > 0, (8.58)

and a Palais-Smale type condition holds, more exactly, any sequence as in the
conclusion of Lemma 8.3 has a convergent subsequence. Then there exists u €
K, r such that

E@w)=m and E' (u) =0.
Proof. The sequence (),) given by (8.54) is bounded as a consequence
of (8.57). Hence, passing eventually to a subsequence we may suppose that
(Ay) converges to some number A. Clearly A > 0. Next, using the Palais-Smale
type condition we may assume that the sequence (u,) converges to some ele-
ment # € K, g. Then letting n — oo in (8.52) and (8.53) gives E (u) = m and
E’ (u) + Au = 0. From (8.54) we have that the case A > 0 is possible only

if ||u]| = R, which is excluded by assumption (8.58). Therefore A = 0 and so
E' (u)=0. O

If the functional / is continuous on K, g, then instead of hypothesis (8.51)
we can take the weaker boundary condition

I (N (u)) >r forevery u € K,g with (u) =r.
Let us now assume that there exists ¢ > 0 such that
L) <cllull (8.59)

for all u € K. Then from the assumption K,r # @, we deduce that » < cR.
Indeed, if u € K, g, thenr <[ (u) <cllu|| <cR.
Also, if

r1 <cRy, r <cRy and cR| <,

then the sets K, g, and K,, g, are disjoint. Indeed, if u € K g, then

ri<l(u)=cllull <cRi <.
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Hence [ (1) < rp which shows that u ¢ K, g,. The same conclusion holds if
r1<cRy, r» <cRp and r| > cR».

These remarks allow us to state the following multiplicity results.
Theorem 8.14. Assume that condition (8.59) holds.
(i) If there are finite or infinite sequences of numbers (rj)lSan, (Rj)ISan
(for 1 <n < +o0) with rj <cRj for 1 < j <n and cR; <rjy1 for
1 < j < n, such that the assumptions of Theorem 8.13 are satisfied for
each of the sets Ky, g;, then for every j, there exists uj € Ky, g; with

E(uj)= Kinf E and E'(u;)=0. (8.60)

rjRj
(ii) If there are infinite sequences of numbers (rj)jzl’ (Rj)jZl with
¢Rj1 <rj <cRj for all j, such that the assumptions of Theorem 8.13

hold for each of the sets K, g;, then for every j, there exists uj € Ky,
which satisfies (8.60).

8.4.2 Localization of Nash-Type Equilibria of Nonvariational
Systems

We first establish a vector version of the localization critical point theorem.
For this purpose, we consider two Hilbert spaces X| and X, with scalar prod-
ucts (.,.); and norms ||.||; (i =1, 2). Let K; C X; denote two wedges and
let [; : K; — Ry be upper semicontinuous functionals with /; (0) = 0. We
assume that E is a C'-functional on the product space X; x X,. We have
E'(u,v) = (E}, (u,v), E, (u,v)), for u € X1, v € X5, and we denote by Ny,
N> the operators

Ni(u,v)=u—E, (u,v), Na(u,v)=v—E,(u,v). (8.61)

In what follows, we are interested to find a solution (u, v) of the system

{” =N, v) (8.62)

v=~N2(u,v),
or equivalently, a critical point of E, that is,

E/ (u,v)=0

E! (u,v) =0,

which minimizes E in a set of the form K, g := (K1), g, X (K2),,r,,» Where
r=(r1,r2), R=(R1, Ry) and

(Ki)yr, ={weKi: ri <lj(w) and |w|; <R;}.
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Applying the Ekeland variational principle to the functional £ and to the
closed subset K,g of X1 x X, we obtain the following vector versions of
Lemma 8.3 and Theorem 8.13.

Lemma 8.4. Let the following conditions be satisfied:

m:= inf E(u,v)>—0o0;
(u,v)€K, R
there exists € >0 such that E (u,v) >m+¢ if
Iy (w)=ryand |lully =Ry, or [ (v)=ryand vl = Ry;
I1 (N1 (u,v)) >=ry and b (N2 (u,v)) >ro forevery (u,v) € Kyg.

Then there exists a minimizing sequence (uy, vy) C Kyg, i.e., E (Up, vy) > m
as n — oo, such that

1
E(up,vp) <m+ —,
n

1 1
“E; (ttn, vn) + Aty Hl = ; and ||E1/; (n, vn) + Unvn ||2 = ;’
where
<E/ (un, vn)vun>1 .
hy = _MR—% if lunlly = Ry and (E}, (un, va) , un), <0
0 otherwise,
<E:) (ul‘la vl‘l) ’ vn)] .
m={"" B if lvalla = Ry and (E}, (tn, vp) . v}y <0

0 otherwise.

Theorem 8.15. Assume that the assumptions of Lemma 8.4 are satisfied. In
addition, we assume that there exists a real number v such that
(EL/l (u,v), ”)1 >v forevery (u,v) € K,g with ||lull; =Ry,
(E,/J (u,v), v>2 >v forevery (u,v) € K,g with ||v|, =R,
E), (u,v)+ u+#0 forall (u,v) € K,g with |ull; = Ry and % > 0,
E, (u,v)+ 2 #0 forall (u,v) € K,g with ||v]l, = Ry and % > 0,

and the Palais-Smale type condition holds. Then there exists (u,v) € K, g such
that

E@W,v)=m and E' (u,v)=0.

Our main purpose in what follows is to deal with system (8.62) but without
assuming the existence of a functional E with property (8.61). Instead, we as-
sume that each equation of the system has a variational structure, that is, there



Applications to Nash Equilibrium Chapter | 8 247

are two C! functionals E; : X := X| x X, — R, such that
Niy(u,v)=u—Eq (u,v), Np(u,v)=v—Exnu,v),

where by E11, E>» we mean the partial derivatives of Ej, E> with respect to u
and v, respectively.

We look for a point (u, v) in a set of the form Ky g := (K1), g, X (K2),R,>
which solves problem (8.62) and is a Nash-type equilibrium in K, of the pair
of functionals (Ey, E7), more exactly

Ey(u,v)= min E;(w,v),
we(K1)y g,

Ery(u,v)= min E (u,w).
we(K2 rpRy

We say that the operator N : X — X, N (u,v) = (N1 (4, v), N2 (u, v)) is
a Perov contraction on K, g if there exists a matrix M = [m,- j] e Mar(Ry)
such that M" tends to the zero matrix as n — 0o, and the following matricial
Lipschitz condition is satisfied

[ IV (e, ) = Ny D)l }SM[ Ju =l } 5.63)
[NV2 (u, v) — N2 (i, )l lv—"vll2
for every u,u € (K1), g, and v, v € (K2),,g,-

Notice that for a square matrix of nonnegative elements, the property
M™ — 0 is equivalent to p (M) < 1, where p (M) is the spectral radius of ma-
trix M, and also to the fact that / — M is nonsingular and all the elements of the

matrix (I — M)~ are nonnegative (see [144]). In case of square matrices M of
order 2, the above property is characterized by the inequality

tr(M) <min{2, 14 det(M)}.

We impose the following hypotheses:

(H1) For each v € (K2),,g,, the functional E} (., v) is bounded from below on
(KD gy
for each u € (K1), g, the functional E3 (u, .) is bounded from below on
(K2)ryR, -

(H2) 1 (N1 (u,v)) > r; for every (u,v) € Kyg; N1 (u,v) # (1 + 1) u for all
(u,v) € K, g with |Ju]l; = Ry and A > 0;
I» (N3 (u,v)) > rp for every (u,v) € Kyg; No(u,v) # (14 1) v for all
(u,v) € K,g with ||v]l, = Ry and A > 0.

(H3) For each v € (K2),,g,, there exists & > 0 such that Ey(u,v) >
inf(Kl)rlRl E1(.,v) + ¢ whenever u simultaneously satisfies /1 (u) = rq
and |lull; = Ry;
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for each u € (K1), g,, there exists ¢ > 0 such that E;(u,v) >
inf(Kz)r2 & E5 (u,.) + ¢ whenever v simultaneously satisfies I (v) = r;
and [[vfl = R».

(H4) N is a Perov contraction on K, g.

Let us underline the local character of the contraction condition (H4). This
is essential for multiple Nash-type equilibria when (H4) is required to hold on
disjoint bounded sets of the type K,r but not on the entire K. Thus the ‘slope’
of N has to be ‘small’ on the sets K, g but can be unlimited large between these
sets, which makes possible to fulfill the boundary conditions (H2).

Theorem 8.16. Assume that conditions (H1)-(H4) hold. Then there exists a
solution (u, v) € K, g of system (8.62) which is a Nash-type equilibrium on K, g
of the pair of functionals (E1, E3).

Proof. The main idea is to construct recursively two sequences (u;), (v,), based
on Lemma 8.3. Let vg be any element of (K3),, g, Atany step n (n > 1) we may
find a u, € (K1), g, and a v, € (K2),,g, such that

. 1 1
Ei(up,vp—1) < inf E1(,v4—1)+ —, NE11 (in, va—1) + Apunlly < —
Ur Ry n n

(8.64)

and

. 1 1
Ey (up,vp) < inf Ex(up,.)+ —, [1E2 (Un, Vn) + tptnlly < ;, (8.65)

2 roRy n
where

(E11 (Un, vp—1), un)l

- R2 if lunlly = Ry
An = !
and (E11 (p, vu-1), un)] <0
0 otherwise,

and the expression of y, is analogous.

Condition (H4) guarantees that the operators N; are bounded, so the bound-
edness of the sequences of real numbers (A,) and (u,). Therefore, passing to
subsequences, we may assume that the sequences (X, ) and (u, ) are convergent.

Let

ay = E11 (Up, vp—1) + Ay and B, := Ep (uy, vy) + Wy vp.
We observe that «,,, 8, — 0. Also

(I +Ap)uy — Ny (up, vp—1) =y (8.66)
(I + pn) vy — Na Uy, vy) = By
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Since A, > 0, the first equality if (8.66) written for n and n + p yields

lnsp —unl,
< (4 2) [tnsp — un]
= ||+ A tngp — (L +A) un
= [ (14 At tnsp = (4 2t = (i = ) i ]
<||Nt (ntps vngp—1) = N1 n, o) || + | etntp — o

+ ot = An| [ tntp | -

Furthermore, using ||u,,Jr p ||1 < R and relation (8.63) we deduce that
ltn+p — “1
< it Jnep =t 12 oyt = vact | + e —
+ Ry |)\n+p - )\n|
= it i =t 1o [ = vl + fnp — ]

+ Ry Ry =l maz (Jonspt = vty = [onsp = va,) -

Denote

an,p = |ttn4p — un ”1 . bup = [ty — vn ”2
cnp = [lentp = anll + Ri[hntp = 2n,

dn.p = |Busp = Buly + R |ttnsp — itn].-
Clearly, ¢, , — 0 and d,,, — 0 uniformly with respect to p. It follows that
an,p <mi1an,p +mi2bnp + cnp +mi2 (ba=t1,p — bn,p) - (8.67)
Similarly, from the second equality in (8.66), we find
bp,p <maian, p +muby p+dy p.

Hence

|: an,p :|SM|: an,p ]+ Cn,p +MmM12 (bn—l,p _bn,p) )
bn.p bn.p du,p

Consequently, since I — M is invertible and its inverse contains only nonnegative
elements, we may write

[ Znsp }S(I_M)—l [ Cn,p+m12 (bn—l,p_bn,p) }

n,p dn,p
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Let (I — M)~' =[yi;]- Then
dn,p = V11 (Cn,p +mi2 (bnfl,p - bn,p)) + VlZdn,p (8.68)
bn,p =<7 (Cn,p +mi2 (bn—l,p - bn,p)) + VZZdn,p-

From the second inequality, one has

b < y21mi2 . V21Cn,p + V22dn,p
PP My ! l+ymiy

Clearly (by,) is bounded uniformly with respect to p. Next, we apply
Lemma 8.1. It follows that b, , — O uniformly for p € N, and hence (v,) is
a Cauchy sequence. Next, the first inequality in (8.68) implies that (u,) is also
a Cauchy sequence. Let u*, v* be the limits of the sequences (u,), (vy,), re-
spectively. The conclusion of Theorem 8.16 now follows if we pass to the limit
in (8.64), (8.65) and we use (H2). O
8.5 APPLICATIONS TO PERIODIC PROBLEMS

8.5.1 Case of a Single Equation

Consider the following periodic problem:

—u’ (1) + a’u )=f@@) on (0,7) (8.69)
u@ —u(T)=u0)—u' (T)=0

where a # 0 and f : R — R is a continuous function with f (R;) C Ry.
LetX:=H ; (0, T') be the space of functions of the form

!
u(t)=/ v(s)ds +C,
0

with u (0) = u (T), C e R and v € L2 (0, T), endowed with the inner product

(u,v) = /OT (u’v’ +a2uv) dt

and the corresponding norm

1
T 2
||u||=(/ u? + au? dt) .

Let K be the positive cone of X, thatis, K = {u € H; 0, T): u=0o0n]0, T]},
and let/ : K — R be given by

[(u) = min u(t).
t€[0,T]
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The energy functional associated to the problem is £ : H ]1 0, 7)—>R,

1 5 T
E@ =3 lul —/ F (u (1)) dt,
0
where

F(t):/rf(s)ds.
0

!
The identification of the dual (H; (0, T)) to the space H ; (0, T) via the

/
mapping J : (HII, (0, T)) — H; 0, T), J (v) = w, where w is the weak solu-
tion of the problem

—w"+d’w=v on (0,7),
w0 —w((T=w 0)—w (T)=0

yields to the representation
E'(u)=u—N @),

where
N@w)=J(f ().
Note that the condition f (Ry) C Ry guarantees that N (K) C K.
Let ¢ > 0 be the embedding constant of the inclusion H 117 0, T)ccCl0,T],
that is, |[u|lcjo,r7 < c llu|l for all u € H; 0, 7).

Note that for u = 1, the above inequality gives 1 < ac+/T, whence
a’ > 1/ (cZT). Also, if r and R are positive numbers and ax/Tr < R, then

the set K, g is nonempty. Indeed, any constant A € [r, R/ (aﬁ )] belongs to

12
K, g, sincel (A) =A > r and [|A]| = (fOT a2)\2ds) —ar/T <R.

Theorem 8.17. Let r, R be positive constants such that aJTr < R. Assume
that f is nondecreasing on the interval [r, c R] and that the following conditions
hold:
R2
E@r) < - TF (cR), (8.70)

and
F)=dr feR) <~ 871)
cT

Then problem (8.69) has a positive solution u with r <u (t) < cR for all t €
[0, T'], which minimizes E in the set K, g.
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Proof. (i) Check of condition (8.49). Let u € K,g. One has r < u (t) < cR for
all r € [0, T']. Then, since F' is nondecreasing on R,

T
E ) > —/ F (u(s))ds > —TF (cR) > —c%.
0
(ii) Check of condition (8.50). Take any u with [ (u) = r and |u|| = R. Then

R2 T R2
E(u)=7—/ Fu(s)ds = = =TF (cR).
0

Thus our claim holds in view of the strict inequality (8.70) and the obvious
inequality m < E (r) (note that the constant function r belongs to K, g).
(iii) Check of condition (8.51). Let u € K, . Then

LN @) =1 (f @) =1 (f ) =F ()1 (1)
fo

a? —

in virtue of the first inequality in (8.71).
(iv) Check of condition (8.58). Assume that E’ (u) + Au = 0 for some
u € K,g with ||u|| = R and A > 0. Then

(42 (—u" +au) = £ @),

whence
R*<(1+2)R*=(f(u),u);» <Tf (cR)CcR,

that is

R R
ﬁ<f(c ),

which contradicts the second inequality in (8.71).

(v) Condition (8.57) being immediate and the required Palais-Smale type
condition being a consequence of the compact embedding of H; (0, T) into
C [0, T], Theorem 8.13 yields the conclusion. ]

Example 8.3. For each A > 0, the equation —u” 4+ a’u = A/u has a T-periodic
solution satisfying u (f) > A2/a* for all t € [0, T'].

Indeed, if we take r = A2 /a4, then the first condition from (8.71) is satis-
fied with equality. Next, we choose R large enough that (8.70) and the second
inequality (8.71) hold, that is,

2

R2 2 R
E(r) < — — 25T (cR)? and AVeR < —.
2 3 cT
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8.5.2 Case of a Variational System

We now consider the periodic problem for the following system:

—u" (1) +alu ()= fi @) ,v(®) on (0,T) (8.72)
—v" (1) +azv (1) = fa(u (1), v (1)) on (0,T)

in the case when f1, f> are the partial derivatives of a function F : R? — R with
respect to the first and the second variable, respectively. We assume that a; # 0
and f; Ry xRy) C Ry, fori=1,2.

Let X denote the space H ; (0, T') endowed with the scalar product

T
(u,v)lz/o (u’v’—ka%uv)ds

and the induced norm ||.||{. Assume that X» is the same space endowed with
the analogue scalar product and norm (., .),, [|.|l>. Also K1 = K3 is the cone of
nonnegative functions in H[% (0,T), and 1 (w) =l (w) = minsepo, 7w (¢) for
weH,0,T), w=>0.

The system has a variational structure since its T -periodic solutions (u, v)
are the critical points of the energy functional on H ,i 0, T)x H ,1 0, 7),

1 2 2 !
E @.v) =3 (Ilull} + l1v13) —/O F @ (s),v(s)ds.

For i = 1,2, let ¢; > 0 be the embedding constant of the inclusion
X; C C[0, T], thatis, ||lwll¢cpo,r7 < ci llw|; for all w € H; 0, 7).

Theorem 8.18. Let ri, R; be positive constants such that aiﬁ ri < R;
(i =1,2). Assume that for i = 1,2, f; is nondecreasing in each of the vari-
ables on [r1, c1R1] X [r2, c2 R2] and that the following conditions hold:

R?
E(r1,r) < 7’ —TF (ciRi,c2R2),

and
2 R;
fi(ri,r) = ajri,  fi(ciRi,c2R) < —.
C,‘T
Then system (8.72) has a T-solution (u,v) with rj < u(t) < c1Ry and
r <v(t) <Ry for all t € [0, T], which minimizes E in the set K,p 1=

(K1) ry X (K2)pyRy-

Example 8.4. The potential of the system

—u" 4+ adu=a1u+yv
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—v" +a3v=arv+yu
is
2 3 3
F(u,v)= 3 (oqul +oe2v2> + yuv.

As for Example 8.3, we have the following result: for every numbers «; > 0,
i=1,2, T>0and 0 <y < min{l/(ZCl.zT): i= 1,2}, the system has a
T -periodic solution with u (t) > tx%/a‘f and v (t) > a%/ag‘ and all ¢ € [0, T].
For the proof, take r; = aiz /af1 (i =1, 2) and a sufficiently large R := R; = R».

8.5.3 Case of a Nonvariational System

We now consider the system (8.72) for two arbitrary continuous functions fi,
f> and use the notations from the previous section. The energy functionals as-
sociated to the equations of the system are E; : H [1, 0, T)yx H ; 0,7)— R,

1 T
Ey(u,v) = 3 lull} —/0 Fi(u(),v(t))dt,

1 T
B> (e,0) =5 I3 —/0 Fa(u(t), v (1)) dt,

where

T] 1)
Fl(fl,fz)Z/O f1(s, ) ds, F2(Tl»'52):/0 f2(t1,8)ds.

/
The identification of the dual (H; (0, T)) to the space H; (0, T) via the

/
mapping J; : (H; (O, T)) — H; (0,T), J; (v) = w, where w is the weak solu-
tion of the problem

—w” +a’w=v on (0,T),
wO) —w(TM=w 0)—w (T)=0

yields to the representations
Eyy(u,v)=u—Ni(u,v), Ex@v)=v—-N2(uv),

where E1j, Eyp stand for the partial derivatives of Eq, E, with respect to u
and v, respectively, and

Ni(u,v) =Ji (fi u(),v ().
Letr = (r1, ) and R = (R, R») be such that

0<aivTri<R;, i=1,2.
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In what follows, we verify that the hypotheses of Theorem 8.16 are fulfilled.

Check of condition (HI): For every (u,v) € K;g = (K1), g, X (K2),,r, and
t € [0, T], we have

ri =u @) < llulcpo,r) < cillully <ciRu,
and similarly 7, < v (t) < ¢ Ry. It follows that
| fi (t1, ©2)| < pi

for every 11 € [r1, c1R1], T2 € [r2, c2 R3] and some p; € Ry (i =1, 2). Then

T ru(t) T prcRy
Ei(u,v) > —/ / | fi (5,0 ()] dsdi = —/ / | f1 (5,0 (0)] dsdi
0 0 0 0

> —c1R1Tp1 > —o00,

and similarly E; (4, v) > —cayR>Tp> > —00. Hence condition (H1) holds.
Next, we assume in addition that for i € {1, 2},

fi (r1, 72) is nonnegative and nondecreasing

. . . (8.73)
in both variables t; and o in [rq,c1R1] x [r2, c2R2],
fi (r1,r2) > a}ri, (8.74)
fi(ciR1, c2R2) < Ri/ (Tci), (8.75)
and
: _F L (r2_ 272
Fi(ciRy, c2Ry) = Fi(ri.r) < S (R7 —ai Ty ). (8.76)

Check of condition (H2): Let (4, v) € K, g. Then from u (¢t) > r, v (¢) > rp and
the monotonicity of f1, we have

fiu (@), v@®) = fi(ri,r).

This together with (8.74) implies

-

N o) 2 0 G s ) = P52

a;

Thus, the first part of (H2) is verified. For the second part, assume that there
exists (u, v) € K, g with |lu|l; = R; and A > 0 such that

Ni(u,v)y=>0+X)u.
Then
(14+21) (—u”+a%u> = f1 (u,v),
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which gives

R < (1+2) R =1+ 1) ullf = (fi (u,v),u)2
<Tfi(c1R1,c2R2) c1Ry,

whence

fi(ciRy,c2Ry) > R/ (Tcy),

which contradicts (8.75). An analogue reasoning applies if N> (u, v) = (1 +A)v
for some (u, v) € K, g with ||v]|, = R and A > 0. Therefore (H2) holds.

Check of condition (H3): The constant function ry belongs to (K1), g, and for
any v € (K2),,g,, we have

1 T
Ei(r1,v)= Ea%Trlz — / Fi(ri,v(t))dt
0
1
< EalzTr%— TF;(r1,r2).

Also, for any (u, v) € K, g with [| (u) =ry and |lu||; = Ry, one has

1 r 1
Ey(u,v) = ER% —/ Fiu@®,v())dt> ER% —TF (c1R1,2Ry).
0

Therefore the first part of (H3) holds with
e (Lore_
= 2R1 TFi(ci1R1,c2R?) 2“1Tr1 TFi(r1,r)

which is positive in view of assumption (8.76). The second part of (H3) can be
checked similarly.

Finally, to guarantee (H4) we need some Lipschitz conditions on f] and f5.
We assume the existence of nonnegative constants o;;, i, j = 1, 2, such that

Ifi (t1, ) — fi T, o) S0t =Tl + ol =72, i=1,2, (8.77)
for 71,71 € [r1,c1R1] and 12,72 € [r2, c2R2],
and for the matrix M = [aij/ (aiaj)]1<i j<p One has

M" — 0 asn — oco. (8.78)

Check of condition (H4): Notice that for w € L? (0, T), from

1
1 )17 = (w, J; () g2 < llwll g2 i )l 2 < o w2 i )l
1
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one has

1
i (w)ll; < lwllzz, we L*(0, 7). (8.79)

1

Then using (8.79) and (8.77) we obtain
N1 (u,v) — Ni (@, 0) 1 = 1J1 (f1 (, v) — f1 @, )],

1
< o I f1 (u,v) — f1 @, )2

o11 — 012 —
< —llu—ullp2+—Illv="2l
ap ap

11 — 012 _
< — llu =7l + —=llv =7l
a; ayaz

Similarly,

_ 021 — 022 —
N2 (u, v) = No (@, 0) |l = —— llu —ully + — llv—"7ll,.
ara) a2
Hence (8.63) holds with m;; = oy /a;a;.
Therefore we have the following result.

Theorem 8.19. Under assumptions (8.73)—(8.76), (8.77) and (8.78), there ex-
ists a T-periodic solution (u,v) € K, of system (8.72) which is a Nash-type
equilibrium on K, g of the pair of energy functionals (E1, E»).

Let us underline the fact that all the assumptions on f; and f> in the above
theorem are given with respect to the bounded region [r1, c1 R1] X [r2, c2R2].
This makes possible to apply Theorem 8.19 to several disjoint such regions ob-
taining this way multiple solutions of Nash-type.

Example 8.5. Consider the problem of positive T-periodic solutions for the
system

—u" +atu=a1u+yv (8.80)
—v" +av =V + you

where «;, y; are nonnegative coefficients with y; < ai2 (i=1,2).

We try to localize a positive solution (u, v) with r < u (¢) and r < v (¢) for
all t € [0, T]. We apply the previous result with r{ =rp =:r and Ry = R, =: R.

(@) The positivity and monotonicity of f; and f, on Ry x Ry required
by (8.73) are obvious.

(b) Condition (8.74): We have

fi(r,ry=air+yr.
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Thus we need
051\/74— Yir = a%r.

Under the assumption y; < af this gives

2
r5<2“1 )
ar—n

2
r§< 2(12 ) .
a; ="

(c) Condition (8.75): We have

Similarly, for f>,

fi(ciR,2R) =ajy/c1R+yic2R.
Hence we need
R
aly/ciR+y1eoR < —.
Tcq
This implies y; < 1/ (Tcicz) and
a%Tch
R>———.
(1—Tyicic2)?
Similarly, y» < 1/ (T¢cic2) and
2723
> ayTcy .
(1 =Tyrcic2)

(d) Condition (8.76) for i = 1 reads as

2 3 2 _ L a0
3 (IR +yicieaR” = Fi(rnr) < oo (RT —aiTr

and holds for a sufficiently large R provided that

1
< .
2T cicp

Y1

Similarly,
1
< .
2T cic2

V2
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(e) Condition (8.77): For 71 € [r, ¢ R] and 1, € [r, c3 R], one has

i) a o f(mn) @

= < .
aTy 2T~ 2\/77 01 - 2\/7

In addition,
af1 (1, 12) of2 (1, 12)
_—— )/ s _——-— — )/2
37,'2 3‘(1
Hence (8.77) holds with

Q;
P
N
Consequently we have the following result.

Theorem 8.20. Assume that

yi<ai2, Vi < for i=1,2,

2T cicp

and there exists r > 0 with

2
. o .
r < min 3 ci=1,2;,
a; —vVi

such that the matrix M = [G,-j/ (aiaj)]

1<i,j<2

and o;j=y; fori#j (i,j=12).

(8.81)

where o are given by (8.81)

satisfies (8.78). Then (8.80) has a unique T -periodic solution (u,v) such that
u(t)>=randv(t) >r foreveryt €0, T], which is a Nash-type equilibrium of

the pair of corresponding energy functionals.

Proof. The existence follows from Theorem 8.19 and the uniqueness is a con-

sequence of the Perov contraction property of the operator N.

O

In particular, if a1 = ay =:a (when ¢; = ¢ =:¢) and o] = oy =: «, the

assumptions of Theorem 8.20 reduce to the following ones:
1 o?
< ,
2T c?

Yi <
' (a2 — min {1, y2})°

and
4<a4 - ylyz)r —4aa®Jr +a* >0

(the condition for M to satisfy (8.78)). We may choose

Ol2

r =

. 2
(a? — min{y1, y2})
if
min{y1, 2} > 27172 — a’.
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Learning never exhausts the mind.
Leonardo da Vinci (1452-1519)

Chapter points

e This chapter is dedicated to show some application of the equilibrium theory to
mathematical economics.

e Two models are considered: the Walrasian equilibrium model and the n-pole
economy.

e The chapter also discusses Pareto optima for n-person games, in the case when the
players are permitted to exchange information and to collaborate.

9.1 A DEBREU-GALE-NIKAIDO THEOREM

The Debreu-Gale-Nikaido theorem, which can be proven by Ky Fan’s minimax
inequality (Theorem 3.3) is a potential tool to prove the existence of a market
equilibrium price. Specifically, we will use it to prove the existence of an equi-
librium price within the Walras equilibrium model (see Section 9.2 below).

To state the Debreu-Gale-Nikaido theorem we first need the following def-
inition. Let K be a compact topological space, Y be a real normed space and
¢ : K = Y a given set-valued map. As before, we denote by Y* the topological
dual space of Y. The norm of Y* will be denoted by || - ||.. For any fixed p € Y*,
define the support function related to ¢ by

o(p(x), p):= sup (p,y), forallx eK. 9.1)
yep(x)
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Definition 9.1. The set-valued map ¢ : K =2 Y is called upper hemicontinuous
at xo € K if for all p € Y* the support function x — o (¢(x), p) is upper semi-
continuous at xg. The map ¢ is said to be upper hemicontinuous, if it is upper
hemicontinuous at every xg € K.

The next result provides a sufficient condition for upper hemicontinuity. If
xo € K we denote by V(xp) the collection of all neighborhoods of xp and by B
the open unit ball in Y centered at the origin.

Lemma 9.1. If the mapping ¢ is upper semicontinuous (as a set-valued map-
ping), then it is also upper hemicontinuous.

Proof. Let xo € K be fixed. By the hypothesis ¢ is upper semicontinuous at x,
that is (see Chapter 1), for each open set V C Y such that ¢ (xp) C V, there exists
N (xg) € V(xg) with

p(x)C V forallx € N(xo). 9.2)

For every € > O let V := ¢(xp) + ¢ B C Y, which is an open set. By (9.2) we
conclude that

I N(xp) € V(xg): ¢(x) Cop(xo)+€B forall x € N(xp). 9.3)
Fix arbitrary € > 0 and p € Y*. Then by (9.3)

o(p(x), p) <o(p(xo), p)+o(eB,p) forallx € N(xp),
that is,

o(¢(x), p) <o (@(xo), p) +€llpllx  forall x € N(xo).

Hence the mapping x — o (¢(x), p) is upper semicontinuous at xg. Since xg
was arbitrary, it follows that x — o (¢ (x), p) is upper semicontinuous. O

In what follows we consider the unit simplex

n
M" = !xeR’i:in=l}.
i=1

Theorem 9.1. (Debreu-Gale-Nikaido) Let C : M" = R" be a set-valued map
with nonempty compact values. Suppose that

(i) C is upper hemicontinuous;,
(i) YxeM": C(x) =R is a convex and closed set;
(i) VxeM": o(C(x),x) >0,

Then there exists x € M" such that C(x) N R’} # {.
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Proof. Consider the function
¢ M'x M" >R, ¢(x,y)=0(C(x), V).

It is easy to check that ¢ satisfies the assumptions of Ky Fan’s minimax
inequality theorem (Theorem 3.3). Indeed,

1. ¢(x,x) >0,V x € M", by assumption (iii);

2. ¢(-,y): M" — R is upper semicontinuous by assumption (i);

3. ¢(x,:): M" — R is convex for all x € M", since y — o (C(x), y) is con-
vex.

Since M" is convex and compact, we may apply Theorem 3.3, and such there
exists x € M"™:

¢(x,y) =0, VyeM",
or, equivalently
o(C(x),y)>0,VyeM". (9.4)

Taking into account the definition of o, it can be seen immediately that the
latter implies

o(C(x),y) =0, VyeR].

We show that this condition is equivalent to
o(C(x)—R,y) >0, VyeR" 9.5)

Indeed, let S := C(x) — R’}. Since o(=R%,y) =0 for y € R’} and
o (=R’ y) =+oo for y ¢ R, we obtain that

o(S,y)=0(C(x),y)+o(-Ri,y)>0,VyeR"

Now S is a closed convex set by (ii). Suppose that O ¢ S. Then by the sepa-
ration theorem {0} and S can be strongly separated, that is,

3y eR": sup(z, y) < inf (z,y) =0,
i z€(0}

which contradicts (9.5). In conclusion 0eS=C(x)—R’}, hence C(x)NR’ #0.
The proof is now complete. O

9.2 APPLICATION TO WALRAS EQUILIBRIUM MODEL

Consider an economy with / types of elementary commodities each with a unit
of measurement. An elementary commodity is described besides its physical
properties also by other characteristics such as its location and/or the date when
it will be available and, in case of uncertainty, the event which will take place,
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etc. A set of commodities is a vector x € R/ which describes the quantity xjof
each elementary commodity for j = 1, ..., [. Suppose that there are n consumers
and the set M C R/ represents the available commodities.

Next, we present the so-called classical Walrasian model. The consumption
set for each of the n consumers will be denoted by L;  R’. This is interpreted
as the set of commodities which the ith consumer needs. If x € L;, then the jth
component x; represents the consumer’s demand for the elementary commod-
ity j if x; > 0 and |x;| represents the supply of this elementary commodity if
x; <0.

It is natural to ask whether the consumers can share an available commodity.
In order to examine this situation, the concept of allocation is needed. An allo-
cation is an element x € (R)" consisting on n commodities x; € L; such that
the value ) /_, x; is available. The set of all allocations is then defined as

n n
K := xenL,-:ineM

i=1 i=1

Assuming that the set K of allocations is nonempty, our aim is to describe
a mechanism which allows each consumer to choose its own allocation. The
mechanism does not require each consumer to know the set M of available
commodities and the choices of the other consumers, but only require each con-
sumer to know his own particular environment and to have access to common
information about the state of the economy. This common information will take
the form of a price (or price system). The price is regarded as a linear func-
tional p € R’ which associates to each commodity x € R! the value (p, x) € R
expressed in monetary units. Suppose that the elementary commodity i is repre-
sented by the unit vector e/ =(0,...,0,1,0, ..., 0) of the canonical basis of R,
the components (p, e/) of the price p represent the price of the commodity ;.

We denote the price simplex by

In the case of the Walrasian mechanism, each consumer is described by the
set-valued map D; : M! x R = L; which associates a subset of consumptions
D;(p,r) C L; to each price system p € R’ and each income r € R.

The support function oy of the set M of available commodities, already
discussed in Section 9.1 and given by

UM(P) ‘= sup (pv y), (96)
yeM
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is regarded as the collective-income function which is the maximum value of
the commodities available for each price p. An essential assumption is given by

n
Fri:M >R i=1,....n: Y ri(p)=om(p), (9.7)
i=1

which means that the collective income is shared between the n consumers.

The income of each consumer is r; (P) and he is thus led to choose a con-
sumption x; € Di(p, r;(P)). This choice is decentralized; it depends only on
the price p and is independent of the choice of other consumers.

The following feasibility problem arises: is there any price p such that the
sum of the consumptions Y ;_, X; € Y/, D;i(p,ri(p)) is available (belongs
to M) or such that the consumptions x; € D;(p, r; (p)) form an allocation?

The next definition is of special importance for our purposes.

Definition 9.2. A price p € M’ is called a Walrasian equilibrium price if it is a
solution of the inclusion

0e ) Di(p.ri(p) — M. (98)

i=1

The set-valued map E : M! = R! given by

E(p)=) Di(p.ri(p)) — M (9.9)

i=1
is called the excess-demand correspondence.

It is then obvious that the Walrasian equilibrium prices are the zeros of the
excess-demand correspondence.

The demand correspondences should satisfy the collective Walras law ex-
pressed as follows:

n n
VpeM', VxieDi(p.r): <p, in> <> rilp), (9.10)
i=1 i=1

that is, the consumers cannot spend more than their total income.
A stronger, decentralized law, called Walras law is given below.
Every correspondence D; satisfies the condition

VpeM' VxeDi(pr): (p.x)<r 9.11)

Now we are in the position to prove the main result of this section: the ex-
istence of a Walrasian equilibrium. The next theorem will be proved via the
Debreu-Gale-Nikaido theorem.
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Theorem 9.2. (see Theorem 10.1 in [20]) Suppose that the following assump-
tions are satisfied:
(i) the set M is convex and may be written as M = M — RIJF, where My is
compact;
(ii) the set-valued maps D; : M I'yR= L; are upper hemicontinuous with
convex, compact values and satisfy the collective Walras law;,
(iii) rthe income functions r; are continuous.

Then there exists a Walrasian equilibrium.

Proof. Consider the set-valued map C : M! = R/ given by

C(p):=Mo— Y _ Di(p.ri(p)). (9.12)
i=1

We shall apply for this C the Debreu-Gale-Nikaido theorem (Theorem 9.1).
To this aim let us verify that all assumptions of Theorem 9.1 are satisfied.
It is clear that C has nonempty and compact values, since the sets My and
D;(p,ri(p)) are compact by (i). It is also clear that C is upper hemicontinu-
ous.

By assumptions (i) and (ii), for all p € M’ ! the set C( p) — Rﬂr is convex and
closed.

Also, for every p € M! we have that

n

Y ri(p) =0 (M, p) =0 (Mo —TR, p)
i=1

=0 (Mo, p) +0 (R, p) =0 (Mo, p). (9.13)

By the collective Walras law (9.10)

n

=Y ri(p) Y _{=p,xi), Y xi € Di(p, ri(p)).
i=1

i=1
Passing to supremum over x; € D;(p, r;(p)) we obtain

n

=Y ri(p = sup D {=p,x). 9.14)
i=1

xi€Di(p,ri(p)) ;=

Thus

n

a(C(p).p)=0(Mo,p)+  sup > (—p,x;)
X €Di(p.ri(p)) j—1
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(9.14) "
> o (Mo, p) — Y _ri(p)

i=1

(9.13)

Consequently we may apply the Debreu-Gale-Nikaido (Theorem 9.1) and
such

IpeM : C(p)NR, £0,

or, in other words

0eC(p)—Ry =M= Di(p.ri(p)) — R

i=1

=M - Di(p.ri(p))
i=1

=—E(p).

Hence 0 € —E(p), and therefore, p is a Walrasian equilibrium price. O

An important particular case is obtained when M := w — Rﬂr is the set of
commodities less than the available commodity w € ]RIJF.

Corollary 9.1. Suppose that assumptions (ii) and (iii) of Theorem 9.2 hold and

n
w:Zwi
i=1

is allocated to the n consumers.
Then there exists a Walrasian equilibrium price p and consumptions
Xi € Di(p, (p, w;)) such that Y 7| X; <Y 7_, wj.

9.3 NASH EQUILIBRIA WITHIN n-POLE ECONOMY

In this section we illustrate the concept of a Nash equilibrium point defined
in Chapter 2, Subsection 2.2.4 with one of the easiest models in economy, the
so-called n-pole economy. In this economy we have n producers with n > 2
which compete on the market, that is, they produce and sell the same product.
We consider the producers as players in an n-person game where the strategy
sets are given by S; =Ry (i = 1,2, ...,n). The strategy s € Ry stands for the
production of s units of the product. It is reasonable to assume that the price of
the product on the market is determined by demand. More precisely, we assume
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that there is an affine relationship of the form:

p(sl,...,s,,)za—ﬁ<2si> 9.15)
i=1

where «, B are positive constants. It is easy to see that once the total production
increases, the price decreases. Assume that the individual cost functions for each
producer are given by

ci(s;) =visi +6i, (9.16)

where y;, §; are fixed costs fori =1, ..., n. By these data we can easily calculate
the gain of each producer (player), which is

fi(S1y-ey ) =plst, ..., 8n)8i —ci(si), i=1,...,n. 9.17)

Using relations (9.15) and (9.16) the formula (9.17) can be evaluated as
n
fi(S1, ooy Sp) = (a —.BZSz) Si — ViSi — 0;
i=1
a—y -

=ﬂsi( l—ZSi)—fSi

p ;
n
= Bs; (u,'—Zs,->—8,-, i=1,...,n, (9.18)

i=1

where u; = %

LetU=U; x ... x U, C[]’_, Si the common feasible strategy set, where
U,' =[0,Mi],i= 1,...,1’1.
In what follows, for the sake of simplicity, we will suppose that

6;=0,i=1,...,n
yi=y>0,i=1,...,n
p=1

Ul =U)=...=Up,=U.

Thus, the profit function (9.18) for s € U is given by

fi(s) =s; <u—2s,~>, i=1,...,n.
i=1
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By summing up these relations with respect to i, we can easily determine the
maximal total profit, since

3= (5)

i=1 i=1 i=1

attains its maximum at Z?:l s; = %, and such, the maximal total profit will

=%,
be
e T ’ . . . .
Let us introduce the decision functions

g Uy x..xU_1 xUp x...xU,—->U;,i=1,...,n, (9.19)

and examine the first player’s optimal decision function (rule). His decision
g1(s2, ..., 8,) depends on the other players decisions and must be taken in such
a way that

fl(gl(s27 . ~7Sn)9s27 .. '7Sn) = max fl(s)'
s1€[0,u]

Thus

f1(g1(s2, ..., 8n),82,...,8,) = max fi(s) = max s (u—Zs,-)

s1€[0,u] s1€[0,u] =
1=

n
2
= max (sju—s;y—s1 ) Si).
sle[O,u]( ! 2 s)

=2
Since in 51 we have a polynomial function of degree 2, the maximum of f] is
attained at s; = (u — Y1, s;) /2, therefore

u-—- Z?:z Si

81(s2,...,8,) = >

In a similar way we can determine the optimal decisions of the other players.
u— Zrl!:l Si
i#k

L k=1,...,n.
2

gk(sl’ cees Sk—1,Sk+1, "'1sn):

In what follows, let us calculate the Nash equilibrium point of this game. It
can be seen that § = (51, ..., §,) is a Nash equilibrium point if and only if

g1(52,...,5,) =351

8n(S1, oy Sp—1) = Sn.



270 Equilibrium Problems and Applications

By using the decision functions the system above can be written as

51:“_2;;25[
2 2B1+ 5+ s =u

“*Z'}:]Si _ _ _
- i£] S1S1+...25j+ ...+ =u
Sj= 2
' Sil4+5+... 425 =u.
5, T PR
=

This system has a unique solution, namely

S= G ) u u
s=0G1,...5)=|——,..., ,
! " n+1 n+1

which is the Nash equilibrium point of the game. This means that each player
has the same optimal strategy and the same optimal gain

_u
n+1°

2
u nu u
(7)) — —_ = ,-:1,..., .
fi® n+1<“ n+1> n+102 " "

It is worth mentioning that in this case the sum of the gains less

2
W is
than the maximal total gain “ T' This means that in case the players cooperate
and everyone agrees to choose the same 5 strategy, then

2 2
a2 (3) = 5 G

S . . . 2
as n > 2 and in this way the total profit is maximal, since equals -

9.4 PARETO OPTIMALITY FOR r-PERSON GAMES

Consider two players Alex and Bob and assume that they choose their strategies
using their loss functions f4 and fp from A x B to R.

We say that a pair (x, y) € A x B is a noncooperative equilibrium if and only
if

fA(i?y):inffA(xvy) and fB(f7y):1nffB(faY)
xeA yeB

It follows that a noncooperative equilibrium is an alternative in which any
player optimizes his own criterion, assuming that his partner’s choice is fixed.
This corresponds to a situation with individual stability.
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If we assume that the players communicate, exchange information, and co-
operate then the notion of noncooperative equilibrium does not provide the only
reasonable scheme for solution of a game in strategic form. More precisely, it is
possible to find a strategy pair (x, y) € A x B such that

falx,y) < fa(x,y) and  fp(x,y) < fB(X, ).

In such a case, the players Alex and Bob have losses strictly less than in the
case of noncooperative equilibrium (x, ¥). Thus, there is a lack of collective
stability, in the sense that the two players can each find better strategies for
themselves. The corresponding notion of Pareto optimum is associated to an al-
location for which there are no possible alternative allocations whose realization
would cause every player to gain.

Definition 9.3. We say that a strategy pair (xs, y+) € A x B is Pareto' optimal
(or Pareto-efficient) if there are no other strategy pairs (x, y) € A x B such that
Sae,y) < falxs, y) and fp(x, y) < fp(xs, ys).

As in the cases of two-person games, the decision rules in the case of n
players are determined by loss functions. More precisely, the behavior of the kth
player (1 < k < n) is defined by a loss function f k. E — R, which evaluates
the loss f¥(x) inflicted on the kth player by each multistrategy x. Accordingly,
we define the multiloss function f : E — R" by

F) =@, ..., ff(x)) forallx € E.

Definition 9.4. We say that a multistrategy X € E is Pareto optimal if there are
no other multistrategies x € E such that

fix) < fi@) foralli=1,...,n. (9.20)

In the case of two-person games we have observed that there may be a num-
ber of Pareto optima. Thus, a natural problem that arises is to choose these
optima.

Let us attribute a weight AF > 0 to the kth player. If the player accept this
weighting, they may agree to collaborate and to minimize the weighted function

n
H) =N () (9.21)
i=1
over the set E.
If the vector A = (A1, ..., A") is not zero, we observe that any multistrategy
X € E which minimizes f (x) is a Pareto minimum. Indeed, arguing by contra-
diction, we find x satisfying inequalities (9.20). Multiplying these relations by
A; > 0 and summing them, we obtain

frlx) < fr(x),

which is a contradiction.



272 Equilibrium Problems and Applications

If n players could be made to agree on a weighting A, we would no longer
have a game problem proper, but a simple optimization problem. However, it is
interesting to know the conditions under which Pareto optimum may be obtained
by minimizing a function f; associated with a weighting A which is borne in
some way by this Pareto optimum. This question has a positive answer in the
following property, by applying convexity arguments.

Proposition 9.1. Suppose that the strategy sets E' are convex and that the loss
functions f' : E — R are convex. Then any Pareto optimum X may be associated
with a nonzero weight ). € R" such that X minimizes the function f) over E.

Proof. We first observe that
f(E) +int(R’}) is a convex set.
It follows that an element X € E is a Pareto minimum if and only if

f®) ¢ f(E) +int(RY).

By the separation theorem for convex sets, we deduce that there exists A € R",
A # 0, such that

A, f@)) = inf (A, f@x)+ A u).

ueint(R"})

It follows that A is positive and that X minimizes the function x — fj(x) =
(A, f(x)) over E. ]

We point out that a Pareto minimum also minimizes other functions.
For example, we introduce the virtual minimum o, which is defined by its
components

T.= inf fi(x).
o= i 0

We say that the game_is bounded below if o' > —oco foralli =1,...,n.In
this case, we take ' < o' for all i and set B := (B!, ..., ") e R".

Proposition 9.2. Suppose that the game is bounded below. Then an element
X € E is a Pareto minimum if and only if there exists A € int(R"}) such that X
minimizes the function g, defined by

1 . 4
8. (x) = max. F(fl (x)—p") (9.22)

.....

over E.
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Proof. (@) Assume that X € E minimizes g, on E and is not a Pareto mini-
mum. Then there exists x € E satisfying inequalities (9.20). Subtracting 8, and

multiplying by )L—l, and taking the maximum of the two terms, we obtain the

contradiction g (x) < g (X).
(b) Let X be a Pareto minimum. We take

M=fl@ -4 >0

such that g, (x) = 1.
Let x € E be such that g, (x) < gx(X). Then

fro—p
max — | < 1,
n\ f1(x) =B
which implies inequalities (9.20). O

We can also define conservative strategies for the players. We set

£y = sup fix x0).
xfeEf

Definition 9.5. We say that x'¥ € E' is a conservative strategy for the ith player
if

FEH = inf sup f(x,x)

ek xieE!
and we say the number vf defined by

UitI = inf sup fi(xi,x;)

1 v 2
x'eE yi€E!

is the conservative value of the game.

We point out that the conservative value v? may be used as a threat, by re-
fusing to accept any multistrategy x such that

i) >

since by playing a conservative strategy x'* the loss f*(x'%, x') is strictly less
than f'(x).
Suppose that

vf >ao' foralli= 1,..,n.

This assumption says that the conservative value is strictly greater than the vir-
tual minimum.
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Consider the function go : E — R defined by

Taking 8’ = & and A’ = v” — &/, Proposition 9.2 implies that

-
if xo € E minimizes go on E, then xg is a Pareto minimum.
If d :== minycfg go(x), it follows that xop minimizes gg on E if and only if
i) < (1 —dywf +da’ foralli,...,n.

This property suggests that such choices of Pareto optima should be viewed
as best compromise solutions.
Other methods of selection by optimization involve minimizing functions

1 _ 1 n _ o h
st(f (ﬁx) o« ix) “ ) (9.23)
v —al v, — A

on E, where the function s satisfies the following increasing property
ifa’ > b’ foralli, then s(a) > s(b).

We observe that x € E that minimizes (9.23) is a Pareto minimum. We also
note that the function (9.23) remains invariant whenever the loss functions f i
are replaced by functions a; ' + b;, where a; > 0.

We say that by replacing the functions f? by the functions g

then we have normalized the same game. For the normalized game the virtual
minimum is zero and the conservative value is 1.

In a general setting (not only concerning n-person games), a state of affairs
is Pareto-optimal if there is no alternative state that would make some people
better off without making anyone worse off. Alternatively, a state of affairs x
is said to be Pareto-inefficient (or suboptimal) if there is some state of affairs y
such that no one strictly prefers x to y and at least one person strictly prefers
y to x. We conclude that the concept of Pareto-optimality assumes that anyone
would prefer an option that is cheaper, more efficient, or more reliable or that
otherwise comparatively improves one’s condition.

In his most influential work Manuale d’economia politica (1906), Pareto
further developed his theory of pure economics and his analysis of ophelimity
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(power to give satisfaction). He laid the foundation of modern welfare eco-
nomics with his concept of Pareto optimum, stating that “the optimum allocation
of the resources of a society is not attained so long as it is possible to make at
least one individual better off in his own estimation while keeping others as well
off as before in their own estimation”.

NOTE

1. Vilfredo Pareto (1848-1923), Italian engineer and economist, who used the concept in his studies
of economic efficiency and income distribution. The concept has been applied in academic fields
such as economics, engineering, and the life sciences. He shared with Léon Walras the conviction
of the applicability of mathematics to the social sciences.
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Mathematics is the art of giving the same name to different things.
Henri Poincaré (1854-1912)

Chapter points

o The results of this chapter are at the interplay between set-valued equilibrium
problems, variational inclusions, and fixed point properties of multi-valued
mappings.

e The arguments combine abstract topological tools (hemicontinuity and
semicontinuity of bifunctions, lower and upper inverse sets) with Ky Fan’s lemma
and properties of KKM mappings.

e Includes extensions of several classical results in the framework of set-valued
analysis.

e The content of this chapter is based on recent original results obtained by Alleche
and Radulescu [6], [7].

10.1 QUASI-HEMIVARIATIONAL INEQUALITIES

Let E be a real Banach space which is continuously embedded in L? (2; R"),
for some 1 < p < 400 and n > 1, where 2 is a bounded domain in R™, m > 1.
Let i be the canonical injection of E into L? (2; R™).
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In this section, we study the existence of solutions for the following quasi-
hemivariational inequality:

find u € E and u™ € A (1) such that
W*, v)g +h ) J° (iu; iv) > (Fu,v)p forallveE, (10.1)

where A : E = E* is a nonlinear set-valued mapping, F : E — E* is a nonlin-
ear operator, J : L? (2; R") — R is a locally Lipschitz functional, J 0 denotes
the generalized derivative of J in the sense of Clarke and 2 : E — R is a given
nonnegative functional.

We point out that if # = 0 in problem (10.1) then we obtain the standard case
of variational inequalities, see Lions' and Stampacchia” [117] and Kinderlehrer
and Stampacchia [107]. The setting corresponding to 4 = 1 in problem (10.1)
describes the hemivariational inequalities, which were introduced by Pana-
giotopoulos [137], [138]. These inequality problems appear as a generalization
of variational inequalities, but they are much more general than these ones, in
the sense that they are not equivalent to minimum problems but give rise to
substationarity problems. The general case when / is nonconstant corresponds
to quasi-hemivariational inequalities, which were first studied by Naniewicz
and Panagiotopoulos [134, Section 4.5], in relationship with relevant models
in mechanics and engineering. We also refer to the monographs by Motreanu
and Panagiotopoulos [132] and Motreanu and Radulescu [131] for a thorough
variational and topological analysis of hemivariational inequalities.

The quasi-hemivariational inequality problem (10.1) has been studied in
Costea and Radulescu [58]. The authors considered the following quasi-
hemivariational inequality:

find u € C and u™ € A (1) such that
(w5 v—u)g +h W JO(iu;iv—iu) > (Fu,v—u)g forallveC, (10.2)

where C is a nonempty, closed, and convex subset of E satisfying some ad-
ditional conditions. Several results on the existence of solutions of the quasi-
hemivariational inequality problem (10.2) have been obtained in two cases:
(i) when C is a nonempty, convex, and compact subset of E; (ii) when C is
a nonempty, convex, closed, and bounded (then weakly compact) subset of a
reflexive Banach space. Characterizations and applications for solving the quasi-
hemivariational inequality problem (10.1) are derived.

We observe that if C is a linear subspace and in particular, if C is the whole
space E, then the quasi-hemivariational inequality problem (10.2) is equivalent
to the following quasi-hemivariational inequality:

find u € C and u™ € A (1) such that
W*, v)g +h ) J° (iu;iv) > (Fu,v)g forallveC,

which is exactly the formulation of the quasi-hemivariational inequality prob-
lem (10.1) with E replaced by C.
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In this section, we follow a direct approach by studying the existence of
solutions of the quasi-hemivariational inequality problem (10.2) when C is a
nonempty, closed, and convex subset of E. It follows that all the results obtained
can be then applied to the quasi-hemivariational inequality problem (10.1).

We first introduce some concepts of continuity of functions and set-valued
mappings and obtain some results and characterizations.

Next, we introduce a coercivity condition on a compact or weakly compact
subset and use the concept of continuity on a subset for solving the quasi-
hemivariational inequality problem (10.2) when C is a nonempty, closed, and
convex subset of E.

Finally, we obtain some results on the existence of solutions of equilib-
rium problems by using the concept of continuity on a subset of equilibrium
bifunctions in their first or second variable. Applications for solving quasi-
hemivariational inequalities are given.

10.1.1 Some Concepts of Continuity

Let (X, | - |lx) be a Banach space.
A function ¢ : X — R is called locally Lipschitzian if for every u € X, there
exists a neighborhood U of u and a constant L, > 0 such that

[p(w)—p )| <Ly||lw—vl|x forallueU,forallveU.

If ¢ : X — Rislocally Lipschitzian near u € X, then the generalized directional
derivative of ¢ at u in the direction of v € X, denoted by ¢° (1, v), is defined by

d’o (u,v) = limsup ¢ (w+Au) — ¢ (w) .

w—u A

A0

Suppose that ¢ : X — R is locally Lipschitz near u € X. Then the following
properties hold:

1. the function v — ¢° (i, v) is finite, positively homogeneous and subaddi-
tive;
2. the function (u, v) > ¢° (u, v) is upper semicontinuous.
We refer to Clarke [56, Proposition 2.1.1] for proofs and related properties.
Before introducing some concepts of continuity, we recall some general re-
sults on convergence of sequences.
Let X be a Hausdorff topological space. Recall that a subset B of X is said
to be sequentially closed if whenever (x,), is a sequence in B converging to x,
then x € B. A space is called sequential if every sequentially closed subset is
closed. Every metric space and more generally, every Fréchet-Urysohn® space
is a sequential space. A space X is called Fréchet-Urysohn space if whenever
x 1is in the closure of a subset B of X, there exists a sequence in B converging
to x.
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The weak topology of Banach spaces is not sequential in general. However,
bounded subsets of reflexive Banach spaces endowed with the weak topology
have the following property: if a point x is in the weak closure of a bounded
subset B of a reflexive Banach space, then there exists a sequence in B weakly
converging to x (see Denkowski, Migérski, and Papageorgiou [61, Proposi-
tion 3.6.23]). Thus, every bounded and weakly sequentially closed subset of
a reflexive Banach space is closed.

We say that a subset B has the Fréchet-Urysohn property if whenever x is in
the closure of B, there exists a sequence in B converging to x. Every subset of
a Fréchet-Urysohn space has the Fréchet-Urysohn property.

In the sequel, for a subset B of X, we denote by

Exp(B) = {x € X |3(x,),, x, € B such that x,, —>x},

the sequential explosion of B. Of course, Exp (B) is neither closed nor sequen-
tially closed in general.
Let x € X. A function f : X — Ris called

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

f (x) = limsup f (xp),

n—+00

where limsup f (x,) = infsup f (x);
n—-+o00 n k>n

2. sequentially lower semicontinuous at x if — f is sequentially upper semi-

continuous at x, that is, for every sequence (x,), of X converging to x, we

have
S (x) <liminf f (x,),
n——+00
where liminf f (x,) = sup inf f (x).
n—+00 n k=n

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.

If sequences are replaced by generalized sequences (nets) in the above defi-
nition of sequentially upper (resp., sequentially lower) semicontinuous function,
we obtain the notion of upper (resp., lower) semicontinuous function.

The following result shows how easy is to construct sequentially upper
(resp., sequentially lower) semicontinuous functions on a subset which are
not sequentially upper (resp., sequentially lower) semicontinuous on the whole
space.

Proposition 10.1. Ler f: X —> R be a function and let S be a subset of X.
If the restriction fiy of f on an open subset U containing S is sequentially
upper (resp., sequentially lower) semicontinuous, then any extension of fiy to
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the space X is a sequentially upper (resp., sequentially lower) semicontinuous
function on S.

The following lemma provides us some properties of sequentially upper and
sequentially lower semicontinuous functions on a subset.

Proposition 10.2. Let f : X —> R be a function, S a subset of X, and a € R.

1. If f is sequentially upper semicontinuous on S, then
Exp(ixeX|f(x)zahNS={xeS|f(x)=a}.

Moreover, the trace on S of upper level sets of [ are sequentially closed
inS.
2. If f is sequentially lower semicontinuous at S with respect to C, then

Exp(fxeX|f(x)<ahNS={xeS|fKx) <a}.

Moreover, the trace on S of lower level sets of [ are sequentially closed
in S.

Proof. The second statement being similar to the first one, we prove only the
case of the sequential upper semicontinuity. Let

x*eBxp({xeX| f(x)>a})NS.

Let (x,), be a sequence in Exp({x € X | f (x) > a}) converging to x*. Since
x* € §, then by the sequential upper semicontinuity of f on S, we have

f (x*) > limsup f (x,) > a.

n——+00

It follows that x* € {x € S| f (x) > a}. The converse holds from the fact that
xeSlfx)za}={xeX|f(x)=a}Nns,

which is obvious as well as the sequential closeness in S of the trace on S of
upper level sets of f. O

Next, we introduce a generalization of lower semicontinuity of set-valued
functions when the space X is a real topological Hausdorff vector space.

We say that a set-valued mapping T : X =2 Y is lower quasi-hemicontinuous
at x € X, if whenever z € X and (A,), a sequence in ]O, I[ such that

lim A, = 0, there exists a sequence (z:‘l) converging to some element x*
n—-+00 n

of T (x) such that 2} € T (x + A, (z — x)), for every n.

The set-valued function 7 will be said lower quasi-hemicontinuous on a
subset S of X if T is lower quasi-hemicontinuous at every point of S.

The following result shows that the notion of quasi-hemicontinuity of set-
valued mappings is also a generalization of different other notions.
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Proposition 10.3. Let T : X =2 Y be a set-valued mapping and suppose that
one of the following assumptions holds:

1. T is lower semicontinuous at x € X
2. T has a continuous selection.

Then T is lower quasi-hemicontinuous at x.

Proof. The second statement is obvious. The first assertion follows from the
fact that T is lower semicontinuous at x € X if and only if for every general-
ized sequence (x;);ca converging to x, and for every x* € T (x), there exists a
generalized sequence (x;:) ,ep Converging to x* such that x5 €T (x;), for every
A € A, see Papageorgiou and Kyritsi-Yiallourou [139, Proposition 6.1.4]. O

Although the notion of semicontinuity of set-valued mappings is important
for the existence of continuous selections (Michael’s selection theorem), it is
not essential. This means that under additional conditions, different continuous
set-valued mappings with respect to other hyperspace topology may have con-
tinuous selections and then, they are lower quasi-hemicontinuous.

As in Proposition 10.1, the following result shows how easy we construct
lower quasi-hemicontinuous set-valued mapping on a subset without being
lower quasi-hemicontinuous on the whole space.

Proposition 10.4. Let T : X =2 Y be a set-valued mapping and let S be a subset
of X. If the restriction T\y of T on an open and convex subset U containing S
is lower quasi-hemicontinuous, then any extension of Ty to the space X is a
lower quasi-hemicontinuous set-valued mapping on S.

A set-valued mapping T : E = 2F" is said to be relaxed a-monotone if there
exists a functional « : E — R such that for every u, v € E, we have

W —uv—u)y>a(w—u) forallu™eT (u), allv* €T (v).

10.1.2 Existence Results for Quasi-Hemivariational Inequalities

For any v € C, we define the following set:

@(v):{uECI inf (v, v—u)+hw) I Gu;iv—iu)
v*eA(v)

—(Fu,v—u)zot(v—u)}. (10.3)
The following result gives a sufficient condition for the existence of solutions
of quasi-hemivariational inequalities.

Theorem 10.1. Let C be a nonempty, closed, and convex subset of the real
Banach space E which is continuously imbedded in L (2; R"). Suppose that
the following assumptions hold:
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1. there exists a compact subset K of C and vg € K such that the following
condition holds: for every u € C \ K, there exists v* € A (vo) such that

(v*,vo—u)+h(u)JO(iu;iv0—iu)— (Fu,vo—u) —a (vg —u) <0;

2. «: E — R is a functional such that for every u € C, lim % =0
n——+o00 n

whenever (A,), is a sequence in 10, 1[ such that lim A, = 0 and
n——+00

limsupo (u,) > o (u) whenever (uy), is a sequence in C converging to u;
n——+00
3. A is relaxed a-monotone and lower quasi-hemicontinuous on K with re-

spect to the weak™ topology of E*,

h is a nonnegative sequentially lower semicontinuous functional on K ;

5. F is an operator such that for every v € C, u +> (Fu, v — u) is sequentially
lower semicontinuous on K.

b

Then the quasi-hemivariational inequality problem (10.2) has at least one solu-
tion.

Proof. By using the relaxed o-monotonicity of A and the subadditivity of the
function v — JO (ju; iv), we obtain that the set-valued mapping v — O (v) is
a KKM mapping. To do this, let {vy,...,v,} C C and put ug = ZZ:MkUk
where Ar € ]0, 1[ for every k = 1,...n and ZZ:l)‘k = 1. Assuming that
ug ¢ UZ:l ® (vg), then for every k =1, ...n, we have

inf  (v*, vg—uo)+h (ugy) JO (iug; ivy —iug) — (Fu, vy —ug) < o (vx — ug) .
v¥eA(vg)

For every k =1, ...n, choose v,f € A (vg) such that
(VF, v — o) + h (o) IO (iuo; ive — iug) — (Fu, vg — uo) < o (v — up) .
Since A is relaxed «-monotone, then for every u(“; € A (up), we have

(VF, v — uo) + h (o) J° (iug; iv — iug) — (Fu, vy — uo)
< a (v — up)

< (v} —ug, vk — uo).
Therefore

(g, vi — uo) + h (uo) J° (iug; ivk — iug) — (Fu, vg — ug) <0
for all ug € A (uo).

Since the function v — JO (iu; iv) is subadditive, then for any uy € A (up), we
have

0= (u, uo — uo) + h (uo) J° (iug; iug — ing) — (Fu, uo — uo)
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= (ug, Y Mk (o — uo)) + h (ug) J° (iuo; D Givk — iuo))

k=1 k=1

— (Fu, Y (0 — uo))

k=1

n
<>k ((ué, vk — uo) + h (uo) J° (iuo; ivg — iug) — (Fu, vy — uo)) <0.
k=1

This is a contradiction and then the set-valued mapping v — © (v) is a KKM
mapping. Since © (vg) is contained in K which is compact, then by Ky Fan’s
lemma, we have

(1O @ #2.
veC

We now prove that for every v € C, we have
OWNK=0wNK.

To do this, let v e C and u € ® (v) N K. Let (u,), be a sequence in ® (v)
converging to u.
Let v* € A (v) be arbitrary. We have for all n > 1

@ (v —uy) < (V50 —1ty) 4 b (un) IO Gtns iv — iuy) — (Fitg, v — uy).
Since u € K, then

oa(v—u)

<limsupo (v — uy)
n——+00

<limsup ((v*, v—uy,)+hu,) JO (iup;iv—iuy) — (Fup,v— u,,))

n——+00

<@ v—u)+h@w) J®Gu;iv—iu) — (Fu,v —u).

It follows thatu € ® (v) N K.
Now, by using the fact that ® (vg) is contained in K, we conclude that

New=(ew,

veC veC
and then,

() ©w #0.

veC
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Finally, let ug € ﬂvEC ® (v). This means that ug € K and for every w € C, we
have

inf (w*,w—u)+h(u)]0(iu;iw—iu) —(Fu,w —u)>a(w—u).
w*eA(w)
Let v € C be arbitrary and define w, = ug + X, (v — up) where (1,), is a se-
quence in ]0, 1[ such that 11111 Ay = 0. By lower quasi-hemicontinuity of A
n——+0oo

«
on K, let w' € A(wy) be such that w’ AN uyy € A(up). Since the function
v+ JO(iu; iv) is positively homogeneous, we obtain

_aGn =)

(W, v —ug) +h (uo) J° (iug; iv — iug) — (Fug, v —ug) > .
n

Letting n go to +o00, we obtain that
(ug, v — o) +h (u0) J° (iuo; iv — iug) — (Fug, v — up) = 0
which completes the proof. O

The following result provides an additional existence property for quasi-
hemivariational inequalities.

Theorem 10.2. Let C be a nonempty, closed, and convex subset of the real
reflexive Banach space E which is compactly imbedded in LP (2; R™). Suppose
that the following hypotheses are fulfilled:

1. there exist a weakly compact subset K of C and vy € K such that the fol-
lowing condition holds: for every u € C \ K, there exists v* € A (vg) such
that

(*, v0—u) +h @) J° (ius ivg — iu) — (Fu,vo — u) — a (vo — u) < 0;

2. a: E — R is a functional such that for every u € C, lim % =0
n——+0o00 n

whenever (A,), is a sequence in 10, 1[ such that lim A, = 0 and
n—400

limsupw (u,) > o (u) whenever (u,), is a sequence in C weakly converging
n——+00
tou,

3. A is relaxed a-monotone and lower quasi-hemicontinuous on K with re-
spect to the weak* topology of E*;

4. h is a nonnegative weakly sequentially lower semicontinuous functional
on K;

5. F is an operator such that for every v € C, u — (Fu,v — u) is weakly
sequentially lower semicontinuous on K.

Then the function v — @O (v) is a KKM mapping and

ExpB)NK=0wWNK forallveC.
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If, in addition, ® (v) has the Fréchet-Urysohn property, for every v € C, then
the quasi-hemivariational inequality problem (10.2) has at least one solution.

Proof. By the same proof as in Theorem 10.1, we obtain that the set-valued
mapping v — O (v) is a KKM mapping.

Now, let v € C and u € Exp(® (v)) N K. Let (4,), be a sequence in
® (v) weakly converging to u. Since the compact embedding i is compact,
it maps weakly convergent sequences into strongly convergent sequences. Let
v* € A (v) be arbitrary. We have

a(—uy) < v—u,)+hu,) JO (iuy;iv—iuy)—{(Fu,,v—u,) foralln.
Since u € K, then

o (v—u)

<limsupa (v — up)
n——+00

< limsup ((v*, V=) +h (up) IO (iup: iv —iuy) — (Fuy, v — un))

n—-+00

<@ v—u)+h@) J®Gu;iv—iu) — (Fu,v—u).

Thus, u € ® (v) N K.
Suppose now that ® (v) has the Fréchet-Urysohn property, for every v € C.
Then

Exp(® (v)) =0 (v) forallveC

where the closure is taken with respect to the weak topology. Since the set-
valued mapping v > O (v) is a KKM mapping and since ® (vg) is contained in
K which is weakly compact, then by Ky Fan’s lemma, we have

() Exp (® (v)) # 4.

veC

By the same arguments as in the proof of Theorem 10.1, we conclude that

(Exp@@)=(]0w.

veC veC

and then,
() © @ #2.
veC

With similar arguments as in the proof of Theorem 10.1, we conclude that
the quasi-hemivariational problem (10.2) has at least one solution. O
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10.2 EQUILIBRIUM PROBLEMS VERSUS
QUASI-HEMIVARIATIONAL INEQUALITIES

Equilibrium problems are very general and they include as particular cases,
Nash equilibrium problems and convex minimization problems. Relevant appli-
cations in physics, optimization, and economics are described by models based
on equilibrium problems.

Let C be a nonempty, closed, and convex subset of a real topological Haus-
dorff vector space X. An equilibrium problem in the sense of Blum, Muu, and
Oettli [42,133] is a problem of the form:

find ueC suchthat f(u,v)>0 forallveC, (10.4)

where f : C x C — R is a bifunction such that f (u,u) > 0, for every u € C.
Such a bifunction is called an equilibrium bifunction.

We present in this section some results about the existence of solutions of
equilibrium problems and apply these results for solving quasi-hemivariational
inequalities.

In the sequel, we define the following sets: for every v € C, we put

ffw={ueC|f@u,v) =0}
and

fm={ueC|f,u =<0}
A function f : C — Ris said to be
1. semistrictly quasi-convex on C if, for every ui,us € C such that f (u1) #
f (u2), we have
fQuy+ (=2 uz) <max{f (u1), f (uz)} forallAe]0,I1[;
2. explicitly quasi-convex on C if it is quasi-convex and semistrictly quasi-
convex.

The following result extends the Ky Fan minimax inequality theorem for
sequentially upper semicontinuous bifunctions on their first variable on a subset
of a real Banach space.

Theorem 10.3. Let C be a nonempty, closed, and convex subset of the real
Banach space E. Let f : C x C —> R be an equilibrium bifunction and suppose
that the following assumptions hold:

1. f is quasi-convex in its second variable on C,
2. there exists a compact subset K of C and vy € K such that

fu,v) <0 forallueC\K;

3. f is sequentially upper semicontinuous in its first variable on K.

Then the equilibrium problem (10.4) has a solution.
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Proof. Since f is an equilibrium bifunction, then f+ (v) is nonempty and
closed, for every v € C.

By quasi-convexity of f in its second variable, the mapping v — f7 (v) is
a KKM mapping and since £+ (vg) is contained in the compact subset K, then
by Ky Fan’s lemma, we have

() 7+ #9.
veC
On the other hand, we have
NFw=N(Twnk).
veC yeC
Since
Exp(f* )=/t forallveC,

then by Proposition 10.2, we have

frNK=rftwnK forallvecC.

Thus,
o=@+
veC veC
which completes the proof. O

The equilibrium problem (10.4) can be also solved when the bifunction f
is not upper semicontinuous on its first variable. In this case some additional
conditions are needed.

The bifunction f : C x C — R is said to be pseudo-monotone on C if

fw,v)>0= f(v,u) <0, forallu,veC.

The following result extends to the abstract setting of a real Banach space
E some results of Alleche [4], Bianchi and Schaible [39] on the existence of
solutions for pseudo-monotone equilibrium problems.

Theorem 10.4. Let C be a nonempty, closed, and convex subset of the real
Banach space E. Let [ : C x C —> R be an equilibrium bifunction and suppose
that the following assumptions hold:

1. f is pseudo-monotone on C;
2. there exists a compact subset K of C and vy € K such that

f,v) <0 forallueC\K;

3. f is upper hemicontinuous in its first variable on K
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4. f is explicitly quasi-convex in its second variable on C,
5. f is sequentially lower semicontinuous in its second variable on K.

Then the equilibrium problem (10.4) has a solution.

Proof. By the same arguments as in the proof of Theorem 10.3, we obtain that

N(FFnk) =TT w#0.

veC veC

Since f is sequentially lower semicontinuous in its second variable on K, then
by applying Proposition 10.2, we have

f~WNK=f"(wNK forallvecC.

From pseudo-monotonicity, we have £+ (v) C £~ (v), for every v € C. It fol-
lows that

N(FFonk)c N~ oK),
veC veC

By using the hemicontinuity of f in its first variable on K and the explicit
quasi-convexity, we have

N~ @nK)c ().

veC veC

A combination of the above statements yields

N rrom=r"o.

yeC yeC
This completes the proof. O

Theorem 10.3 and Theorem 10.4 remain true if the real Banach space E is
replaced by a real topological Hausdorff vector space such that the subset C is
a Fréchet-Urysohn space.

Now we apply the above theorems to derive results on the existence of solu-
tion of quasi-hemivariational inequalities.

Define the equilibrium bifunction ¥ : C x C — R by

U(u,v)= inf (0 v—u)+hw)J’Gu;iv—iu)— (Fu,v—u).
v*eA(v)

Although we are aware of the intrinsic properties of the generalized direc-
tional derivative, we do not know if W satisfies any condition of continuity or
of convexity in its first or second variable. In other words, even under assump-
tions of Theorem 10.1 and Theorem 10.2, it is not clear whether W satisfies any
condition of Theorem 10.3 or Theorem 10.4.
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The following result provides us with a sufficient condition for solving the
quasi-hemivariational inequality problem (10.2). Note that the concept of re-
laxed a-monotonicity is no longer needed.

Theorem 10.5. Let C be a nonempty, closed, and convex subset of the real
Banach space E. Suppose that A is lower quasi-hemicontinuous on K with
respect to the weak* topology of E*. If the equilibrium problem

findu € C such that ¥ (u,v) >0 forallveC

has a solution, then the quasi-hemivariational inequality problem (10.2) has a
solution.

Let us point out that by a classical method, we can also define an equilibrium
bifunction ¥ : C x C — R as follows:

W(u,v)= sup (u*,v—u)+h@)J®Gu;iv—iu)— (Fu,v—u).
u*eA(u)

Clearly, any solution of the quasi-hemivariational inequality problem (10.2) is a
solution of the equilibrium problem

Find ue€C suchthat W (u,v)>0 forallveC. (10.5)

The converse does not hold easily as in Theorem 10.5 and it seems to need
additional conditions on the values of the set-valued mapping A.

10.3 BROWDER VARIATIONAL INCLUSIONS

Browder variational inclusions appear in the literature as a generalization of
Browder-Hartman-Stampacchia variational inequalities. These inequality prob-
lems are presented as a weak type of multi-valued variational inequalities, since
they involve set-valued mappings in their definition. Browder variational inclu-
sions have many applications, including applications to the surjectivity of set-
valued mappings and to nonlinear elliptic boundary value problems. Browder
variational inclusions can be reformulated by means of set-valued equilibrium
problems.

Although set-valued equilibrium problems have already been considered in
the literature, the authors have focused on the applications to Browder vari-
ational inclusions, or to other areas such as fixed point theory and economic
equilibrium theory. It should be mentioned here that the results obtained in these
papers on set-valued equilibrium problems are very general and need to be im-
proved. When these results are applied to single-valued equilibrium problems,
their assumptions become simple conditions of continuity and convexity. On
the other hand, single-valued equilibrium problems have known in last decades
several important and deep advancements.



Applications to Variational Inequalities and Related Topics Chapter | 10 291

Let C be a nonempty subset of a Hausdorff topological space and
f:C x C = R a set-valued mapping.

Following Alleche and Radulescu [7], a set-valued equilibrium problem is a
problem of the form

find x* € C such that f (x*,y) CRy forallyeC. (Ssvep)

We will also consider in this section the following weaker set-valued equi-
librium problem

find x* € C such that f (x*, y) NRy #¢ forally e C. (Wsvep)
Recall that the equilibrium problem is a problem of the form
find x* € C such that ¢ (x*,y) >0 forall y € C, (EP)

where ¢ : C x C — R is a bifunction.

10.3.1 Strong and Weak Set-Valued Equilibrium Problems

The compactness of the domain C in the existence of solutions of equilibrium
problems is a rather restrictive condition. We will consider here a condition
involving a set of coerciveness.

Theorem 10.6. Let X be a Hausdorff locally convex topological vector space,
C a nonempty, closed, and convex subset of X, and D C C a self-segment-dense
setin C. Let f:C x C = R be a set-valued mapping, and assume that the
following conditions hold:

1. forallx e D, f (x,x) CRy;

2. forallx € D, y— f (x,y) is convex on D,

3. forallx € C, y— f (x,y) is lower semicontinuous on C \ D,

4. there exist a compact set K of C and yo € D such that f (x, yo) NR* # @,

forallx e C\ K;
5. forally € D, x — f (x,y) is lower semicontinuous on K.

Then the set-valued equilibrium problem (Ssvep) has a solution.

Proof. We define the set-valued mapping f+: C = C by
ff)={xeC|fx,y)cR,} forallyeC.

Clearly, xo € C is a solution of the set-valued equilibrium problem (Ssvep) if

and only if xg € ﬂ ).
yeC

Assumption (1) yields £ (y) is nonempty, for every y € D. Now, consider
the set-valued mapping cl ( f +) : D = R defined by

cd(ff)=cl(f*(y) forallyeD.
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Clearly, cl (f+) (y) is closed for every y € D, and cl (f“') (yo) is compact since
it lies in K by assumption (4).

We now prove that the set-valued mapping cl ( f +) is a KKM mapping.
Let {y1,...,y,} C D be a finite subset and {A1,...,A,} C Ry such that
YA = 1. We first assume that ) ;_, A;y; € D. Then, by assumption (1)
and assumption (2), we have

n n n n
Z)\if (ZM)’:‘J:‘) cf <Z)\iyisz)\iyi> CR;.
i=l i=1 i=1 i=l1

The convexity of R* yields that there exists ip € {1,...,n} such that
£ (X2 Aiyi, vip) C Ry, which implies that

D omvie fT (i) cJrron.
i=1 i=1

Consequently, for every finite subset {y1,...,y,} C D and {A1,..., 1} CR4
such that ) /', A; = 1, we have

conv{yl,...yn}ﬂDCUf+(yi)

i=1
and then,

cl(conv{yi,...y,} N D) Cel (U f* <y,->> =Je(r+ o).

i=1 i=1

By applying Lemma 1.3, we obtain that
n
conv{yr,...y} C Ucl (o)
i=1

which proves that the set-valued mapping I ( f*) is a KKM mapping.
Next, by Ky Fan’s lemma, we have

(el (f* ) #0.

yeD

Since yg € D and cl ( f (yo)) is contained in K, then we have

o) =) | nk=) (" M)NK).

yeD yeD yeD
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According to our notation, we remark that for every y € D, £ (y) is the
upper inverse set fT (R, y) of R, by the set-valued mapping f (., y) which
is lower semicontinuous on K by assumption (5). Then, by applying Proposi-
tion 1.5, we obtain that for every y € D,

d(ffm)NK=frynK.

Since yg € D and £ (yp) is contained in K, then we have

NEte)nk) =N Fonk) = o.

yeD yeD yeD

It follows that ﬂye p ST (y) # @, hence there exists xo € C such that
f (x0,y) CRy, forevery y € D.

It remains now to extend the above statement to the whole C in order to
state that x¢ is a solution of the set-valued equilibrium problem (Ssvep). Let
y€C\D.Since D C f* (xo,Ry) ={y €C| f (x0,y') CR4} and D is dense
in C, then y € cl (fJr (xo, R+)) N (C \ D). According to Proposition 1.5 again,
assumption (3) yields that

el (f* (0. R4)) N (C\ D) = £ (x0.R4) N (C\ D).

It follows that y € f* (xo, Ry) which means that f* (xo, y) C Ry and com-
pletes the proof. O

Remark 10.1. We note that f is convex (resp., lower semicontinuous) if and
only if — f is convex (resp., lower semicontinuous). Therefore, if we replace f
by — f in the above theorem, we obtain the inclusion in R_.

We now give an example of a set-valued mapping verifying all the conditions
of Theorem 10.6 without being lower semicontinuous in its first variable on the
whole space.

Example 10.1. Let X = D =R, K =[—1, +1] and yg = 0. Define the set-
valued mapping f : R x R = R by

[y? —x2,+oo[ otherwise.

Then f is convex in its second variable and that f (x,x) = R, for ev-
ery x € X. Also, for every x ¢ K, we have f (x,0) = —x2 <0if x # 2 and
f(x,00=-2<0ifx =2.

To show that f is lower semicontinuous in its first variable on K, fix
y € R and let V be an open subset of R such that f (x,y) NV # (# where
X € K. Then 2 — ¥ > | and furthermore f (¥,y) = [y* — %% +oo[. Let



294 Equilibrium Problems and Applications

z € [y2 —Yz,—f—oo[ NV and ¢ > 0 be such that ]z —¢,z+ &[ C V. Choose
0 < 6 < 1 such that |x2 — Y2| < & whenever |x — x| < §. Note that |x2 —E2| =
|(»? —x2) — (y* —%%)| and then, y> — x? < y? —X* + & < z + & whenever
|[x —X| < 8. Thus, f(x,y)NV #£@, forevery x € [x — §,x + 4[.

Now, let us show that f is not lower semicontinuous in its first variable on
the whole space R. Take for example y = 3 and show that the set-valued map-

ping f (-, 3) is not lower semicontinuous at the point 2. To do this, consider the
open interval V =12, 3[, and since f (2,3) = [% +oo[, then f(2,3) NV #£ 0.

However, if U is an open neighborhood of 2, then ]2, V5 [ NU # @ and for

z€ ]2, ﬁ[ NU, we have f(z,3) = [9—2z? +oo. Since 9 — z* > 4, then
fZ3)NV=0.

The weaker set-valued equilibrium problem (Wsvep) is also solvable under
the conditions of Theorem 10.6 since it is a particular case and a weaker ver-
sion of the set-valued equilibrium problem (Ssvep). However, we provide here
some other conditions involving concavity and upper semicontinuity to obtain
an existence result for the set-valued equilibrium problem (Wsvep).

Theorem 10.7. Let X be a Hausdorff locally convex topological vector space,
C a nonempty, closed, and convex subset of X, and D C C a self-segment-dense
set in C. Let f:C x C = R be a set-valued mapping, and assume that the
following conditions hold:

1. forallx e D, f (x,x) "Ry #;

2. forallx € D, y+— f (x,y) is concave on D;

3. forallx € C, y+— f (x,y) is upper semicontinuous on C \ D;

4. there exist a compact set K of C and yg € D such that f (x, yg) C R*,
forallx e C\ K;

5. forally € D, x — f (x,y) is upper semicontinuous on K.

Then the set-valued equilibrium problem (Wsvep) has a solution.

Proof. We define the following set-valued mapping f~ : C = C by
fTy)=xeC|fx,yyNRy#0} forallyeC.

We observe that xo € C is a solution of the set-valued equilibrium prob-
lem (Wsvep) if and only if xo € ﬂ o).
yeC
Now, consider the set-valued mapping cl (f~) : D = R defined by

cl(f_) (y):cl(f_ (y)) forall y e D.

As above, f~ (y) is nonempty for every y € D. Also, ¢l (f7) (y) is closed
for every y € D, and ¢l (f ™) (yo) is compact since it lies in K.
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To prove that the set-valued mapping cl ( f _) is a KKM mapping, let
{»1,...,yn} C Dbeafinite subsetand {11, ..., A,} C Ry suchthat} ; A, =1
and Z:’zl Aiyi € D. Then, by assumptions (1) and (2), we obtain

Z)\if (Z)‘i)’ia)’l) of (Zkiyi,zkiyi) NR4 #0.
i=1 i=1 i=1 i=1

The convexity of R* yields that there exists ig € {l,...,n} such that
F (2721 Aiyi, vig) NRy # @ which implies that

Z?»iyi € f~(vip) C Uf_ i)
i=1 i=1

Consequently, for every finite subset {y1,...,y,} C D and {A1,...,A,} CR_
such that ) 7, A; = 1, we have

conv{yl,...yn}ﬂDCUf_(yi)

i=1

and then,

cl(conv {yi, ...y} N D) Ccl (U f- (y») =Jel (= ).

i=1 i=1
By applying Lemma 1.3, we have

n

conv{yr,...ya} C | el (£~ ()

i=1

which proves that the set-valued mapping cl ( f _) is a KKM mapping.
By Ky Fan’s lemma, we obtain

(el (f~ ) #0.

yeD

and since yo € D and ¢l (f~ (y0)) C K, then

()=~ M)NK =) ((f~ ) NK).

yeD yeD yeD

According to our notation, we remark that for every y € D, f~ (y) is the
lower inverse set f~ (R4, y) of R4 by the set-valued mapping f (., y) which
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is upper semicontinuous on K by assumption (5). Then, by applying Proposi-
tion 1.5, we obtain that for every y € D,

d(fTM)NK=f"(MNK.

Since yg € D and f~ (yp) is contained in K, we have

N mnk)=(F »nK)=()f .

yeD yeD yeD

It follows that () yeD f~ (y) # 0, hence there exists xo € C such that
f (x0,y) NR4 #0, forevery y € D.

It remains now to extend the above statement to the whole C in order to
state that xq is a solution of the set-valued equilibrium problem (Wsvep). Let
y€ C\ D.Since DC f~ (x0,Ry)={y' €C| f (x0,y') "Ry # 0} and D is
dense in C, then y € cl (f~ (x0. R4)) N (C \ D). According to Proposition 1.5
again, assumption (3) yields that

cl(f~ (x0,R4)) N(C\ D) = f~ (x0,Ry)N(C\ D).

It follows that y € f~ (x0, R4+) which means that £~ (xg, y) "R # ¢ and com-
pletes the proof. O

Once again, remark that any solution of the set-valued equilibrium prob-
lem (Ssvep) or the set-valued equilibrium problem (Wsvep) is a solution of
the classical equilibrium problem (EP), where f : C x C =2 R is defined by
f(x,y) ={p(x,y)} and ¢ is a single-valued bifunction. However, when the
notions of convexity and concavity in the sense of set-valued mappings are ap-
plied to f, we obtain the linearity (on D) of the single-valued mapping ¢ which
is a strong condition for solving equilibrium problems. Also, lower and upper
semicontinuity in the sense of set-valued mappings applied to f turn out to be
the continuity of ¢. In what follows, we provide conditions weaker than linearity
and continuity to obtain an existence result for the equilibrium problems (EP).

Theorem 10.8. Let X be a Hausdorff locally convex topological vector space,

C a nonempty, closed, and convex subset of X, and D C C a self-segment-dense

setin C. Let ¢ : C x C — R be a bifunction, and assume that the following

conditions hold:

1. forallx € D, ¢ (x,x) > 0;

2. forallx € D, y — ¢ (x,y) is convex on D,

3. forallx € C, y— ¢ (x,y) is lower semicontinuous on C \ D,

4. there exist a compact set K of C and yg € D such that ¢ (x, yo) <0,
forallx e C\ K;

5. forally e D, x — ¢ (x,y) is lower semicontinuous on K.

Then the equilibrium problem (EP) has a solution.
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Proof. We proceed as above and define the following set-valued mapping
T :C=Chy

et (N =1{xeClo(x,y) >0}

We observe that xg € C is a solution of the equilibrium problem (EP) if and

only if xp € ﬂ ot ().
yeC
We also consider the set-valued mapping cl (<p+) : D = R defined by

() =cl(p* (y)) forallye D.

We have that ¢ (y) is nonempty, for every y € D. Also, cl (g0+) (y) is closed
for every y € D, and ¢l (¢™) (yo) is compact.

To prove that ¢l (¢*) is a KKM mapping, let {yi, ..., y,} C D be a finite
subset and {Aq,...,A,} CRy suchthat Y ' A; =1and ) ! ,Aiyi € D. We
have

max (p (Zk,yl,yl> > (Z)\zyuz)wyz) >

Then, there exists ig € {1, ..., n} such that ¢ (3_7_; Aiyi, yiy) > 0 which implies
that

Zkzylew (io) Uw ).

Consequently, for every finite subset {y1,..., y,} C D and {A1,...,A,} CR_
such that "/, ; = 1, we have

n
conv{yr....ya} N D C | JoT ()
i=1
and then,
n n
cl(conv{ys,...ya}N D) Ccl (Ugﬁ (i) ) Ucl " ()
i=1 i=1
By applying Lemma 1.3, we obtain that
n
conv {yr....ya} C el (™ ()
i=1

which proves that the set-valued mapping cl (<p+) : D = R is a KKM mapping.
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By applying Ky Fan’s lemma, we have

() cl(et () #0.

yeD

Since yo € D and cl (¢ (y9)) C K, then

elet ) =) (et M) NK =) (cl(¢* M)NK).

yeD yeD yeD

By applying Proposition 1.3, assumption (5) yields that for every y € D,

c(e™M)NK=¢"(MNK

and then,

(et MnK) = (e mnK)=[)¢" ).

yeD yeD yeD

It follows that [ yeD @™ (¥) # ¥ which means that there exists xog € C such
that ¢ (xo, y) > 0, for every y € D.

As above, by assumption (3), we can apply Proposition 1.3 to the set C \ K
and obtain that ¢ (xg, y) > 0, for every y € C. That is, x¢ is a solution of the
equilibrium problem (EP). O

We point out that the solutions sets of the equilibrium problems studied in
Theorems 10.6, 10.7 and 10.8 are always included in the set of coerciveness K .

10.3.2 Browder Variational Inclusions: Existence of Solutions

Browder variational inclusion problems have been considered in the literature as
a generalization of Browder-Hartman-Stampacchia variational inequality prob-
lems. These problems are also presented in the literature as a weak type of
multi-valued variational inequalities.

Let X be a real normed vector space X. For x € X and a subset A of X*, we
put (A, x) = {{(x*, x) | x* € A}.

The following result is related with Theorem 4.8.

Theorem 10.9. Let X be a real normed vector space, C a nonempty, closed, and

convex subset of X. Suppose that F : C = X™* satisfies the following conditions:

1. there exist a compact subset K of C and yy € C such that (x*,y — x) <0,
for every x € C \ K and every x* € F (x);

2. F is upper semicontinuous on K ;

3. F has weak™* compact values on K.

Then there exists xg € K such that (F (xo0),y — xo "Ry # @, for every y € C.
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Proof. Define the set-valued mapping f : C x C = R by

f(-xvy)=<F(-x)7y_-x)‘

We show that all the conditions of Theorem 10.7 are satisfied with D = C.

Condition (1) and condition (3) are obviously satisfied. Condition (4) holds
easily from our assumption on the subset K.

To prove condition (2), let x € C, {y1,...,y,} C C a finite subset and
{A1, ..., Ay} C Ry such that Z?:l)‘i = 1. Take x* € F (x), and by linearity,
we have

n n n
(o, > hiyi —x) =Y Ailxx yi —x) € Y Ai(F (x),yi —x)
i=1 i=1 i=1

which implies that (F (x), > i Ajyi —x) C > iy Ai(F (x), yi —x). It follows
that

f (LZM%) CY hif ().
i=1 i=1

To prove condition (5), fix y € D, V an open subset of R and let
x € fT(V,») N(C\K) where f+(V,y)={x"eC|(F(x),y—x")CV}.
First, we claim that there exists § > 0 such that

Br ((x*,y —Xx), 8) CcV forallx*eF (x)

where Br ((x*,y —x),8) = {t e R ||t — (x*, y — x)| < 8}. Indeed, for every
x* e F (x), let g4+ > 0 be such that B ({(x*, y — x), 2e,+) C V and define

Upr ={z" e X* [ (", y —x) € Br (x", y — x), 24) } .

The family {Uy+ | x* € F (x)} being a weak* open cover of F (x) which is
weak* compact, let {xT, cee x;f} C F (x) be such that F (x) C | ;_, Ux;ﬂ. Put

If t € Br (x*,y —x),8) for some x* € F(x), then x* € Ux;e, for some
i=1,...,n.Since

|t —(xf y—x)| < |t — (" y —x)| + [(x*, y —x) — (x, y — x)|
<5+8xi* SZSxi*,

then, t € By ((x;", y—Xx), 28)(;6) cV.

Let
) { ) ) }
§1 = min ,
3lxl+1 3yl +1
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and 0=, +cp(y) Bx+ (x*, 81), where Bx« (x*, 81) = {z € X* | [z — x*[|« <81},
and ||.] and | .|« denote respectively the norm of X and X*. Clearly O is
an open set containing F (x), and by the upper semicontinuity of F on K, let
n > 0 be such that F (w) C O for every w € Bx (x,n) N C, where By (x,n) =
{fwe X ||Jlw—x]| <n}. Put

)
—min{—— 1
n mm{3<||F<x>||*+1>’”’ }

where | F (x) ||, = max {||x*|« | x* € F (x)}. Put U = By (x, n1) N C which is
an open subset of C containing x.

We will show that f (z,y) C V, for every z € U. To do this, let z € U and
7* € F (2). Let x;j € F (x) be such that F' (z*) C Bx+ (xa“, 81). We have

[z y—2) = (g, y —x) | =[x — 25 2) + (6o x — 2) — (5§ — 2%, )|
< lxg — 2"« llzll + llxg llsllx — zll + llxg — 2* <[l ¥l

Slxll +mn) Sllxg Il n Syl
3Alxl+1D  3UF @ +1D  3diyil+ 1
8+8+8 s

<-4 -4 =-=34.

3 3 3

It follows that (z*,y — z) € Br ((xg, y—Xx), 6) C V. Since z is arbitrary in U
and z* is arbitrary in F (z), then f (z,y) C V, forevery z € U.

By Theorem 10.7, we conclude that there exists xg € C such that f (xo, y) N
R4 #0, forevery y € C. O

When F is a single-valued mapping, we obtain a solution to the Browder-
Hartman-Stampacchia variational inequality problems, as stated in the following

property.

Corollary 10.1. Let X be a real normed vector space, C a nonempty, closed,
and convex subset of X. Suppose that f : C — X* has the following conditions

1. there exist a compact subset K of C and yo € C suchthat (f (x),y—x) <0,
foreveryx € C\ K;
2. F is continuous on K.

Then there exists xo € K such that {f (xo),y — x0) >0, for everyy € C.

10.3.3 Pseudo-Monotone Case

We are now concerned with set-valued equilibrium problems under condi-
tions of pseudo-monotonicity. Concepts such as strict quasi-convexity, hemi-
continuity and pseudo-monotonicity for extended real set-valued mappings are
introduced and applied to obtain results on the existence of solutions of set-
valued equilibrium problems generalizing those in the literature in the pseudo-
monotone case. Applications to Browder variational inclusions under weakened
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conditions are given. In particular, it is shown that the upper semicontinuity
from line segments of the involved pseudo-monotone set-valued operator is not
needed in the whole space when solving Browder variational inclusions. We
follow the results obtained by Alleche and Radulescu [10].

Let C be a nonempty convex subset of a real topological Hausdorff vector
space. A set-valued mapping F : C =2 R is said to be convex on C if whenever
{x1,...,x,} CCand {Aq,..., A} CRy suchthat Y7, A; = 1, we have

n n
> MF () CF (inx,-) :
i=1 i=1

where the sum denotes here the usual Minkowski sum of sets. The set-valued
mapping F : C = R is said to be concave on C if whenever {x{,...,x,} CC
and {A1,...,A,} C Ry suchthat ) 7, A; =1, we have

n n
F (Zx,-x,) C Y MF (xi).
i=1 i=1

Let F:C = R be an extended real set-valued mapping. We say that
F is convexly quasi-convex on C if whenever {xi,...,x,} C C and
{A1,...,An} C Ry such that )7, A; =1, then for every {zi,...,z,} with
zi € F (xj) foreveryi =1,...,n, there exists z € F (Z?:l A,-x,-) such that

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

We observe that the convex quasi-convexity of extended real set-valued
mappings generalizes both the convexity of set-valued mappings and the quasi-
convexity of extended real single-valued mappings.

We have the following obvious characterization.

Proposition 10.5. 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
relR

We say that F is concavely quasi-convex on C if whenever {x{,...,x,} CC
and {A1,...,A,} C Ry suchthat )], A; = 1, thenforevery z € F (3/_; Aixi),
there exist {zy, ..., z,} With z; € F (x;) forevery i =1, ..., n such that

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

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.

We have the following characterization.
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Proposition 10.6. Let C be a nonempty convex subset of a real topological
Hausdorff vector space. If an extended real set-valued mapping F : C = R is
concavely quasi-convex on C, then the set [F C A] is convex, for every . € R.

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, xp € C such that F (x1) # F (x2) and A € 10, 1],
then for every z; € F (x1) and z3 € F (x3), the following hold

1. there exists z € F (Ax; 4+ (1 — A) x2) such that
z <max{zi, 22};
2. whenever 7 € F (Ax; + (1 — 1) xp), we have
if 7/ <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. We point out 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. It fol-
lows 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 mappings.

Example 10.2. Let C =[—1, 1] and F : C = R be the set-valued defined by

[41]  ifx=0,
Fx)=

[3.2]  ifx=0.
The set-valued F is not convexly quasi-convex since for x; = —1, x = 1 and
A=A = %, we have A1x; + A2x2 = 0. Then clearly, for z; € F (x1) and
72 € F (x2), we have

z > max{z1, 22},

for every z € F (A1x1 + Aox2). 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

FOxi+(1=Mx)=F({(1—-X)x)= [%, 1:| and F (x1) = [%,2].

Clearly, for every zi € F (x1), z2 € F (x2) and z € F (Ax1 + (1 —2) x2), we
have z < max {z1, z2}.
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Remark 10.2. The notion of semistrictly convexly quasi-convex extended real
set-valued mapping will be used in Proposition 10.9 and Proposition 10.10 be-
low, where we need only condition (2). 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 con-
vexly quasi-convex.

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. In what follows,
we introduce the notions of upper hemicontinuous and quasi-upper hemicon-
tinuous extended real set-valued mappings which generalize both the upper
hemicontinuity of extended real single-valued mapping and the lower semicon-
tinuity of set-valued mappings.

Let X be a real topological Hausdorff vector space. For x,y € X, we set
[x, y] ={Ax+ (1 —21)y|xe[0,1]}, the line segment starting at x and ending
at y. We also set |x, y[ = [x,y] \ {x, y}. We say that a set-valued mapping
F:X = Ris
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 (t,x’ 4 (1 — t,) x) for every n, and such
that

z > limsupz,,
n——+00

where lim sup z,, = inf'sup zx;
n—-+00 n k>n
2. quasi-upper hemicontinuous at a point x € X if whenever x’ € X there exist
a sequence (1), in ]0, 1[ converging to 0, a point z € F (x), and a sequence
(zn)y With z, € F (t,x" + (1 — 1) x) for every n such that

z > limsup z,.
n——+00
The set-valued mapping F is said to be upper hemicontinuous (resp., quasi-
upper hemicontinuous) on X if it is upper hemicontinuous (resp., quasi-upper
hemicontinuous) at every point of X. It is said to be upper hemicontinuous
(resp., quasi-upper hemicontinuous) on a subset S C X, if it is upper hemicon-
tinuous (resp., quasi-upper hemicontinuous) at every point of S.

Remark 10.3. Note that when x # x’ in the above definition, then we have
tax" 4+ (1 — 1) x € |x’, x[, for every n.

Proposition 10.7. Let X be a real topological Hausdorff vector space, x € X,
and F : X = R a set-valued mapping. Suppose that one of the following as-
sumptions holds:
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1. F is lower semicontinuous at x;
2. F has a selection which is upper hemicontinuous at x.

Then F is 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
(x2)rea converging to x, and for every z € F (x), there exists a generalized
sequence (z));ea converging to z such that z, € F (x,), for every A € A. O

Even if the existence of continuous selections is subject which is not lim-
ited 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 10.8. Letr X be a real topological Hausdorff vector space and
F : X = R a set-valued mapping. Suppose that for every x € S and x' € X,
the restriction of F on [x/ , x] has an upper hemicontinuous selection. Then F
is upper hemicontinuous on S.

Remark 10.4. We remark that in Proposition 10.8, we are interested in the re-
striction of F on the line segment [x/ , x] which is a space that enjoys different
important properties. In comparison with Michael’s selection theorem, it should
be interesting to look for conditions on F in order to obtain such an upper hemi-
continuous selection without being necessarily continuous.

In many applications, upper hemicontinuous set-valued mappings is con-
structed from upper semicontinuous set-valued operators from line segments as
in the results of the last section of this paper. We construct here an upper hemi-
continuous set-valued mapping which is not lower semicontinuous.

Example 10.3. Let X = {(x,y) € R? | y >0} U {(0,0)} C R? and define the
set-valued mapping F : X = R? by

F((x,y)= [%,%—oo[x [§’+OO[ if y >0,

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

4x2 Xt
fx,y)= <T >_2)
(0, 0) if y =0,

if y>0,

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

lim £ ((vx.x)) = lim (44, 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 neighborhood U of (0,0), we can
choose a small enough a > 0 such that (1/a,a) € U. Now, for every (x, y) €
F((Va,a)), we have x > 4,/a and y > 1. Then y/x2 + y2 > 1. It follows that
(x,y) ¢ V,and then F ((a,a)) NV =0.

Next, we are concerned with the existence of solutions of both strong set-
valued equilibrium problems and weak set-valued equilibrium problems in the
pseudo-monotone case.

We now recall the notion of KKM mapping and the intersection lemma of
Ky Fan [73]. We refer to Chapter 4 for more details.

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

n
conv{xy,...x,} C U F(xp).
i=1
By Ky Fan’s lemma [73], assuming that

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

then (N, F (x) #0.
We define the following set-valued mappings £+, f™* :C = C by

f*(y)={xeC|f(x,y)mE+¢@} forall y € C,

and
() = {xeC | £ (x, y) cm} forall y € C.

We remark that £ (y) C fT (), for every y € C. We also remark that

1. xo € C is a solution of the weak set-valued equilibrium problem (SVEP(W))
if and only if xo € Ny £ (v), and

2. xo € C is a solution of the strong set-valued equilibrium problem (Ssvep) if
and only if xo € (),cc f7F ().
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Set

clffM=c(fT(y) and cfTT () =cl (),
the closure of f* (y) and f* (y), respectively, for every y € C.

Lemma 10.1. Ler C be a nonempty convex subset of a real topological vector
space. Let f:C x C = RU {+o00} be a set-valued mapping, and assume that
the following conditions hold:

1. f(x,x) CRy, foreveryx € C;

2. f is convexly quasi-convex in its second variable on C.

Then the set-valued mappings cl f*+:C = C and cl f*:C = C are KKM
mappings.

Proof. It suffices to prove that the set-valued mapping f* :C = C is a
KKM mapping. Let {y,...,y,} C C and {A1,...,A,} C Ry be such that
YU hi=1.Set y =>" ,Ajy;. By assumption (2), for {zi,...,z,} with
zi € f(y,y;) foreveryi =1,...,n, there exists z € f (¥, ¥) such that

z<max{z; |i=1,...,n}.
We have z > 0 since f(7,%) C Ry by assumption (1). It follows that there
exists io € {1,...,n} such that f(¥,y,) N R* = ¢, which implies that

f (&, }’io) C R... Otherwise, all the z; can be taken in R* , and therefore 7 € R* ,
which is impossible. We conclude that

n

D onyi=5e T (vo) <o,

i=1 i=1
which proves that f++ 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.

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

T~ =xeC|f@,x)cR_} forallyeC,

and we set

f M= (M),
the closure of f~~ (y), forevery y € C.
Proposition 10.9. Let C be a nonempty convex subset of a real topological

vector space. Let f : C x C = RU {400} be a set-valued mapping and suppose
the following assumptions hold:
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1. f(x,x) CR+,f0reveryx eC,;
2. f is explicitly convexly quasi-convex in its second variable on C;
3. f is upper hemicontinuous in its first variable on a subset S of C.

Then
N omns)crro.

yeC yeC

Proof. Without loss of generality, we may assume that

(= ons)#0.

yeC

Take x € ﬂyec (f“ y)n S) and let y € C be an arbitrary point. By upper
hemicontinuity of f in its first variable on S, let (¢,), be a sequence in ]O, 1[
converging to 0, and for z € f (x, y), let (z,,),, be a sequence with z,, € f (xp, y)
for every n, and such that
z > limsup z,,
n—-+00

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

w, < max {zn, w’;}

We have w,, > 0 since f (x,, x,) C @+. 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 f (x,, y) and
f (xn, x), respectively, then f (x,,y) # f (x5, x). By semistrict convex quasi-
convexity of f in its second variable, we obtain w;, < max {zn, w’;} =wi =0,
which is impossible. We conclude that

z > limsupz, > 0.
n—400

Since z is arbitrary in f (x, y), then x € £ (y). Since y is arbitrary in C, then
x €(Nyec £+ (), which completes the proof. O

Next, we obtain a result on the existence of solutions of strong set-valued
equilibrium problems.

We say that a bifunction f : C x C = R U {400} is strongly pseudo-
monotone on C if for every x,y € C,

fx,y)CRy = f(y,x) CR_.
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Example 10.4. Define the set-valued mapping f : R x R =2 R by

[y? = x2, +oo] if |y > |x],
fx,y) =110} if |y] = Ix],
]—o00, y2 — x2] if [y| < |x|.

Clearly, f(x,x) = f(—x,—x) = f(x,—x) = f(—x,x) = {0}, for every
xeR.If f(x,y) C K+, then necessarily, we have |y| > |x|. It follows that
f (. x) is either equal to {0} or to ]—o0, x? — y?] which are included in R_. It
follows that f is strongly pseudo-monotone on R.

Theorem 10.10. Let C be a nonempty, closed, and convex subset of a real topo-
logical vector space. Let f : C x C = RU {+00} be a set-valued mapping, and
assume that the following conditions hold:

1. f(x,x) CRy, foreveryx € C;

2. f is strongly pseudo-monotone on C,

3. f 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,y0) NR* #£@, foreveryx € C\ K;

5. f isl-lower semicontinuous in its second variable on K

6. f 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 f 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. We ob-
serve that c1 £+ (y) is closed for every y € C, and cl £+ (yp) is compact since
it lies in K by assumption (4). Also, the set-valued mapping cl f+ is a KKM
mapping by Lemma 10.1. By the Ky Fan lemma, we have

(elr ™ m#2.

yeC

Since the subset cl f 7T (y) is contained in the compact K, then

e o= omnk).

yeC yeC

By strong pseudo-monotonicity, we have f¥T (y) C f~~ (y), for every
y € X. We remark that for every y € C, f~~ (y) is the upper inverse set
fT (y,]—00, 0]) of ]—00, 0] by the set-valued mapping f (y, .) which is I-lower
semicontinuous on K. It follows thatcl f =~ (y) N K = f~~ (y) N K. Hence

e mnk)c ()~ mnK)= (" 0nNK).

yeC yeC yeC
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By Proposition 10.9, we have

N mnK)c () ro.

yeC yeC
This yields that
el m=)r"o.
yeC yeC

It follows that the set of solutions of the set-valued equilibrium prob-
lem (Ssvep) is the nonempty set (1), clf T (y) which is compact since it is
closed and contained in the compact set K.

By Proposition 10.6, the concave quasi-convexity of f in its second variable
on C yields that the set f~~ (y) is convex, for every y € C. Since we also have

e m=[r~m]|nk,

yeC yeC

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

Now, we deal with weak set-valued equilibrium problems. The following re-
sult emphasizes the role of quasi-upper hemicontinuity when solving set-valued
equilibrium problems.

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

ffOo)=xeC|f,x)NR_#0} forallyeC,

and we set

cdf~m=c(f~ ),
the closure of f~ (y), forevery y € C.

Proposition 10.10. Let C be a nonempty convex subset of a real topological
vector space. Let f : C x C = RU{+o0} be a set-valued mapping and suppose
the following assumptions hold:

1. f(x,x) CRy, foreveryx € C;

2. f is explicitly convexly quasi-convex in its second variable on C;

3. f is quasi-upper hemicontinuous in its first variable on a subset S of C.

Then
N »ns)c(rr o,

yeC yeC
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Proof. Pick x € myEC (f_ (y»N S) and let y € C be an arbitrary point. By
quasi-upper hemicontinuity of f in its first variable on S, let (#,), be a se-
quence in 0O, 1[ converging to 0, a point z € f (x, y), and a sequence (z,,), with
Zn € f (xy,y) for every n, such that

z > limsupz,,
n——400

where x, =1,y + (1 — t,) x. By convex quasi-convexity of f in its second vari-

able, for z, € f (x4, y) and w} € f (x,, x) NR_, there exists w, € f (x,, x,)
such that

w, < max {zn, w;’}

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

z>limsupz, >0,
n——+00

which completes the proof. U

Next, we obtain a result on the existence of solutions of weak set-valued
equilibrium problems.

We say that a bifunction f : C x C = RU {400} is weakly pseudo-monotone
on C if forevery x,y € C,

fENNRL#0= f(y,x) NR_#0.

Example 10.5. Define the set-valued mapping f : R x R =2 R by

[0, +o0[ ify>ux,

fxy= ]—oo,x—y] if y <x.

We remark that f (x,y) N R_ # @, for every x,y € R. Then, f is obvi-
ously weakly pseudo-monotone on R. However, f can not be strongly pseudo-
monotone on R since f (1,2) =[0, +oo[ C R4, but f(2,1)=]—00, 1] Z 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 10.11. Let C be a nonempty, closed, and convex subset of a real topo-
logical vector space. Let f : C x C =2 RU {400} be a set-valued mapping, and
assume that the following conditions hold:

1. f(x,x) CRy, foreveryx € C;

2. f is weakly pseudo-monotone on C;,

3. f is explicitly convexly quasi-convex in its second variable on C;
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4. there exist a compact set K of C and a point yy € K such that
f (x,y0) CR*, foreveryx € C\ K;

5. f isu-lower semicontinuous in its second variable on K

6. f is quasi-upper hemicontinuous in its first variable on K.

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

Proof. As in the proof of Theorem 10.10, cl £ (y) is nonempty and closed for
every y € C, clf T (yo) is compact and the set-valued mapping clf T is a KKM
mapping. By the Ky Fan lemma and since the subset clf (yg) is contained in
the compact K, we have

() (Cfr NK)=(clf () #0.

yeC yeC

By weak pseudo-monotonicity, we have fT (y) C f~ (y). Since f is u-
lower semicontinuity in its second variable on K, we have clf~ (y) N K =
f~ (y)NK, forevery y € X. It follows that

N omnk)c (e~ mnk)=()(f"mMnK).

yeC yeC yeC

By Proposition 10.10, we have

N mnK) ()Mo,

yeC yeC
This yields that
et o= r"o.

yeC yeC
We deduce that the set of solutions of the set-valued equilibrium prob-
lem (SVEP(W)) is the nonempty compact set ﬂyec clf* (y). By Proposi-
tion 10.5, we have that the set f~ (y) is convex, for every y € C. Since we
also have

Nertom=(fr »|nk,

yeC yeC
then the set of solutions of the set-valued equilibrium problem (SVEP(W)) is
convex whenever K is convex. [l

We illustrate the previous results with a class of Browder variational inclu-
sions involving pseudo-monotone set-valued operators. Browder variational in-
clusions, which generalize Browder-Hartman-Stampacchia variational inequal-
ities, have many applications to nonlinear elliptic boundary value problems and
the surjectivity of set-valued mappings.
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Let C be a nonempty, closed, and convex subset of a real normed vector
space X. A set-valued operator F : C = X* is said to be coercive on C if there
exists yg € C such that

lim inf (x*, x —yp) >0,
[[x]| =400 x*€F(x)
xeC

or if the stronger condition

infyeepn) (X, x — yo)

llx|—+o00 [l I
xeC

:+OO

is satisfied. It is not hard to see that under both the two notions of coercive-
ness of F, there exists R > 0 such that yp € Kg and infysecp(x) (x*, yo — x) <O,
for every x € C \ Kg, where Kg = {x € C | |x|| < R}. We observe that K is
weakly compact whenever X is reflexive. The set K is called a set of coercive-
ness, and the couple (yp, Kg) may not be unique.

Recall that a set-valued operator F : C = E* is called pseudo-monotone on
Cifforevery x,yeC

(x*,y—x)>0= (y*,x —y) <0 forall x* € F (x),forall y* € F (y).
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 xg € C such that (A, xg) C Ry” or “find xg € 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. Recall that F : C =2 Y is said to be upper semi-
continuous 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. This means that
for every x” € C, there exists an open neighborhood U of x such that F (z) C V,
forevery z e U N [x’ , x]. We say that F is upper semicontinuous from line seg-
ments in C on a subset S of C if it is upper semicontinuous from line segments
in C at every point of S.

Theorem 10.12. 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 fol-
lowing conditions hold:

1. F is pseudo-monotone on C,
2. there exist a weakly compact subset K of C and yyo € K such that
sup (z*,y0—x) <O, foreveryx € C\ K
Z*eF(x)
3. F upper semicontinuous from line segments in C on K to X* endowed with
the weak* topology;
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4. F has weak* compact values on C;
5. Foreveryx ¢ K andx' € C, F ([x/, x]) is norm bounded.

Then there exists xo € K such that (F (xo), y — x0) "Ry # @, for every y € C.

Proof. First, we define the following extended real single-valued mapping
f:C x C=3RU{+00} by

f,y)= sup (", y—x),
*eF(x)

which also, it can be seen as an extended real set-valued mapping. Now, we
verify for f and X endowed with the weak topology, the assumptions of Theo-
rem 10.10 or Theorem 10.11, where the five first conditions are the same in this
case.

We have f (x,x) =0 e Ry, for every x € C. For z € C fixed, the function
7% (z*, y — z) is weak* continuous on X* and therefore, by Weierstrass theo-
rem, it attains its maximum on weak* compact sets. Thus, for every x € C, there
exists x* € F (x) such that

f('xv )’): (-X*»y_x)s

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

For every x € C and x* € F (x), the function y — (x*, y — x) is linear and
weakly continuous. Then f 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 to prove that f is upper hemicontinuous in its first variable on K .
We note that the strong topology and the weak topology coincide on line seg-
ments of X. Let y € C be fixed, x € K and x’ € C. Take a sequence (x;), in
[x’,x] converging to x. Take x* € F (x) such that f (x,y) = (x*, y — x), and
x; € F (x,) such that f (x,,, y) = (x, y — x,,), for every n.

Suppose first that there exists a € R such that f (x,, y) > a, for every n.
We claim that the sequence (x,’f)n has a weak* cluster point X* € F (x). Indeed,
suppose the contrary holds. Then the weak* compactness of F' (x) yields the ex-
istence of a weak™* open set V containing F (x) and ng € 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, for every
zelUnN [x’, x]. Since (x,), is converging to x, let n; € N be such that x,, € U,
for every n > ny. Then x, € F (x,) C V, for every n > nj. A contradiction.

Letnow (x;s, ), _, be a subnet of (x;;), converging to ¥* in the weak* topol-
ogy of X*. The subnet (xn,\) s also converges to x, and therefore, for £ > 0,
let Ap € A be such that for every A > X, we have

&

I ([ ]) ih+ 1)

llx — Xn, Il < 2
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where || F ([x/, x]) | = sup llz*]]. Let also A1 € A be such that
Z*EF([X’,X])

xx || <;
BT 2(ly—xl+ D)7

[l

Let X € A be such that A > Ao and x > A1. It results that for every A > i, we
have

|<i*ry_x) - <x::}\7y_xl’l)\>| = ’(i* —x;fk,y—x)—l—(x;':k,xnk _x)|
< =2 My = x I+l Hlx — x|
< & 4 &
= — =E€.
-2 2

We conclude that
fo,y) = (F,y—x)= liin(x:w Yy = xm) =lm f (. y) = a.

Now, we claim that f (x, y) > limsup f (x,, y). Suppose the contrary holds
n——+0o

and let A > O be such that

fx,y)+A<limsup f (x5, ).

n—-+00

Put a = f (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 (xnk) g Of (xn), is such that
f (x,,k, y) > a for every k, then by the above statement, we obtain

f,y)za>f(xy),

which is impossible. Then there exists ng € N such that f (x,, y) < a, for every
n > no. It results that

limsup f (x,,y) <a <limsup f (x,,y),
n>ng n—-+00
n—+00

which yields a contradiction since lim sup f (x,, y) =limsup f (x,, y). We con-

n=ngo n——+o00
n——+00
clude that f (x, y) > limsup f (x,, y), which completes the proof. U

n—+400

Remark 10.5. We remark that in the proof of Theorem 10.12 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

fx,y)=a.
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Indeed, for § > 0, let x¥ € F (x,,) be such that (x;, y — x,,) > a — 8, for every n.
Using similar arguments, we state that the sequence (x;;), has a subnet (x5 ), _,
converging to some x* € F (x) in the weak™* topology of X*. We also obtain that

[y = (f*:y—x) :li{n(x::;h’y_xm) >a—34.

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

We note that all the other statements of Theorem 10.12 remain true under
this mild condition except the pseudo-monotonicity of F. In this case, we can
assume the following condition:

sup {(z*,y—x)>0= sup (z",x—y)<0 forallx,yeC,
z¥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|p) <r}

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. A set-valued operator F': C =2 Y is said to be upper demicontin-
uous 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 a neighborhood U of x such that F (z) C H for
everyze 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 10.11. Let X be a real normed vector space, C a nonempty con-
vex subset of X, and 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 ]—oo0, r[. Put O = ¢~ (]—o0, r[),
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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, for every
zeUN [x/,x]. Thatis, F (z) C H,forevery z € U N [x/,x]. O

It is not clear at the stage of development whether upper semicontinuity from
line segments in C in Theorem 10.12 can be weakened to upper demicontinuity
or to upper demicontinuity from line segments in C.

10.4 FIXED POINT THEORY

In this section we are interested to obtain a version of the Kakutani, Schauder,
and Brouwer fixed point theorems. For this purpose, we develop some results
on the continuity of the distance function and the marginal function.

Recall that if X is a real normed vector space, x € X, and A is a nonempty
subset of X, then

dist (x, A) = inf ||x — z||
zZEA

is called the distance between x and A, where ||.|| is the norm of X. Obvi-
ously, the (real-valued) distance function x > dist (x, A) is nonexpansive, and
therefore continue. It is also convex whenever A is convex, see Aubin and
Frankowska [23].

The situation is more complicated when A depends on x as the image of x
by a set-valued mapping.

First, we establish the following result on the distance function generalizing
the second item in Papageorgiou and Kyritsi- Yiallourou [139, Theorem 6.1.15].

Proposition 10.12. Let X be a Hausdorff topological space, S a subset of X,
(Y,d) a metric space, and F : X = Y a set-valued mapping with nonempty
values. If F is upper semicontinuous on S, then for every y € Y, the function
x > dist (y, F (x)) is lower semicontinuous on S.

Proof. Fix y € Y and let a € R. By Proposition 1.3, we have to prove that
cl({x e X |dist(y, F (x)) <a}h) NS ={x e S|dist(y, F (x)) <a}.

Letx ecl({x € X | dist(y, F (x)) <a})NS.
Take a net (x4)qep in the set {x € X |dist(y, F (x)) < a} converging to x.
Let ¢ > 0 be arbitrary, and put

v={yey|dist(y,F®) <e},

which is an open subset containing F (X). By the upper semicontinuity of F atX,
there exists ag € A such that F (x4) C V, for every o > «g. For every o > «g
and every z € F (xy), we remark that

dist (v, F (x)) <d (y,z) +dist(z, F (X)) <d (y,z) + ¢
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and then, dist (y, F' (x)) <dist(y, F (x4)) + & < a + €. Since ¢ > 0 is arbitrary,
then dist (y, F (X)) <a. [l

In the sequel, we need to establish the following generalization of the Berge
maximum theorem which is useful in many applications, see Papageorgiou and
Kiyritsi-Yiallourou [139, Theorem 6.1.18].

Let X and Y be Hausdorff topological spaces, F : X = Y a set-valued
mapping, and ¥ : X x ¥ — R a function. The marginal (or value) extended
real-valued function g : X — R is defined by

g(x)= sup ¥ (x,y).
yeF(x)

Theorem 10.13. Let X and Y be two Hausdorff topological spaces, S a
nonempty subset of X, F : X = Y a set-valued mapping, and y : X xY — Ra
function.

1. If ¥ is lower semicontinuous on S X Y and F is lower semicontinuous on S,
then the marginal function g : X — R is lower semicontinuous on S.

2. If W is upper semicontinuous on S x Y and there exists an open subset
U containing S such that the function y — v (x,y) is upper semicontin-
uous on Y for every x € U, and F is upper semicontinuous on S and has
nonempty compact values on U, then the marginal function g : X — R is
upper semicontinuous on S.

Proof. Let a € R. By Proposition 1.3, we have to prove that
intfxreX|gx)>ahnNS={xeS|gkx)>a}.

Letx € {x € S| g (x) > a}. Then by the definition of the marginal function g, let
y € F (X) such that ¢ (x,y) > a. The function ¥ being lower semicontinuous
on § x Y, then by Proposition 1.3, let W1 x V be an open neighborhood of (X, y)
such that

Y (x,y)>a forallx e Wy, forallyeV.

Since F' is lower semicontinuous on S and X € F~ (V) N S, then by Proposi-
tion 1.5, let W be an open neighborhood of x such that Wo C F~ (V). Taking
W =W NW,, wehave F (x)NV # @, forevery x € W.Fix y, € F (x)NV, for
every x € W. Then v (x, y;) > a which implies that g (x) > a. It follows that
x € W C {x € X| g (x) > a}. This concludes the proof of the first statement of
the theorem.

Let a € R. By Proposition 1.3, we have to prove that

cdfxeX|g)=ahNS={xeS|gx) =a}.

Let x ecl(fxeX|g(x)=>a}) NS and take a net (xy),cp in the set
{x € X | g (x) = a} converging to X. Since X € § C U, we may assume with-
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out loss of generality that (x,)4ca 1S in U. For every o € A, the function
y = ¥ (xq, ¥) is upper semicontinuous on Y and therefore, by Weierstrass the-
orem, it attains its maximum on the compact set F (x,). Let yy € F (x4) be such
that g (xq) = ¥ (xq, Vo), fOr every o € A.

The net (y4)qea has a cluster point in F (X). Indeed, suppose the contrary
holds. Then the compactness of F (x) yields the existence of an open set V
containing F (x) and op € A such that y, ¢ V, for every o > «. The up-
per semicontinuity of F at X yields the existence of an open neighborhood W
of X such that F (x) C V, for every x € W. Since (x4)4ep 1S converging to
X, let @1 € A be such that x, € W, for every o > «. Then y, € V, for every
o > max {ag, o1 }. A contradiction.

Now, take y € F (x) and (Yo )yer a subnet of (y4),ecp converging to y. The
subnet (Xq, Yo )ger converges to (x,y) € S x Y and satisfies ¥ (xq, yo) > a, for
every o € I'. Since v is upper semicontinuous on S x Y, then, we conclude
by Proposition 1.3 that ¥ (x,y) > a. It follows that g (x) > v (X, ¥) > a which
completes the proof. O

We formulate the following version of the Kakutani fixed point theorem.

Theorem 10.14. Let X be a real normed vector space, C a nonempty, closed,
and convex subset of X, and D C C a self-segment-dense set in C. Suppose that
F : C = X has the following conditions

1. F has nonempty convex values on C;
2. there exist a compact subset K of C and yo € D such that

dist (yo, F (x)) < dist(x, F (x)), foreveryx € C\ K;

3. F is continuous on K and has closed values on K,
4. F(x)NK #, for every x € K.

Then F has a fixed point.

Proof. We define the set-valued mapping f : C x C — R by
f(x,y)=dist(y, F (x)) —dist(x, F (x)) + [0, +o00[ .

Note that
f(x,y)=[dist(y, F (x)) — dist (x, F (x)), +o0[ .

We are now going to verify the conditions of Theorem 10.6. Condi-
tion (1) is verified since f (x,x) = [0,4o00[ = R4. Also, the convexity
of y — dist(y, F (x)) on C yields easily the convexity of f in its second vari-
able on C, for every x € C. To verify condition (3), fix x € C and y € C,
and let V be an open subset of R such that f (x,y) C V. Let ¢ > 0 such
that [dist(y, F (x)) — dist (x, F (x)) — &, +0oo[ C V. By lower semicontinuity
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of y > dist(y, F (x)) — dist(x, F (x)), let U be an open neighborhood of y
such that

dist (y/, F (x)) —dist (x, F (x)) >dist(y, F (x)) —dist(x, F (x)) — ¢
forall y € U.

This means that f (x,y’) C V, for every y’ € U, and then in particular, condi-
tion (3) is satisfied.

Condition (4) is obvious. To verify condition (5), fix y € C and let
V be an open subset of C. Put fT(V,y) = {xeC| f(x,y)CV} and
let x € fT(V,y) N K. By Proposition 1.5, it suffices to show that
x €int(f(V,y)) N K. We have f(x,y) C V. As above, let & > 0 such
that [dist(y, F (x)) —dist(x, F (x)) —&,+0o[ C V. The function x —
dist(y, F (x)) —dist (x, F (x)) is lower semicontinuous on K . Indeed, by Propo-
sition 10.12, the function x +— dist(y, F (x)) is lower semicontinuous on K.
Now, taking ¥ : C x X — R defined by ¢ (x, y) = —||y — x||, we have

g(x)= sup ¥(x,y)

yeF(x)
= sup (—lly—x[)=— inf (||ly—x|)=—dist(x, F(x)).
yeF(x) YEF(x)

It follows by Theorem 10.13 that the function x +— —dist (x, F (x)) is lower
semicontinuous on K.
Let U be an open neighborhood of x such that

dist (y, F (x")) —dist (x', F (x)) > dist (y, F (x)) — dist (x, F (x)) — ¢
for all x’ € U.

This means that f (x/, y) c V,forevery x' e U.

We conclude, by applying Theorem 10.6, that there exists xg € C such that
f (x0,y) C Ry, for every y € C. Then dist(y, F (xo)) — dist (xg, F (x9)) >0,
for every y € C. Note that xo € K and by taking y € F (xg) N K, we have
dist (xq, F (xp)) < 0 which provide necessarily that xg € F (xo). O

In what follows, by applying Theorem 10.7, we derive the following version
of the Schauder fixed point theorem and, in particular, of the Brouwer fixed
point theorem.

Theorem 10.15. Let X be a real normed vector space, C a nonempty, closed,
and convex subset of X and D C C a self-segment-dense set in C. Suppose that
f : C — C has the following conditions
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1. there exist a compact subset K of C and yo € D such that

lyo—f @I <llx—f&)I, foreveryxeC\K;

2. f is continuous on K.

Then f has a fixed point.

Proof. Consider the bifunction f : C x C — R defined by

fEy=ly=r@Il—=Ilx—=f&)l+]1-00,0]
Note that

fayy=]-oo lly = f @)= lx—=f el

We are now going to verify the conditions of Theorem 10.7. Condition (1) is
verified since f (x,x) =]—o00, 0] and then, 0 € f (x,x) "R, forevery x € C.
Also, the convexity of y = ||y — f (x) || on C yields easily the concavity of f
in its second variable on C, for every x € C.

Now, fix x € C and y € C, and let V be an open subset of R such that
f(x,y) C V.Lete > 0 such that

J=oo ly = F) I =llx = fF ) I +e] C V.

By continuity of y = ||y — f (x) || — [lx — f (x) ||, let U be an open neighbor-
hood of y such that

Iy =f@lI=lx=f@I=ly=f@lI=lx=fl+e forally eU.

This means that f (x, v ) C V, for every y’ € U, and then in particular, condi-
tion (3) is satisfied.

Condition (4) is obvious. To verify condition (5), fix y € C and let
V be an open subset of C. Put fT(V,y) = {xeC| f(x,y)CV} and
let x € fT(V,y) N K. By Proposition 1.5, it suffices to show that x €
int(f*(V,y)) N K. We have f (x,y) C V. As above, let & > 0 such that
]—oo, ly—f@I—=1lx—f&)] +8] C V and by continuity of x >
ly—f @) —Illx— f(x)],let U be an open neighborhood of x such that

ly=fE) =12 =F) I =ly=f@l=llx=f @[ +e forallx’ eU.

This means that f (x’, y) c V,foreveryx’' € U.

We conclude, by applying Theorem 10.7, that there exists xo € C such
that f (xp,y) N Ry # @, for every y € C. Taking y = f (x9), we have
]—oo, —llxo — f (x0) ||] N Ry # @ which provide necessarily that
llxo — f (x0) I <0 and then, f (xo) = xo. U
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In our applications, we have focused our attention on weakening only semi-

continuity. We remark that in both Theorem 10.14 and Theorem 10.15, the
self-segment-dense set D does not play any role in the proofs and can be
replaced merely by C. We refer to Ldszlé and Viorel [115] for some applica-
tions that involve the weakened condition of self-segment-dense subsets to a
generalized Debreu-Gale-Nikaido-type theorem and to a Nash equilibrium of
noncooperative games. Furthermore, by introducing a suitable set of coercive-
ness, it is possible to carry out similar applications with weakened conditions of
both semicontinuity and convexity.

NOTES

1

. Jacques-Louis Lions (1928-2001) was a professor at the famous Collége de France from 1973

until his retirement in 1998. He made several important contributions to the qualitative theory of
nonlinear partial differential equations. He received the SIAM’s John von Neumann Lecture prize
(1986) and the Japan Prize for Applied Mathematics (1991). Jacques-Louis Lions was president
of the French Academy of Sciences from 1997 to 1999.

. Guido Stampacchia (1922—-1978) was an Italian mathematician, known for his work on the theory

of variational inequalities, the calculus of variations and the theory of elliptic partial differential
equations. The Stampacchia Medal, an international prize awarded every three years for contri-
butions to the calculus of variations, has been established in 2003.

. Maurice Fréchet (1878-1973) was a French mathematician who made major contributions to

the topology of points sets and introduced the concept of metric space. Independently of Riesz,
he discovered the representation theorem in the space of Lebesgue square integrable functions.
Pavel Urysohn (1898-1924) was a Soviet mathematician who is best known for his contributions
in dimension theory, and for developing Urysohn’s metrization theorem and Urysohn’s lemma,
which are fundamental results in topology.
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e A subgradient extragradient method for solving equilibrium problems is discussed
together with some numerical results.

11.1  THE PROXIMAL POINT METHOD

The proximal point method was presented in [154] as a procedure for finding
zeroes of monotone operators in Hilbert spaces. This procedure can be seen as
a dynamic regularization of a (possibly ill-conditioned) original problem. The
interesting feature of the proximal iteration is that convergence is achieved with
bounded regularization parameters, which avoids the ill-conditioning of the it-
erations. The proximal point method has been an important tool for solving
variational inequalities, and we focus on its application for solving the equilib-
rium problem in reflexive Banach spaces.

The regularization methods for equilibrium problems given in [94] and [96]
involve powers of the norm. This poses the question of whether a more general
kind of regularization can be used, and still obtain similar convergence results.
Moreover, the use of a regularization function with a prescribed domain opens
the way for the development of a method which penalizes infeasibility of the
iterates. We address this question in the general setting of reflexive Banach
spaces. First, we consider a Bregman proximal regularization of the equilib-
rium problem, and analyze existence and uniqueness of solutions. Second, we
introduce a method based on Bregman regularizations, and establish conditions
under which: (i) the method is asymptotically convergent, and (ii) all its weak
accumulation points solve the original equilibrium problem.

The results of this section have been published in R. Burachik and G. Kas-
say [46].

11.1.1  Bregman Functions and Their Properties

The notion of Bregman function has its origin in [44] and this name was first
used by Censor and Lent in [54]. Bregman functions have been extensively used
for convex optimization algorithms in finite dimensional spaces. It has also been
used for defining “generalized” versions of the proximal point method for finite
dimensional spaces, for Hilbert spaces, and for Banach spaces. A useful tool for
comparing the Bregman distance with the distance induced by the norm of the
Banach space, leads to the notions of modulus of convexity and total convexity
of f (the latter introduced in [47]).

Throughout the section, if not otherwise specified, X is a reflexive Banach
space. Let ¢ : X — R U {400} be a convex, proper and lower semicontinuous
function. Denote by D := dom (¢) its domain, and its interior by int D. Assume
from now on that int D # {J and that ¢ is Gateaux differentiable on int D. The
Bregman distance with respect to ¢ is the function Dy, : D x int D — R defined
by:

Dy(z,x) = ¢(2) — ¢(x) — (Vo(x), z — x), (11.1)
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where Vo(-) is the Gateaux differential of ¢ defined in int D. The function
Dy(-,-) is not a distance in the usual sense of the term (in general, it is not
symmetric and does not satisfy the triangular inequality). However, there is a
“three point property” which takes the place of this inequality in the proofs.

Proposition 11.1. Given x € D, y, z € int D, the following equality is straight-
forward

(Vo(y) =V@(2),z2 = x) = Dy(x,y) = Dy(x,2) = Dy (2, y). (11.2)

In order to state our assumptions on the function ¢, we need to recall the
concept of total convexity.

Recall that R, denotes the set of nonnegative real numbers and
R4+ := R4 \ {0}. Following [48], we define the modulus of convexity of ¢,
vy :intD x Ry — R4 by

Vy(z,1) :=1inf{Dy(x,z) : [lx —z|| =1} (11.3)

The function ¢ is said to be rotally convex in int D if and only if v, (z, 1) > 0 for
all z € int D and ¢ > 0. The result below, which will be useful in the sequel, has
been proved in [48].

Proposition 11.2. Let z € int D. The function v,(z, -) is strictly increasing on
Ryy, ie,if0<oa< Bthenvy(z,a) <vy(z, B).

In finite dimensional spaces total convexity is equivalent to strict convexity.
Totally convex functions are always strictly convex, but the reverse implication
does not hold in general if the space is infinite dimensional. For instance, in
[P there exist strictly convex functions which are not totally convex (see [48]).
Uniformly convex functions are totally convex (see [48]), but in the spaces L?
and [P with 1 < p < 2 the function ¢(x) = ||x||1; is totally convex (see [48]),
while it is not uniformly convex. We will see later on that total convexity also
turns out to be a key property in our convergence analysis.

Now we are ready to state the following basic assumption on ¢.

Bq: The right level sets of Dy (y, -):
Sya:={z€intD : Dy(y,z) <a}

are bounded for all > 0 and for all y € D.

B;: (total convexity on bounded subsets) The function ¢ is totally convex on
bounded subsets, that is, for any bounded set C C int D, and any t € R4,
it holds that

inf vy(z,1) > 0. (11.4)
zeC
B3: If {x*} c intD and {y*} C intD are bounded sequences such that
limg o0 [|x* — y*| = 0, then

Jim (Vo(x*) = Vo)) =0.
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Condition B3 has been widely used in the literature (see, for instance, [50,
Theorem 4.7(a)]).
The lemma below was proved in [49, Lemma 2.1.2, page 67].

Lemma 11.1. Assume that D, verifies By. Suppose that {x¥} € D and that the
sequence {y*} C int D is bounded. Assume that

lim D, (x*, y*) =o0.
k—o00

Then (x* — y*) — 0 and hence {x*} is also bounded and all weak accumulation
points of {y*} and {x*} must coincide. If. additionally, {x*} C int D and D,
verifies B3, then we have

lim |[Vo(x¥) — Vo(*)) =0.
k—o00

Next let us recall the concept of duality map.

Definition 11.1. Consider ¢ : X — R defined by

(0 = 2 x|
@(x —2x .

The duality mapping J : X = X* is the subdifferential d¢ of ¢.

The result below related to single-valuedness and continuity of the duality
map J can be found, e.g., in [24, Theorem 1.2].

Theorem 11.1. Let X be a Banach space. If the dual space X* is strictly con-
vex, then the normalized duality mapping J : X — X* is single-valued and
demicontinuous (i.e., continuous from the strong topology of X to the weak*
topology of X*). If X* is uniformly convex, then J is uniformly continuous on
every bounded subset of X.

The next proposition establishes the continuity properties of Vg and its proof
can be found in [142, Proposition 2.8, page 19].

Proposition 11.3. The map Vo : int D — X* is demicontinuous in int D. In
other words, it is continuous at any x € int D from the strong topology of
X to the weak topology of X*. In particular, if X* is strictly convex and
@0 = (1/2)| - |1, then the duality mapping J = d¢ : X — X* is demicontinu-
ous from X to X*.

11.1.2 The Basic Hypotheses for the Equilibrium Problem

In what follows we assume the next three basic properties on the equilibrium
problem. Let X be a Banach space, K C X a closed and convex set, and
f: K x K — R abifunction such that
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P1) f(x,x)=0forallx € K.
®P2) f(,y): K — R is upper hemicontinuous for all y € K, i.e., for all
x,z€e K

limsup f(rz+ (1 —t)x,y) < f(x,y).
tl0

P3) f(x,-): K — Risconvex and lower semicontinuous for all x € K.

In order to analyze existence and uniqueness of equilibrium problems, we

shall consider the following additional assumptions on f.

P4) f(x,y)+ f(y,x)<Oforallx,yeK.

(P4°) There exists 6 > 0 such that f(x,y) + f(y,x) <6(Vex) — Vo(y),
x—y)forallx,yeK.

(P4°*) There exists 6 > 0 such that f(x,y) + f(y,x) < 0|lx — y||* for all
x,yekK.

(P5) For any sequence {x"} C K satisfying lim,_, o ||x" || = 400, there exists
u € K and ng € N such that f(x", u) <0 for all n > ny.

Remark 11.1. Condition (P4°) is weaker than the classical monotonicity con-
dition of f (see condition (P4)) since the right-hand side of condition (P4°) is
nonnegative. If X* is strictly convex and ¢ = (1/2)]| - |2, then condition (P4°)
reduces to

fE, N+, x)<0(Jx)=J»),x—y).

In particular, if X is a Hilbert space, then this condition reduces to the (gen-
eralized) monotonicity condition (P4®) in [96]. Indeed, for this particular case
J =1 where [ is the identity operator.

11.1.3 A Bregman Regularization for the Equilibrium Problem

Let K C X be a closed and convex set and let f : K x K — R be a bifunction
such that conditions (P1), (P2) and (P3) hold. Take ¢ verifying the following
assumption:

H,: K CintD.
Fix y > 0 and x € K C intD. The regularization of f will be defined as

f: K x K — R given by

F,y) = fx,y) +7(Vekx) — Vo(X), y — x). (11.5)

Consider a bifunction g : K x K — R. Define the resolvent operator induced
by the Bregman function ¢ as the set-valued map Resg : X = K given by

Resg(x) :={z€ K : g(z,y) + (Vo) = Vo(x),y —2) 20, Vy € K}.

This definition and (11.5) imply that % is a solution of EP(f, K) if and only if
£ € Res”| f()_c).
14
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The next result establishes basic properties of the regularized function f.

Proposition 11.4. Take x € K and suppose that Hy holds and that f satisfies
conditions (P1)—(P3) and (P4°) with 6 < y. Then f satisfies conditions (P1),
(P2), (P3) and (P4). Moreover, if for every sequence {x"} C K such that
lim, o0 || X" || = 00, we have

(P6) liilrgiogf[f(f, M)+ (y = 0)(Vo(X) — Vo), ¥ —x")] > 0,
then f satisfies condition (P5).

Proof. 1t is clear that f satisfies condition (P1). S~ince vy (Vo(x) — Ve(x),
y — x) is convex and continuous, it follows that f satisfies condition (P3). To
show that condition (P2) holds for f, we will show that the map

x = (Vo) = Vo(x),y —x)

is continuous at every x € K. To this end let {x"} C K be a sequence converging
strongly to x € K. Then (Vp(x), x") = (Ve(x), x), while (Vo (x"), y —x") —
(Veo(x), y—x) follows by Proposition 11.3. Thus (Vo (x™) —Ve(x), y —x") —
(Vep(x) — Ve(x), y — x) and we are done. We claim now that f satisfies condi-
tion (P4). Indeed, by condition (P4°) we get that

F+ f.x)=fx, )+ f0,x) =y (Vo) — Vo(x), y — x)
<O —=y){Vo(y) —Vekx),y—x)<0.

Next we show that f satisfies condition (P5). We have by condition (P4°)
and (11.5) that

FO" D) = fE"5) + 7 (Vo) = Vo), & —x")
= (", X) = (Vo) = Vo(x"), x —x")
S—f@Ex") = (r =0 (Ve(¥) = Vo), x —x")
=—(fx,x")+ —0)(Ve() — Vo), x —x")).  (11.6)

By assumption there exists ng such that the expression between parentheses is
nonnegative for all n > ng. This implies that condition (P5) holds for f. O

Corollary 11.1. If f satisfies condition (P4°) with 0 < y, and assuming either
(i) K is bounded, or

(i) X* is strictly convex and ¢ = (1/2)] -

then f satisfies condition (P5).

I,

Proof. Using Proposition 5.5 it is enough to check that condition (P6) holds
under (i) or (ii). Condition (i) trivially implies condition (P6). Hence it is
enough to prove that (ii) implies condition (P6). Note that in this case Vo = J.
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By Theorem 11.1 we also know that J is single-valued and demicontinu-
ous. Take a sequence {x"} in K such that ||x"|| — oo and denote A, =
(J(x) = J(x™), x — x™). Our assumptions imply that

Ap > (|x]| — ||x”||)2 >0, for n large enough. 11.7)

We claim that dom af (x, -) N K # . Indeed, the subdifferential of a proper,
lower semicontinuous and convex function is maximal monotone in any Ba-
nach space (see, e.g., [153]). If we extend the function f(x,-) to the whole
space X by defining it as 400 outside K, then we have that df (x, -) is maxi-
mal monotone. On the other hand, the operator 7" defined as T (x) = ¢ for all
x € X is certainly not maximal monotone, because its graph is monotone and
strictly contained in the graph of every nontrivial maximal monotone operator.
Thus dom df (x, -) should be nonempty. Since df (x, z) = ¢ for every z & K, it
follows that dom df (x, -) N K # ¥ must hold. Hence the claim is true and there
exists v € f (x, x) for some x € K. Therefore, we can write the subgradient
inequality

fG,xM > f(x, %)+ (v, x" =)

= f(E& %) — (v, %) + (v,x") (11.8)
> A—B|x"|,

where A := f(x,X) — (v, X) and B := ||v||. Altogether, we have
liminf [ f(X, x") + (y — 0)Ay]
n—oo
> timinf[ 4 — BIx" ||+ (v = 0) (1] — 14" [)* | = +oc,

and condition (P6) is established. By Proposition 11.4 we conclude that condi-
tion (P5) holds in this case. O

The next result establishes the existence and uniqueness of the solution of
EP(f, K).

Corollary 11.2. Let all basic assumptions in Proposition 11.4 be valid. Then
the following assertions hold:

(i) If condition (P6) stated in Proposition 11.4 holds, then EP(f, K) admits
at least one solution. ~
(i) If ¢ is strictly convex, then EP( f, K) admits at most one solution.

Altogether, if condition (P6) holds and ¢ is strictly convex, then EP( f , K) has
a unique solution.

Proof. From Proposition 11.4 we have that f satisfies condition (P5). Using
now [93, Theorem 4.3] we obtain that EP(f, K) has a solution. This proves (i).
For proving (ii), assume that both x” and x” solve EP(f, K). Hence

0< f(x,x")=f(x',x") + ¥ (Vo) — Vo), x" — x'), (11.9)
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0< f(x",x)=f&x".x)+v(Vox") = Vo), x' —x"). (11.10)
Adding (11.9) and (11.10), and using (P4°) we get that

0< f( 2" + f",x) =y (Vo) = Vo), x" —x')
<O —y)(Voux") = Vo), x" —x'). (11.11)

Since § — y < 0 and Vg is strictly monotone, we obtain from (11.11) that
x" = x", as asserted. The last statement is a direct combination of (i) and (ii). [

px)

In the following result, we assume that ¢ is coercive, i.e., =
Ixll—oo x|

+00.

Corollary 11.3. (see [151, Lemma 1, page 130]) Let ¢ be a coercive and
Gateaux differentiable function. If the bifunction g : K x K — R satisfies con-
ditions (P1)—(P4), then Resg (x) # 0 for every x € K.

Proof. Note that all assumptions of Corollary 11.2 hold. Therefore, it is enough
to prove that condition (P6) holds for a coercive ¢. Take a sequence {x"} in K
such that |[x"|| — oo and denote A, := (Vp(x) — Vp(x"), x — x™). Using the
convexity of ¢ we can write

Ap = (Vo(x), X —x") = (Vo("),x —x")
> (Vp(@), % —x") +[p(x") — (D]

. . (11.12)
(Vo(x),x —x")  ox") ¢X)
= [l"] [ . 280
flx™]] fle™ el
On the other hand, we can write (as in the proof of Corollary 11.1(ii)),
fGx,x") = A= BJx"], (11.13)

where A and B are as in the proof of Corollary 11.1(ii). Combining (11.12)
and (11.13) and re-arranging the resulting expression we have

liminf[ £ (%, x") + (v = )4, ]

> liminf |:A — BlIx" |+ (y =) |x"| <

n— oo

(Vo). ¥ —x") 90" _ w(i))]

(B el
~timinf| 4-+ (7~ 0)1")
n— 00

((th()?),)E —x") (") o) B )}
X + — — _
[l | Il el (v = 6)

The coercivity assumption implies that the expression between the inner brack-
ets tends to infinity, and hence condition (P6) is established. I
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Remark 11.2. The previous corollary proves that condition (P6) is weaker than
the coercivity assumption. Moreover, condition (P6) is strictly weaker than co-
ercivity, since there exist Bregman functions which are not coercive but still
satisfy (P6). Let X =R, K C (0, +00) and consider ¢(x) = x —logx + 1. This
function is not coercive since lim,_, 5, ¢(x)/x < co. However, it is easy to ver-
ify from the definition that (P6) holds provided y — 6 is large enough. Indeed,
take 7, — oco. With the notation used in Corollary 11.3 with 7 instead of X and
t, instead of x", we can write

[fE. 1)+ (v —0)Ay]
>A—Bty+ (y —0) [(@5(1) — 5 (t)) (T — 1)]

by 2
t—1
=A—Bfn+()/_9)%

=A+zn[(yf9)(1—£)2—3]
t 1

n

Note now that the expression between parentheses is positive for large enough
y — 6 and n, hence condition (P6) holds in this case. How large should be y — 6
depends also on the bifunction f, through the number B (see the proof of Corol-
lary 11.1).

Remark 11.3. Assuming condition (P4) and strict convexity of ¢, Lemma 2(i)
in [151] proves that EP( f , K) has at most one solution. Since condition (P4°) is
weaker than condition (P4), the uniqueness result in [151, Lemma 2(i)] can be
concluded from Corollary 11.2(ii).

Corollary 11.4. Let all assumptions in Proposition 11.4 be valid. Assume that
X* is strictly convex and ¢ = (1/2)|| - ||>. Then EP(f, K) has a unique solution.

Proof. Note that J = dg is strictly monotone by Petryshyn’s theorem [140].
Hence the claim follows from Corollary 11.2. O

11.1.4 A Bregman Proximal Method for the Equilibrium Problem

Assume from now on that ¢ is strictly convex, that all the hypotheses of Propo-
sition 11.4 hold, and furthermore that condition (P6) is satisfied.

Take a sequence of regularization parameters {yx} C (9, y], for some y > 0.
Based on the regularized problem (11.5) and the existence and uniqueness of
its solution (Corollaries 11.2 and 11.4), we construct the following algorithm
for solving EP(f, K). Choose xp € K and construct the sequence {x;} C K as
follows. Given x* € K, x**! is the unique solution of the problem EP( fi, K),
where fi : K x K — R is given by

fie(x, ) = f(x, ) + 7 (Vo) — Vo), y — x). (11.14)
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Theorem 11.2. Let X be a reflexive Banach space and consider EP(f, K). For
all xo € K, we have the following.

(i) The sequence {x*} generated by the proximal point algorithm is well de-
fined,
(ii) If, additionally, By and B> hold for D, and S9(f,K) # 0, then the se-
quence {(x*} is bounded and limy_, o | x*T1 — x¥|| = 0;
(iii) wunder the assumptions of item (ii) and assuming either
(ilia) X* uniformly convex and ¢ = (1/2)|| - ||%, or
(iiib) D, satisfies B3,
the sequence {x*} is an asymptotically solving sequence for EP(f, K),
ie.,

0 < liminf £ (x¥, y), Vy € K. (11.15)
k—o00

(iv) if additionally f (-, y) is weakly upper semicontinuous for all y € K, then
all weak cluster points of {x*} solve EP(f, K).

Proof. Ttem (i) is obvious by Corollary 11.2. For item (ii) take an arbitrary
x* € 89(f, K). Since x**1 solves EP( fi, K), one has

0 < fir* T x*) = FOMT %) + 7 (Vo * T — Vo (), x* — x* T,

and since f(xk+1,

x*) <0 one gets
(Vo(x*y — Vb, x* — xk1y > 0. (11.16)

Now using (11.2) (the “three point identity””) for Bregman distances we may
write

(Vo™ — Vo), 2 — 2+
= Dy (", ") = Dy (M x*) = Dy (¥, M),
which, together with (11.16) leads to
Dy (x* 1 xk) 4+ D, (x*, xF1) < D, (x*, x5). (11.17)
It follows that the sequence { D, (x*, x¥)} is decreasing, and being nonnega-
tive, it converges. In particular it is bounded; and by condition B; we conclude
that the sequence {x¥} is also bounded. By (11.17),
0 < Dy (x* x¥) < D, (x*, x*) — Dy (x*, x* 11 (11.18)

and since the rightmost expression in (11.18) converges to 0 we get that

lim D,(x* x%) =0,
k—o00
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Now we can apply Lemma 11.1 to the sequences {x¥} and {x**!}, be-
cause the sequence {x¥} is bounded and D, verifies By, to conclude that
limg oo 4! — x| = 0.

For item (iii) under assumption (iiia), observe that X* being uniformly con-
vex, the normalized duality map J is uniformly continuous on bounded subsets
of X (by Theorem 11.1), and therefore,

lim || Jx*T! — Jxk| =o0. (11.19)
k—o00

Now fix any y € K. Since x¥*! solves EP(fi, K), we have

0< FOM y) + m (I — uxk y — x5
< FEFL )+ el — axKly — X< (11.20)
Since {yx} is bounded by y and {x¥} is bounded by (ii), we obtain by (11.19)
that
0 <liminf f(x*, y), Vy € K, (11.21)
k—00

and hence {x*} is an asymptotically solving sequence for EP(f, K).
For item (iii) under assumption (iiib), we have that B; and Lemma 11.1 yield

lim |[Vo(x*th — Vb | =o. (11.22)
k—o00

Now fix any y € K. Since x¥*! solves EP(f;, K), we have

0 < FOF9) + (Vo (F ) — Vb, y — x5+
< FEL ) + vl Vo E ) — Vo R 11y — x5 (11.23)

Since {yx} is bounded by y and {x¥} is bounded by (ii), we obtain by (11.22)
that

0 <liminf f(x*, y), Vy € K, (11.24)
k— 00

and hence {x*} is an asymptotically solving sequence for EP(f, K).

The proof of item (iv) is the same as in [96, Theorem 1(iv)]. We reproduce it
here for completeness. By (ii) the sequence {x¥} has weak cluster points, all of
which belong to the (weakly closed and convex set) K. Let x be a weak cluster
point of {x¥}, and let {x¥/} be a subsequence weakly converging to X. Since
f (-, y) is weakly upper semicontinuous, we can write

f(&,y)=limsup f(x",y) >0, VyeK,
J

which yields £ € S(f, K). O
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Proposition 11.5. Assume that V¢ is weak-to-weak continuous and that the
hypotheses of Theorem 11.2 hold. If S(f, K) = S%(f, K), then the sequence
{(x*} converges weakly to a solution of the problem EP(f, K).

Proof. By Theorem 11.2 it suffices to check that there exists only one weak
cluster point of {x¥}. Let x’ and x” be two weak cluster points of {x*} and
consider the subsequences {x’} and {x/*} converging weakly to x” and x”, re-
spectively. By item (iv) of Theorem 11.2 it follows that both x” and x” belong
to S(f, K) = S(f, K). By (11.17) both D, (x’, x*) and D, (x", x¥) are conver-
gent, say to o > 0 and pu > 0. Taking limits on both sides of the relation

(V(p(xi") _ V(p(xj"),x/ _x//)
= [D(p(x/, -xjk) - Dq,(x/,xik)] — [Dw(x”’xjk) _ Dtp(x”,xi")],

we obtain:
(Vo(x') = Vo), x" = x") =[0 — o] — [ — n1 =0,
and hence x” = x” by the strict monotonicity of V. O

The proof of the next result follows directly from the last proposition.

Corollary 11.5. Suppose that X has a weak-to-weak continuous normalized
duality mapping J. Assume that the hypotheses of Theorem 11.2 with (iiia) hold.
If S(f, K) = S4(f, K), then the sequence {x*} converges weakly to a solution
of the problem EP(f, K).

11.2 THE TIKHONOV REGULARIZATION METHOD

Let C be a nonempty, closed, and convex subset of a real Banach space E and
let f:C x C — R be a bifunction satisfying f (x,x) =0, for every x € C.
Such a bifunction f is called an equilibrium bifunction.

Recall that an equilibrium problem in the sense of Blum, Muu, and Oettli
(see [42,133]) is a problem of the form:

find x* € C such that f (x*,y) >0 VyeC, (EP)

where its set of solutions is denoted by SEP (C, f).

Equilibrium problems are in relationship with quasi-hemivariational in-
equalities. Recall that if E is a real Banach space which is continuously em-
bedded in L? (22; R"), for some 1 < p < +o0 and n > 1, where Q 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 ) JO (iu;iv) — (Fu,v) >0 VYveE,
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where i is the canonical injection of E into L” (2;R"), A: E =% E* is
a nonlinear multi-valued mapping, F : E — E* is a nonlinear operator,
J 1 LP (2;R") — Ris alocally Lipschitz functional, and /& : E — R is a given
nonnegative functional.

Consider the following quasi-hemivariational inequality:

find u € C and z € A (1) such that
(z,v—u)+h ) Jo(iu;iv—iu) —(Fu,v—u)>0 YveC, (QHVI)

where its set of solutions is denoted by SQHVI(C, A). Note that in the spe-
cial case when C is the whole space E, the above two formulations of quasi-
hemivariational inequalities are one and the same.

Regularization methods, which are widely used in convex optimization and
variational inequalities, have been also considered for equilibrium problems.
The proximal point method and the Tikhonov regularization method are funda-
mental regularization techniques for handling ill-posed problems.

In this section, we first deal with the Tikhonov regularization method for
pseudo-monotone equilibrium problems. Under weakened conditions of upper
semicontinuity of bifunctions in their first variable on a subset and of convexity,
we prove that strictly pseudo-monotone bifunctions can be also used as reg-
ularization bifunctions as well as strongly monotone bifunctions. We extend
Berge’s maximum theorem and develop some results in the qualitative analysis
of quasi-hemivariational inequalities to establish the relationship between quasi-
hemivariational inequality problems and equilibrium problems. We also give ex-
amples and apply the Tikhonov regularization method to quasi-hemivariational
inequalities.

11.2.1 Auxiliary Results

Let X be Hausdorff topological space, x € X and f : X —> R be a function.
Recall that f is said to be

1. upper semicontinuous at x if for every € > 0, there exists an open neighbor-
hood U of x such that

FO<fx)+e VyeU;

2. lower semicontinuous at x if for every € > 0, there exists an open neighbor-
hood U of x such that

fM=fx)—e Vyel.

If X is a metric space (or more generally, a Fréchet-Urysohn space), then f
is upper (resp., lower) semicontinuous at x € X if and only if for every sequence
(xn), in X converging to x, we have
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f (o= limsup f (x,)  (resp., f (x) < liminf £ (x,)),

n——+00

where limsup f (x,) = infsup f (xx) and liminf f (x,) = sup inf f (xx).
n—-+00 T k>n n—>+00 n k=zn

Proposition 11.6. Ler f : X —> R be a function and let S be a subset of X. If
the restriction fiy of f on an open subset U containing S is upper (resp., lower)
semicontinuous on S, then any extension of fiu to the whole space X is upper
(resp., lower) semicontinuous on S.

The following result provides us with some properties of upper (resp., lower)
semicontinuous functions.

Proposition 11.7. Let f : X —> R be a function, S a subset of X, and a € R.

1. f is upper semicontinuous on S if and only if

xeX|f=alNS={xeS|fx) =a}.

In particular, if f is upper semicontinuous on S, then the trace on S of any
upper level set of f is closed in S.
2. f is lower semicontinuous at S if and only if

xeX|f=aNS={xeS|fx) =a}.

In particular, if f is lower semicontinuous on S, then the trace on S of any
lower level set of f is closed in S.

Proof. The second statement being similar to the first one, we prove only the
case of upper semicontinuity. Let

x*e{xeX| f(x)=a}NSs.

Clearly, x* € S. To prove that f (x*) > a, we argue by contradiction and assume
that f (x*) < a. Take € > O such that f (x*) 4+ € < a. By upper semicontinuity
of f at x™, let U be an open neighborhood of x* such that f (y) < f (x*) + ¢,
for every y € U. It follows that

Un{xeX|fx)=a}=0,

which is a contradiction.
Conversely, let x* € S, € > 0 and put a = f (x*) + €. We have f (x*) <a
and then

x*é{xeX|fx)=al

Let U be an open neighborhood of x* such that {x e X | f (x) >a}NU =0@. It
follows that

fO)<a=f(x*)+e Vyel.
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Finally, we have
xeX|fx)zalnS={xeS|f(x)=a},
which yields that the trace on S of any upper level set of f isclosedin §. [

In the sequel, for y € C, we define the following sets:

ffM=xeClfxy=0 and f-(={xeC|f(yx) =<0}

Clearly, x* € C is a solution of the equilibrium problem (EP) if and only if

X* € myec f+ (y)
The following result is a generalization of the Ky Fan’s minimax inequality
theorem.

Theorem 11.3. Let f : C x C —> R be an equilibrium bifunction and suppose
the following assumptions hold:

1. f is quasi-convex in its second variable on C,
2. there exists a compact subset K of C and yy € K such that

f(x,%) <0 VYxeC\K;

3. f is upper semicontinuous in its first variable on K.

Then, the equilibrium problem (EP) has a solution and its set of solutions
SEP (C, f) is a nonempty compact set.

Proof. Since f is an equilibrium bifunction, then f+ (y) is nonempty and
closed, for every y € C.

By quasi-convexity of f in its second variable, the mapping y = f¥ (y) is
a KKM mapping and since f* (yg) is contained in the compact subset K, then
by Ky Fan’s lemma, we have

() #8.
yeC
On the other hand, we have
N+m=) (W N K) .
veC yeC
By Proposition 11.7, we have
fFfNK=ftyNK Vyec.
Thus,
o= #0.

yeC yeC

The compactness of the set of solutions is obvious. O
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The Minty lemma for equilibrium problems deals in particular with prop-
erties such as compactness and convexity of the set of solutions of equilibrium
problems. For more properties of the set of solutions of equilibrium problems,
we need some additional concepts of monotonicity for bifunctions.

A bifunction f : C x C —> R is called

1. strongly monotone on C with modulus g if

F )+ fOx)<—Blx—yl* ¥x,yeC;

2. monotone on C if
fe»+f(,x)=<0, Vx,yeC;
3. strictly pseudo-monotone on C if
fx.»)z0= f(y,x) <0, Vx,yeC,x#y;
4. pseudo-monotone on C if
fx,y)>0= f(y,x) <0, Vx,yeC.

Every strongly monotone bifunction is both monotone and strictly pseudo-
monotone and every strictly pseudo-monotone bifunction f is pseudo-monotone
provided it is an equilibrium bifunction, that is, f (x,x) =0, Vx € C.

The following result deals with equilibrium problems defined on non neces-
sarily convex sets and its proof is elementary. We call such a problem, a non-
convex equilibrium problem.

Proposition 11.8. Ler f : C x C —> R be a strictly pseudo-monotone bifunc-
tion. Then for every subset A of C, the following nonconvex equilibrium problem

find x* € A such that f (x*, y) >0 VycA
has at most one solution.

We also need the following notions about convexity of functions. A function
f:C — Rissaid to be

. semistrictly quasi-convex on C if, for every x1,xo € C such that f (x1) #
f (x2), we have

—

S Gxr+ (1 =2A)x2) <max {f (x1), f (x2)} VAel0,1[;

2. explicitly quasi-convex on C if it is quasi-convex and semistrictly quasi-
convex.
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Note that there is not any inclusion relationship between the class of
semistrictly quasi-convex functions and that of quasi-convex functions. How-
ever, if f is a lower semicontinuous and semistrictly quasi-convex function,
then f is explicitly quasi-convex.

The following results provide some additional properties of the set of solu-
tions of equilibrium problems.

Theorem 11.4. Under assumptions of Theorem 11.3 and suppose the following
conditions hold:

1. f is pseudo-monotone;
2. f is explicitly quasi-convex in its second variable on C.

Then the equilibrium problem (EP) has a solution and its set of solutions
SEP (C, f) is nonempty compact set. If in addition, K is convex, then SEP (C, f)
is convex.

Proof. The first part of this theorem being proved above, we prove the second
part. By pseudo-monotonicity, we have f* (y) C f~ (y), forevery y € C. Since
MNyec /1 (y) CK, then

NrromcNr o»|nk.

yeC yeC

Now, by explicit quasi-convexity, we obtain

N om|nkcrrm.

yeC yeC

It follows that

Nrrom=[Nr »|nk.

yeC yeC

By quasi-convexity, the set f~ (y) is convex, for every y. Thus, the set of solu-
tions SEP (C, 0) is convex whenever K is convex. [l

Note that Theorem 11.4 also holds if we replace upper semicontinuity of
f in the first variable by upper hemicontinuity in the first variable and lower
semicontinuity in the second variable. Recall that upper hemicontinuity is upper
semicontinuity on line segments.

11.3 THE TIKHONOV REGULARIZATION METHOD FOR
EQUILIBRIUM PROBLEMS

The Tikhonov regularization method (or ridge regression in statistics) is a pow-
erful tool in convex optimization to handle discrete or continuous ill-posed
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problems. In the framework of monotone variational inequalities, the basic idea
of this method is to perturb the problem with a strongly monotone operator de-
pending on a regularization parameter to the monotone cost operator to obtain a
strongly monotone variational inequality. The optimal regularization parameter
is usually unknown and usually in practical problems it is determined by various
methods, such as the discrepancy principle, cross-validation, L-curve method,
Bayesian interpretation, restricted maximum likelihood, and unbiased predic-
tive risk estimator. The resulting regularized inequality problem has a unique
solution that depends on the regularization parameter. Next, passing to the limit
as the parameter goes to a suitable value, the unique solution of the regularized
problem tends to a solution of the original problem. We point out that if the cost
operator is pseudo-monotone rather than monotone, then the monotonicity of
the regularized problem may fail.

We define a regularized equilibrium problem for the equilibrium prob-
lem (EP). Let 6 : C x C — R be an equilibrium bifunction that we call the
regularization equilibrium bifunction. Then, for every € > 0, we define the equi-
librium bifunction f, : C x C — R by

fE (x,)’)=f(x’Y)+€9 (x,)’)

and we associate with the equilibrium problem (EP), the regularized equilibrium
problem defined as follows:

find x} € C such that f, (x: y) >0 VyeC, (REP)

where its set of solutions is denoted by SREP (C, f¢).

Note that when f or 6 is pseudo-monotone, the regularized equilibrium bi-
function f, does not inherit any monotonicity property from f and 6 in general.
Also, while the sum of two convex function is convex, this fact does not remain
true for quasi-convex functions. The sum of two quasi-convex functions need
not be quasi-convex even if one of the functions involved is linear.

In the following result, we avoid the lower semicontinuity of f and 6 in
their second variable on C, the convexity of f and 6 is weakened to the quasi-
convexity of the regularized bifunction, and the upper semicontinuity of f and
6 in their first variable is weakened to the set of uniform coerciveness. We also
point out that we do not need the quasi-convexity of f or 6 in their second
variable.

Theorem 11.5. Let (e€,), be a sequence of positive numbers such that

lim €, =0 and suppose the following conditions hold:
n—+o00

1. f and 6 are pseudo-monotone on C;

2. f 4 €,0 is quasi-convex in the second variable on C, for every n;

3. there exist a compact subset K of C and yy € C such that f (x, yo) <O, for
everyx €e C\ K;

4. f and 0 are upper semicontinuous in the first variable on K.
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Then any cluster point x* € C of a sequence (x,),, with x, € SREP (C, fe,,) NK
for every n, is a solution to the nonconvex equilibrium problem:

find x* € SEP(C, f) such that 6 (x*,y) >0 ¥y eSEP(C, f). (NC-EP)

Assume in addition that the following hypotheses hold:

1. 0 is strictly pseudo-monotone on C,
2. there exists A C K such that 0 (x, yg) <0, for every x € C \ A.

Then the regularized equilibrium problem (REP) is solvable, for every n, and

any sequence (x,),, with x, € SREP (C , fe, ) for every n, converges to the unique
solution of the nonconvex equilibrium problem (NC-EP).

Proof. Let (x,), be a sequence with x, € SREP (C, f,) N K for every n, and
admitting x* € C as a cluster point. We have x* € K and without loss of gener-
ality, we may assume that (x,), converges to x*.

First we will prove that x* € SEP (C, f) and therefore SEP (C, f) is not
empty. We know that for every n,

S xn,y) +€,0(x,,y) >0 VyeC.

By upper semicontinuity of f and 6 in their first variable on K and the properties
of the upper limits, we have

f(x*,y) = limsup f (x4, y) + limsup e, (x,, )

n——+00 n——+o00
> limsup (f (X, y) + €0 (x4, ¥)) =0 VyeC.
n——+00

It results that x* € SEP (C, f). Now, let z € SEP (C, f). By pseudo-monotonic-
ity of f, we have f (x,, z) <0, for every n. Then

€0 (x4,2) > —f (xp,2) >0 Vn,

which implies that 6 (x,, z) > 0. Letting n go to 400, we obtain by upper semi-
continuity of € in its first variable on K that 6 (x*, z) > 0. Thus,

0 (x*,z) =0 VzeSEP(C, f)

which completes the proof of the first part.
To prove the second part of the theorem, note that for every n,

£ (Xns 0) + €26 (xn, y0) <0 Vx € C\ K.

By Theorem 11.3, the regularized equilibrium problem (REP (C s fgn)) is solv-
able and its set of solutions SREP (C , fen) is contained in K. Let (x;), be a se-
quence such that x,, € SREP (C , fén), for every n. Then the sequence (x,),, has
a cluster point x* € K and by the first part of the theorem, x* is a solution to the
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nonconvex equilibrium problem (NC-EP). Since 6 is strictly pseudo-monotone,
then by Proposition 11.8, the above nonconvex equilibrium problem (NC-EP)
has a unique solution. It follows that every subsequence of the sequence (x;),,
admits this unique solution of the nonconvex equilibrium problem (NC-EP) as
a cluster point. Thus, the sequence (x,),, converges to the unique solution of the
nonconvex equilibrium problem (NC-EP). O

Remark 11.4. 1. Note that in the case of a finite dimensional real Banach
space E, if 6 is strongly monotone on C, and 6 and f are convex and lower
semicontinuous in the second variable on C, then the sequence (f + €,6),
is uniformly coercive whenever f has a set of coerciveness. This means that
even if we consider a strongly monotone bifunction 6 as a regularization
bifunction, Theorem 11.5 can also be seen as a generalization of [62, The-
orem 2.9] since the upper semicontinuity on the first variable is weakened.
We choose in this case 6 such that both § and f are upper semicontinuous
in their first variable on the subset of the uniform coerciveness.

2. We point out that Theorem 11.5 provides us with a tool to use the Tikhonov
regularization method in the case of equilibrium problems involving nonup-
per semicontinuous bifunctions on their first variable.

3. Finally, even if strongly monotone bifunctions seem to be more widely used
in the Tikhonov regularization method, our Theorem 11.5 presents a gener-
alization in several directions of [62, Theorem 2.9] and provides us with a
largest family of bifunctions to use in the Tikhonov regularization method.

11.3.1 Examples of Suitable Bifunctions

We first construct in what follows two bifunctions f and 6 satisfying all the
conditions of Theorem 11.5 without being upper semicontinuous in their first
variable on the whole space C. The bifunction f is pseudo-monotone nonstrictly
pseudo-monotone and 6 is strictly pseudo-monotone nonstrongly monotone
onC.

Example 11.1. Let E=C =R, K =[—1,+1] and yy =0.
(I) First consider the bifunction f : C x C — R defined by

x+2)(y—x) if xe€]-oo,-2[,
fEy=1&+1) G -—x if xe[-2,-1[,
max (x,0) (y —x) otherwise.

1. Clearly, f (x,x) =0, for every x € C and f (x,0) < 0, for every
x ¢[—1,+1].

2. To verify that f is pseudo-monotone on C, let x,y € C such that
fx,y)=0.
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@) If x € ]—o0, =2[, then f (x,y) = (x +2) (y — x). It follows that
y—x <0andthen,y < —2.Thus f (y,x) = +2)(x —y) <0.
(b) If x € [-2, —1[, then y — x <0 and then, y < —1. If y € [-2, —1],
then f(y,x) =(y+1)(x—y) <0, and if y € ]—o0, —2[, then
f,x)=0+2)x-y) <0.
(c) If x > —1, then y > x. It follows that y > —1 and then f (y,x) =
max (y,0) (x —y) <0.
3. Clearly, f is convex in its second variable on C and upper semicontinu-
ous in its first variable on [—1, +1].
4. To see that f is not upper semicontinuous in its first variable on C, con-
sider y > —2 and take a sequence (x,),, in ]—00, —2[ converging to —2.

We have
f(=2,y)=—(+2) <0=Ilimsup(x, +2) (y +2)
n——+00
= limsup f (xu, y).
n——+00

5. Note that in addition, f is not lower semicontinuous in its first variable
on C. To see this fact, consider y < —2 and take a sequence (x,), in
]—00, —2[ converging to —2. We have

F(=2,3)=—(y+2) > 0=liminf (x, +2) (v +2)
n—+00
=liminf f (x,, y).
n——+00

6. Finally, let us point out that f is not strictly pseudo-monotone on C since
f&x,y)=f(y,x)=0whenever x, y € [—1,0].

(IT) Now, consider the bifunction 6 : C x C — R is defined by

yh—xt : _
oay=1s =2

y* —x* otherwise.

1. Clearly 6 (x,x) = 0, for every x € C and 6 (x,0) < 0, for every
x ¢ K =[—1,41]. It is also easy to see that 6 is strictly pseudo-
monotone and not strongly monotone on C.

2. To see that 6 is convex in its second variable, let x € C be fixed.

@) if x =2, then 8 (2,y) = %, for every y € C. The function
v )’46_516 is convex on C.

(b) if x # 2, then 6 (x,y) = y* — x*, for every y € C. The function
y > y* —x*is convex on C.

3. To see that 8 is upper semicontinuous in its first variable on [—1, +1],
let y € C be fixed and denote by f : C — R the function defined by

fx)=0(x,y).
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The restriction fjy of f on the open set U = ]—o0, 2[ containing
[—1, +1] is defined by fiy (x) = y* — x* which is continuous on U and
then by Proposition 11.6, f is upper semicontinuous on [—1, +1].

4. Finally, the bifunction 6 is not upper semicontinuous in its first variable
on C. Indeed, consider y = 3 for example. Let (x,), be a converging
sequence to 2 such that x,, # 2, for every n. We have

0(2,3)=1<65=limsupb (x,,3).

n——+00

Convexity and generalized convexity are important fields in many areas of
mathematics and more particularly, in Optimization since convex and concave
functions entail several useful properties. Moreover, quasi-convexity and, by
analogy, quasi-concavity, reveal properties of special interest in Economics The-
ory.

As observed, the sum of two quasi-convex functions need not be quasi-
convex even if one of the functions involved is linear. This means that the sum
of two non necessarily quasi-convex functions may be quasi-convex. Also, any
quasi-convex function could be split into a sum of two functions and it seems
that in general, nothing can justify that these functions must be quasi-convex. In
other words, this subject is very rich and for this reason, studies about convexity
and generalized convexity abound in the literature. Characterizations by means
of various notions including the notion of differentiability and different suffi-
cient conditions to obtain quasi-convexity as well as other stronger notions such
as convexity, strict convexity, and strict quasi-convexity are deeply developed
and many examples are constructed by several authors.

However, we recall here the following basic properties which will inspire us
in the construction of our next examples:

1. If f is a quasi-convex function, then for every o > 0, af is quasi-convex.

2. Every monotone function of one real variable is quasi-convex.

3. The sum of two monotone functions of one real variable with the same sense
of monotonicity is monotone, and therefore quasi-convex.

Now, we modify the bifunction 6 of Example 11.1 in such a way that all
its above properties are conserved but it is quasi-convex nonconvex bifunction
in the second variable. Note that it could be more easy to construct further ex-
amples if we relax the condition on the semicontinuity of the bifunctions to the
whole space rather than only on the set of coerciveness.

Example 11.2. Let E=C =R, K =[—1,+1] and yy =0.
The bifunction 6 : C x C — R is now defined by

Yt (xy) € 12) x =00, 3]
O(x,y)=1 0 A

y* —x* otherwise.
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1. To see that 8 is quasi-convex in its second variable, treat only the case of
x = 2. In this case, we have

y4—16 . .
by | TE i yel-o3l,

y* =16 otherwise.
We have that 6 (2,3) <0 (2,y), for every y € 13, +00[. A combination
with the other properties of the bifunction 6 yields easily that the function
y > 0 (2,y) is quasi-convex on C.

2. To see that the function y — 6 (2, y) is not convex, choose y; = 3 and
y2 = 4 for example. Take the point

1 4 (1 1 7
y= 2)’1 2 y2= >
in the line segment between y; and y,. We have
02,y)=60(2 A o 16
’ y - ’ 2 - 16 .
In the other hand, we have

Lo+ (1= 1)o@ 1+1(44 16) 21 oy
~6 (2, - ) ==+ (4"—16)="<6(2,y).
ACES > =5+ . y

Now, we show that the regularized bifunction constructed from f and 6 as
in Theorem 11.5 is quasi-convex in its second variable.

Example 11.3. Let € be a positive number and consider the regularized bifunc-
tion fe = f + €0 as in Theorem 11.5. Then, the bifunction f¢ is defined on
C x C by

(x+2)(y—x)+6(y4—x4) if xel]—o0,—2[,

D(y— 4 x?t if -2, 11,
f Gy = x+D(y—x)+e(y*—x*) if xel [

max (x,0) (y = x) + €222 if (x,y) € {2} x =00, 3],
max (x, 0) (y —x) + € (y* —x*) otherwise.

As above, only the quasi-convexity of the function y — f¢ (2, y) is important to
verify, the other cases come readily from the definition. In this case, we have

20 -G i yel-oo.3],

fe (27 Y) =
2(y —2)+e(y*—16) otherwise.

By the same argument as above, remark that f. (2,3) < fc (2, y), for every
y € 13, +o0[, and this completes the proof.
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11.3.2 Applications to Quasi-Hemivariational Inequalities

We now intend to point out the relationship between equilibrium problems and
quasi-hemivariational inequalities. We develop results in the qualitative anal-
ysis of quasi-hemivariational inequalities and give a generalization to Berge’s
maximum theorem in order to apply the Tikhonov regularization for quasi-
hemivariational inequalities.

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)—¢ W) <Lulw—vlx YweU,Vvel.

If ¢ : E — R is 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

A —
d)o (u, v) =limsup ACRRL (w)'
w—u A
20
We will use the following properties of locally Lipschitz functionals.
Suppose that ¢ : E — R is locally Lipschitzian near u € E. Then,

1. the function v = ¢° (u, v) is finite, positively homogeneous, and subaddi-
tive;
2. the function (u, v) — ¢0 (u, v) is upper semicontinuous.

Remark 11.5. To avoid any confusion in the definition of semicontinuity on
subsets, the functions % and F, and the multi-valued mapping A will be consid-
ered from C rather than from E.

We observe that any solution of the quasi-hemivariational inequality (QHVI)
is a solution of the equilibrium problem (EP) where the equilibrium bifunction
®: C x C — Ris defined by

® (u,v)= sup (z,v—u)+h(u)J0(iu;iv—iu)—(Fu,v—u) Yu,veC.
z€A(u)

The converse needs some additional conditions on the multi-valued mapping A
and holds by a classical approach.

Theorem 11.6. If A has nonempty, convex and weak* compact values, then
any solution of the equilibrium problem (EP) is a solution of the quasi-
hemivariational inequality problem (QHVI).

Proof. Let u* € C be such that ® (u*, v) > 0, for every v € C, and assume that
there does not exist z € A (u*) satisfying

(v —u*)+h(u*) IO (iu*;iv—iu*) — (Fu*,v—u*) >0 YveC.
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Clearly, for every z € A (u™), there exist v, € C and €, > 0 such that
(z,vz —u*)y +h (u*) IO (iu*;iv, — iu*) — (Fu*, v, — u*) < —e.
Since, for every v € C, the mapping defined on E* by
2> {z,v—u*)+h (u*) JO (iu*; iv— iu*) —(Fu*,v—u*)

is weak* continue, then for every z € A (u™), we choose a weak* open subset
O of E* such that

(@ v, =¥y +h (u*) IO (iu*;iv, — iu*) — (Fu*, v, —u*) < —e, ¥Z' € O,.

For every z € A (u*), we have z € O; and then, {0, |z € A (u*)} is a weak*
open cover of A (u*). Since A (u*) is weak* compact, there exist z; € C,
j=1.....nsuch that {O;; | j=1,...,n} is a finite subcover of A (u*). Put
vj =v;, j=1,...,n and € = min{e;; | j=1,....,n}. Clearly for all
z € A(u™), we have

“min ((z,vj —u*)+h(u*) IO (iu*;iv; —iu*) — (Fu*,v; —u*)) < —€.

The Clarke generalized directional derivative being finite, then for every
j=1,...,n, the functions

2 (z, v —u*) +h (u*) JO (iu*siv; —iu*) — (Fu*,vj —u®),

defined on the convex set A (u*), are concave and proper with domain contain-
ing A (u*), and therefore there exist u; >0, j =1, ..., n, with Z'}Zl =1 such
that for all z € A (u™)

n
Z“i ((z,vj —u*y +h () IO (iu*;ivj — iu*) — (Fu*,v; —u*)) < —€.
j=1

Set v* = 27:1 w;v;. Then v* € C and by the positive homogeneity and the
subadditivity of the Clarke generalized directional derivative in its second vari-
able, we have

(z,v* —u*)+h (u*) JO (iu*;iv* —iu*)—(Fu*,v*—u*) < —e Vze A(u*),
which implies that ® (u*, v*) < 0, a contradiction. O

We turn now into studying the properties inherited by the equilibrium bi-
functions defined from quasi-hemivariational inequalities.

Theorem 11.7. The bifunction ® is lower semicontinuous and convex in its
second variable on C.
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Proof. From the positive homogeneity and the subadditivity of the Clarke gen-
eralized directional derivative in its second variable, the function

vr—>(z,v—u)+h(u)]0(iu;iv—iu)—(Fu,v—u)

is convex, for every u € C and every z € A (u™). It is also lower semicontinuous
since the Clarke generalized directional derivative is lower semicontinuous. The
bifunction ® being the superior envelope of a family of convex and lower semi-
continuous functions, it is then convex and lower semicontinuous in its second
variable on C. O

The properties inherited by @ in its first variable are more complicated and
need additional conditions on the functions and multi-valued mappings involved
in the quasi-hemivariational inequalities.

Recall that a multi-valued mapping 7 from a topological space X with values
in the set of subsets of a topological space Y is called upper semicontinuous at a
point x € X if whenever V an open subset containing 7' (x), there exist an open
neighborhood U of x such that T (x’) C V, for every x’ € U. We say that T is
upper semicontinuous on a subset S of X if 7 is upper semicontinuous at every
point of S.

The following result is a generalization of the well-known Berge’s maximum
theorem.

Theorem 11.8. Let X and Y be two Hausdorff topological spaces, S a nonempty
subset of X, U an open subset containing S, T : X = Y a multi-valued mapping,
and 1 Y x X — RU{4-00} afunction. Suppose that v is upper semicontinuous
onY x U and T is upper semicontinuous on S with nonempty compact values
on U. Then the value function f : X — R U {+o00} defined by

J ()= sup ¢ (y,x)

yeT (x)
is upper semicontinuous on S.

Proof. By Proposition 11.6, it suffices to prove that the restriction g = fjy of f
on U is upper semicontinuous on S. Let a € R and by Proposition 11.7, we have
to prove that

xeUlgx)zalNnS={xeS|gx) =a},

where the closure is taken with respect to U. Let x* e {x e U | g(x) >a}N S
and choose a net (xy)qep in {x € U | g (x) > a} converging in U to x*. Since
Xq € U, then the restriction of the function ¥ on Y x {x,} is upper semi-
continuous and therefore, by the Weierstrass theorem, it attains its maximum
on the compact set T (xy), for every @ € A. Let yy, € T (x4) be such that
g (o) =¥ (Yo, Xo), fOr EVETY 0 € A.

The net (yq)qecp has a cluster point in 7 (x*). Indeed, suppose the contrary
holds. Then the compactness of T (x*) yields the existence of an open set V
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containing 7 (x*) and «p € A such that y, ¢ V, for every @ > «y. It follows by
upper semicontinuity of 7' at x* the existence of an open neighborhood W of
x* such that T (x) C V, for every x € W. Let @] € A be such that x, € W, for
every o > 1. Thus y, € V, for every o > 1. Contradiction.

Take now y* € T (x) and (yg)ger @ Subnet of (yo )y converging to y*. The
net (Yo, Xa))ger 18 in Y x U, converging to (y*, x*) and satisfies

¥ (Yo Xo) >a Yo €T,

By upper semicontinuity of ¢ on Y x U, it follows that g (x*) > ¥ (y*, x*) > a,
which completes the proof. U

We give in what follows a sufficient condition for the upper semicontinuity
in its first variable of the equilibrium bifunction ®.

Corollary 11.6. Let K be a subset of C, U be an open subset containing K and
suppose the following conditions hold:

1. the nonlinear multi-valued mapping A is upper semicontinuous on K with
respect to the strong topology of E* and has nonempty compact values
onU;

2. forevery v e C, the mapping u € C +— h (u) JO (iu; iv — iu) is upper semi-
continuous on U;

3. forevery v € C, the mapping u € C +— (F (u),v — u) is lower semicontin-
uous on U.

Then @ is upper semicontinuous in its first variable on K.

Proof. Let v € C be fixed and define the function  : E* x C — R by
V(zou)=(z, 0 —u)+h @) J° (iu;iv—iu) — (Fu,v — u).

The function ¥ being a sum of upper semicontinuous functions on E* x U,
it is upper semicontinuous on E* x U, where E* is equipped with the strong
topology. It follows by Theorem 11.8 that the value function u > & (u, v) is
upper semicontinuous on K. O

Corollary 11.7. Let K be a subset of C, U be an open subset containing K and
suppose the following conditions hold:

1. the nonlinear multi-valued mapping A is upper semicontinuous on K with
respect to the weak™ topology of E* and has nonempty weak™* compact val-
ueson U;

2. forevery v € C, the mapping

(z,u) e E* x U (z,v—u)+h(u)J0(iu;iv—iu)—(Fu,v—u)

is upper semicontinuous on E* x U.

Then @ is upper semicontinuous in its first variable on K.
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Recall that a multi-valued mapping T : C — 2£7 is said to be:

1. pseudo-monotone on C if

(zyu—v)<0= {t,v—u)>0 VYu,veC,Vze€A),VieA®W);
2. strictly pseudo-monotone if

(z,u—v)<0=(t,v—u)>0 VYu,veC,Vze A(u),Vte A(v).

We observe that if T has weak* compact values, then T is pseudo-monotone
(resp., strictly pseudo-monotone) if and only if the equilibrium bifunction 6 is
pseudo-monotone (resp., strictly pseudo-monotone) where 0 : C x C — R is
defined by

60 (u,v)= sup (z,v—u).
zeT (u)

This follows from the fact that for every u, v € C, by the weak* compactness of
the values of T, there exist z € T (1) and ¢ € T (v) such that

0w,v)y=(z,v—u) and 6 ((v,u)={(t,u—v).

Now, to apply the Tikhonov regularization for quasi-hemivariational in-
equalities, first we take a multi-valued function G : C — 2E" and € > 0, and
define the multi-valued function A, : C — 2£ by

Ac(x)=A(x)+€G (x).
The regularized quasi-hemivariational inequality has the following form:

Find u € C and z € A, () such that
(z,v—u)+h ) Jo(iu;iv —iu)—(Fu,v—u)>0 VveC. (RQHVI)

As previously, we denote its set of solutions by SRQHVI(C, A¢).
We say that the quasi-hemivariational inequality (QHVI) is pseudo-mono-
tone on C if the associated equilibrium bifunction @ is pseudo-monotone on C.

Theorem 11.9. Let K be a compact subset of C, U an open subset containing K
and (€y,), is a sequence of positive numbers such that liIE €, = 0. Suppose
n—+0o0

that the following assumptions hold:

1. G is pseudo-monotone on C, upper semicontinuous on K with respect to the
strong topology of E* and has nonempty, convex and compact values on C,

2. the quasi-hemivariational inequality (QHVI) is pseudo-monotone on C;

3. A is upper semicontinuous on K with respect to the strong topology of E*
and has nonempty, convex and compact values on C;

4. for every v € C, the mapping u € C +— h (u) JO (iu; iv — iu) is upper semi-
continuous on U,
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5. for every v € C, the mapping u € C +— (F (u), v — u) is lower semicontin-
uous on U;
6. there exists vy € C such that

(zovo —u) +h ) IO (iu; ivo — iu) — (Fu,vo—u) <0
YueC\K,Vz€Au).

Then any cluster point x* € C of a sequence (xp), with x, € SROHVI (C, Aen) N
K for every n, is a solution to the multi-valued variational inequality:

Find u € SQHVI (C, A) and z € G (1) such that
(z,v—u)>0 YveSQHVI(C,A).

Assume in addition, that the following conditions hold:

1. G is strictly pseudo-monotone on C,

2. there exists K' C K such that (z, vo—u) <0, foreveryu € C\ K’ and every
7€ G (u).

Then the regularized quasi-hemivariational inequality (RQHVI (C , Fe,,) ) is

solvable, for every n, and any sequence (x,),, with x,, € SROQHVI (C , Fen) forev-

ery n, converges to the unique solution of the multi-valued variational inequality

problem:

Findu € SQHVI (C, A) and z € G (u) such that
(z,v—u)>0 YveSQHVI(C,A).

Proof. Note that

sup (z,y —x)= sup (z,y —x)+e€ sup {(z,y—x) Vx,yeC.
Z€A((x) z€A(x) zeG(x)

The result holds now easily from the results developed above and by applying
Theorem 11.5. O

Under assumptions of Theorem 11.9, the set of solutions of the quasi-
hemivariational inequality (QHVI) is nonempty and compact. It is also convex
whenever K is convex.

11.4 A SUBGRADIENT EXTRAGRADIENT METHOD FOR
SOLVING EQUILIBRIUM PROBLEMS

The aim of this section is to provide a further numerical method for solving
equilibrium problems (EP). Our framework will be a real Hilbert space, de-
noted H. Let K be a nonempty closed convex subsetof H and f: K x K — R
a bifunction. Let us recall that (EP) is defined as:

find x € K such that f(x,y) >0 Vye K. (11.25)
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Some iterative methods have been proposed to solve various classes of equi-
librium problems. In these papers, the bifunction f is assumed to satisfy the
following conditions

(A1) f(x,x)=0forall x € K;
(A2) fismonotoneon K,i.e., f(x,y)+ f(y,x)<Oforallx,yeK;
(A3) limsupf(x +t(z—x),y) < f(x,y)forallx,y,z € K;
t—0t
(A4) f(x,-)is convex and lower semicontinuous on C.
Under these assumptions, Combettes and Hirstoaga [57] showed that for

each r > 0 and x € H the mapping Trf 1 H — K defined by
1
T,f(x)z {zeK:f(z,y)—i—;(y—z,z—x)zO VyeK} (11.26)

is single-valued. Based on the mapping T,f ‘, the algorithm in [57] generates the
sequence {x"} by x* € H and,

K = T,fx” for every n € N,

equivalently, x"*! € K such that

1
F™ )+ r—(y — X" X" "y > 0 forevery y € K, (11.27)

n
where {r,} C (0, +o00) satisfies the condition liminfr,, > 0. From computational
n—oo
point of view, it is in general difficult to compute x"*! in (11.27).
The next algorithm was first introduced by Antipin [17] in finite dimensional
vector spaces.

xo €K,

1
Y= argmin{)»f(x", )+ Elly —x”||2},

yek (11.28)

1
Xt =argmin{/\f(yn, »+35lly —x"||2}, n>0.
yeK 2

The advantage of (11.28) is that two strongly convex programming prob-
lems are solved at each iteration, which seems numerically easier than solving
the nonlinear inequality (11.27). In 2010, the authors in [150] studied the al-
gorithm (11.28) for pseudo-monotone equilibrium problems in Hilbert spaces.
Under mild conditions, they obtained the weak convergence of the sequences
generated by (11.28).

Recently, Lyashko and Semenov [120] proposed a Popov type algorithm for
pseudo-monotone equilibrium problems. The algorithm in [120] (called two-
step proximal algorithm) is summarized as follows: choose x* = y? e C, e > 0
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and 0 < A <
tion 11.3).

Step 1. For x" and y", compute

1 .. .
306 F5)° where c1, ¢; are positive constants (see (B5) in Sec-

. 1
! =argmm{xf(y", W+ 5l —x"||2}.
yeC 2

Step 2. If max{|x"t! —x"|, |y"* — x"||} < € then stop, else compute

. 1
yh= argmm{kf(y", M+ ly = x”+1||2}.
yeC

Step 3. Setn:=n+ 1, and go to Step 1.

The weak convergence of their algorithm is proved under usual assumptions
imposed on bifunctions in which they required that for all bounded sequences
{x"}, {y"} satisfying ||x" — y"|| — O one has f(x", y") — 0 (condition (A6)).
It is worth mentioning that their condition (A6) is rather strong. On the other
hand, in Lyashko and Semenov’s algorithm and most other algorithms, it must
either solve two strongly convex programming problems or solve one strongly
convex programming problem and compute one projection onto the feasible set.
Therefore, their computations are expensive if the bifunctions and the feasible
sets have complicated structures.

Recently, the authors of [99] improved Lyashko and Semenov’s algorithm
such that the subprogram in Step 1 has been solved over a halfspace instead of
over C, and furthermore, some assumptions on f have been weakened. In the
next subsections we present their algorithm and convergence results.

11.4.1 A Projection Algorithm for Equilibrium Problems

As usual, the weak convergence will be denoted by “—” and the strong con-

vergence by “—” in the Hilbert space H. Let K be a nonempty closed convex

subset of H and f : H x H — R a bifunction satisfying:

B1) f(x,x)=0forallx € K;

(B2) f is pseudo-monotone on K, i.e., f(x,y) > 0= f(y,x) <0 for all
x,yeK;

(B3) For any arbitrary sequence {z*} such that z* — z, if limsup f (2, y) = 0

k— 00
for all y € K then z € EP(f);
(B4) f(x,-)is convex and lower semicontinuous for every x € H;
(BS) There exist positive numbers c¢; and ¢, such that the triangular inequality

fEN+ 002> fx,2)—cllx—ylI*—clly —zI>  (11.29)

holds for all x, y,z € H;
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(B6) For all bounded sequences {x"}, {y"} C C such that ||x" — y"|| — O, the
inequality

limsup f(x", y") >0

n—oo

holds;
(B7) EP(f)#0.

Next let us make some comments on the assumptions above.

Remark 11.6. The condition (B3) was first introduced by Khatibzadeh and
Mohebbi in [106]. It is easy to see that if f(., y) is weakly upper semicontinuous
for all y € K then f satisfies the condition (B3). However, the converse is not
true in general.

This remark is illustrated by the following counterexample modified from
Remark 2.1 of [106].

Example 11.4. Let H=1>, K ={§ = (§,6,..)€l?: >0 Vi=1,2,..}
and

o
fy)=01—x) Y ()
i=1
Take x* = (0, ..., 0, 11 0,..),wehave x¥ —~ x = (0, ...,0, ...) and x € EP(f).
Obviously, there is a y € K such that

lim sup f(xk, y)>0= f(x,y).

k— 00

Then f(., y) is not weakly upper semicontinuous. We now show that f sat-
isfies the condition (B3). If zF = (Z’f, Z’z‘, ...) =~z = (21,22, ...) is an arbitrary

sequence and lim sup f (zk, y) >0 for all y € K, then we have
k—o00

o0
lim sup(y; — Z]f) Z(Zf)2 > 0.

k—o00 i=1
Since lim (y; — z’l‘) =y — 271, we get
k—o00
o0
(y1 —z)limsup ) ~(z})* =0,
k— 00 i=1

thus y; > z7. Hence, f(z,y) > 0 for all y € K, i.e., f satisfies the condi-
tion (B3).
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Remark 11.7. Under (B1), assumption (B6’) is weaker than the joint weak
lower semicontinuity of f on the product K x K, as usually assumed by several
authors. Indeed, let {x"}, {y"} be bounded sequences in K with ||x" — y"| — 0.
Thus there exists a subsequence {x"*} of {x"} converging weakly to x € K. By
the assumption, the subsequence {y"*} converges weakly to the same x. Hence,

limsup £ (x", ") = limsup f ("%, y"™) = liminf f (s, ") = f(£,5) =0

n—o0 k— 00
Remark 11.8. We will hereafter consider two important particular cases of the
equilibrium problem, namely the optimization problem and the variational in-
equality problem in which (B6) is satisfied under mild conditions.
1. Let f(x,y) = F(y) — F(x), where K is a nonempty closed convex subset
of H and F : H — R is a uniformly continuous function on K. Then f

satisfies (B6). Indeed, if ||x" — y"|| — O, then by uniform continuity we
have F(x") — F(y") — 0, as n — o0, hence

limsup f(x", y") = lim f(x",y")=0.
n—oo

n—oo

2. In case of variational inequalities, i.e., f(x,y) := (Ax,y — x), where
A : K — H is an operator, assumption (B6) is satisfied if A is bounded
on bounded sets. Indeed, fix an element z € C. Then

FET Y =(Ax", y" = x") = —[[Ax"[[Ix" = "I
= —M|x" =",

where M is a positive constant such that | Ax"|| < M. Hence, by the as-
sumption

limsup f(x", y") > —nli)rgoMHx" —y"[I=0.

n—oo

Remark 11.9. Condition (11.29) was introduced by Mastroeni [123] to prove
the convergence of the Auxiliary Principle Method for equilibrium problems.
Note that

1. If f(x,y) = (Ax,y — x), where A : K — H is Lipschitz continuous

with constant L > 0 then f satisfies the inequality (11.29) with constants

cr=c = L Indeed, for each x, y, z € K, we have

FE )+ f(3.2) = f(x,2) =(Ax,y —x) + (Ay, 2 — y) — (Ax,z — x)
=—(Ay — Ax,y —2)
> —||Ax — Ayll[|y — 2|
>—Llx—yll|y—z|
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L , L 2
> ——||lx — — — —Z
> 2|I vl 2||y [
=—cillx = yI* = eally — zlI*.

Thus f satisfies the inequality (11.29).
2. If there exists A > 0 such that

Lf (v, w) = flx,w) = fv, y) + fx, y)
<Allv—x|l||lw—y| Yv,w,x,y€K, (11.30)

then it is easy to see that f also satisfies the inequality (11.29). The inequal-
ity (11.30) is called Lipschitz type inequality and has been introduced by
Antipin [17]. In the framework of a finite dimensional space, he showed
that if f is a differentiable function whose partial derivative with respect
to the first variable satisfies the Lipschitz type inequality, then the inequal-
ity (11.30) holds. Therefore, the class of these functions also satisfies the
inequality (11.29).

In order to describe the announced projection algorithm for solving pseudo-
monotone equilibrium problems, recall that the Nk (x) denotes the normal cone
of the set K at x € K (see Chapter 1, Section 1.1), and the subdifferential of a
function g : H — (—00, 0o] at x € H is defined as the set of all subgradients of
gatx:

dg(x) :={weH:g(y) —glx) =(w,y—x) Vye H}.

Let K be a nonempty closed convex subset of H. As well-known, for every
element x € H, there exists a unique nearest point in K, denoted by Pgx such
that!

llx — Pcx|| =inf{[|x — y||: y€C}.

Pk is called the metric projection of H onto K. It is well known that Pk can
be characterized either by property (a) or by (b) below.”

(@ (x— Pcx,y— Pcx)<Oforallxe HandyeC;
(b) [ Pcx —ylI> <llx — ylI> — llx — Pcx|* forallx € H, y € C.

We also need the following auxiliary results.

Lemma 11.2. ([86]) Let C be a nonempty closed convex subset of a real Hilbert
space H and g : H — R a lower semicontinuous convex function. Then, x* is a
solution of the following convex problem

min{g(x) : x € C}

if and only if
0€dg(x™ + Nc(x™).
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Lemma 11.3. (Opial [135]) Let {x"*} be a sequence of elements of the Hilbert
space H which converges weakly to x € H. Then we have

liminf||x" — x| < liminf||x" — y|| Vy € H\ {x}.
n— 00 n— 00

Now the algorithm (called algorithm (A) in the sequel) is as follows.

Step 1: Specify x°, y* € K and A > 0;
Compute

) 1
xl= argmln{)»f(yo, y) + Elly — x0||2},
yekK

1 . 0 1 12
y =argming Af(y", y) + Elly —x %
yeK
Step 2: Given x”, y" and y"~! (n > 1), let w" € f (y*~',.)(»") such that

there exists an element ¢ € Ng (y") satisfying

0=Aw" +y" —x" +4", (11.31)
and construct the halfspace

H,={zeH:{x" - w"—y",z—y") <0}

Compute

. 1
X" = argmm{my", 3+ 5l - anZ},
yeH,

. 1
y = argmm{kf(y”, W+l —x"“||2}.
yekK

Step 3: If x"*! = x” and y"” = y"~! then stop. Otherwise, set n :=n + 1, and
return to Step 2.

The existence of w” € 3f(y"~!,.)(y") and ¢" € Nk (y") satisfying (11.31)
is guaranteed by Lemma 11.2. Hence, the algorithm (A) is well-defined.

The following lemmas are helpful to analyze the convergence of algo-
rithm (A).

Lemma 114. CC H,, Vn > 1.

Proof. From (11.31), we obtain
g"=x" - w"—y" Vn=>1,
where w” € f (y*~!,.)(y") and ¢" € Nk (y"*). Moreover, we have

Nk(Y")={qeH:(qg,y—y")<0VyeK}.
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Therefore, we infer that
(x" — 2wt —y",y—y")<0VyeK Vn>1.
This shows that K € H, Vn > 1. O
Lemma 11.5. If x"*! =x" and y" = y"~! then y" € EP(f).
Proof. If x = x"*1 we have
0€2df (", )" + X" — X" 4 Ny, " =23F (0", ) (") + Npg, (x"),

thus there exists w} € 3f(y",.)(x") such that —Aw} € Np,(x"), that is,
(wf,z —x") > 0forall z € H,. Hence,

MfO" D) = FO" X)) = Mw),z —x") >0 Vz € Hy, (11.32)
With z € H, and y" = y"~! we get
(x" — 2w -yt z—y" <0, (11.33)

where w" € af (y",.)(y") is the chosen element satisfying (11.31). We deduce
that

AMO" D)= FO" YD) = w2 —y") = (X" =y 2=y,
Taking into account that x* = x"*! € H, we obtain

AT = A x" =yt = (" =yt aT =) > 0. (11.34)
Combining (11.32) and (11.34) we have

A O" D) =" 2) = fO",x") =0 Vz € Hy.
Since K C H,,, we arrive at
FO",2)>0 VzeK.

This means that y" € EP(f). O

Remark 11.10. If x"*! = y"*+1 = y” then we also obtain y" € EP(f).

Proof. If x"*t1 = y"*1 = y" then from the fact that y” is the unique solution to
the strongly convex problem

1
inda n - o2 ,
ggg{ f(y y)+2||y YUl }
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and Lemma 11.2, we deduce that
0=2rw"+y" —y" +q,
where w” € 3f (¥", .)(»") and ¢ € Nk (y"). Since
Nk(Y")=1{g€H:{qg.z2—)") =0Vz €K},
we obtain
(—aw",z—)y") <0VzeK.
Moreover, we have
AMFO" D)= FO" Y =AW, z—y") >0 Vze K.
Taking into account that f(y", y"*) =0 we arrive at
fO".2)=0 VzeK.
This means that y" € EP(f). O

The next statement plays a crucial role in the proof of the convergence re-
sults.

Lemma 11.6. Let {x"} and {y"} be the sequences generated by algorithm (A)
and z € EP(f). Then

"t —2)2 < X" =zl — (1 — 4re) X" — y"|I?

— (1 =2hep) & = Y2 4 ddey 5" — y* 2

1

Proof. From x"*! = argmin{kf(y”, y) + 3 ly — x"||2} and Lemma 11.2, we
YEH,

have

0= 2w/ + XM +47,
where wi' € 3f (y", )(x"1) and ¢} € Ny, (x" ™). From the definition
Ny, (x"™Y={qeH:(q,y—x"T1)y <0Vye H,},
and Lemma 11.4, it follows that
(x" — X" = Awl,z — X"t <o.
Consequently,

(=2 =) < awl 2= S AP0 D) = FON ).
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We have
”xn+l _ Z”2
—|lx" — Z||2 + “xn+l _xn||2 +2(xn+l X" X" —2)
< ”xn _ Z||2 _ ”xn-i-l _xn”2 +2<xn+l _xn’xn+1 _ Z)
<" =zl = T =X P20 F O ) — FOM M) (1135)
=" —z)® = I =X 220 Y = O D]
F2LFO" T = FOMT Y = O XTTHI 20 (0" 2)
=" —z|* = X" = x"P+ A+ B+ 22 (", 2),

where

A=2ALF (" Ly — FO" L X Th,
B=2ALf(" L x" — fo" Ly — FO™ X"TH]

From x"t! € H, we obtain (x" — Aw" — y",x"t! — y") < 0, where
w" € 3f (y"~1, )(y"). Using the definition of the subdifferential we arrive at

FOL Y = FOTL YY) = (" y —y") Vy e H.
Therefore,

20O = O Y] = 24w X = )

> 2<xn _ yn’xn+1 _ yn>.

It follows that

A S 2<yl’l _‘xl’l,‘xl’H‘] _ yn)

! 2 2 i 2
e el LA i (Rl P [

=|lx X y

By the assumption (BS5), we get

B = Zk[f(yn_l,xn+l) _ f(yn—l’ yn) _ f(yn,xn+l)]
<2ellly"™ = y" 17 +eally" = X",

On the other hand, we have

"= =32 = 1y =212 " =y P 207 = " =y
< 201y" =217+ 2" = "),

So, we obtain

B < 2x[2¢[ly" — x" |2 + 2c11x" — y"HIZ +eally™ — x" 2T
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It implies that

" = 2] < " = zlI* = (1 = daep)Ix” — y*|I°
— (1 =2xep)[lx" ! —y"|?
+dact|x" — y" N2 4+ 20 f (", 2). (11.36)
It follows from z € EP(f) and the pseudo-monotonicity of f that
f (", z) <0. Then the inequality (11.36) implies
X" — 2] < flx" = 2l = (1 = 4aep)Ix" — y"|I?

— (1 =22 lx" ! = y"|I> +drey [x" — y" M2 (11.37)
The proof is complete. O

We are now in a position to give the convergence of the sequence generated
by algorithm (A).

Theorem 11.10. Let K be a nonempty closed convex subset of H. Let
f: H x H— R satisfying (Bl)-(B7). Assume further that A € (0, m)
Then the sequence {x"} generated by algorithm (A) converges weakly to a solu-
tion of the EP (11.25).

Proof. We split the proof into several steps:

Step 1: We first show the boundedness of the sequence {x"}. Let z € EP(f).
The inequality (11.37) can be rewritten as
X"+ — 2] < Ix" — 2l — (1 = 4hen) 2" — y"|1?
— (1 = 2key — 4 [lx" ! — y" |2
+4rer X" — Y"1 = drey 2T =y (11.38)

We fix a number N € N and consider the inequality (11.38) for all the num-
bers N, N + 1, ..., M, where M > N. Adding these inequalities, we obtain

M
M — 22 < ™ — 2P = (1 —4nen) D X" =y
n=N

M
— (1 =2Xkcy —4Acy) Z ”xn+1 — y””2 +4hc ”xN _ yN—l ”2
n=N
— 4y oM — yMP2 (11.39)

< IxN = z? + 4y IV — yN 2 (11.40)
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The inequality (11.40) leads to the boundedness of {x"}. Hence, there exists
X € H and a subsequence {x"*} of {x"} such that x* — Xx. Moreover, from the
inequality (11.39), we obtain the convergence of the series

o0 o0
1 2 2
Dol =y and Y " =y
n=1 n=l1
Thus, we have

Jim "=y = lim [l = " =0. (11.41)

Step 2: Let us show that x € EP(f). It follows from (11.41) that y"* —~ x € K.
We have

Iy" =y < QY™ = 2T 4 =y (11.42)
Combining (11.41) and (11.42) we deduce that

lim ||y — y"*!| =0. (11.43)
n—0oo

Therefore, we get y™+!1 —~ x.
It follows from

. 1
v =argmm{kf(y", M+l —x"“||2}
yekK

and Lemma 11.2 that there exist w"*! € 3f(y", )(y"*!) and ¢" ! € Nc(y")
such that

0= a4yt g gt
From the definition of Nx (y"*!), we deduce that
(et gty ity <0 vy e K,
or
eyt ity < Gty oty yy e K

On the other hand, since w"*! € 3f (", )(y"T1), we get
W™y =y < FO" ) = FOM YT Vy e k.

Hence, we arrive at

<xn+l _ yn+]’ y— yn+1

. <O —FON YT VyeK. (1144
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Since the left-hand side converges to zero, replacing n in (11.44) by n; we
have by (11.43) and the assumption (B6) that

0 <limsup f(y"™, y™+1

k—o00

np+1 _ g+l _ i+l
—timsup (S g )
k— 00 A
<limsup f(y"*,y) Vy e K.
k—o00

Now under the condition (B3), we obtain, x € EP(f).

Step 3: We claim that x” — X. On the contrary, assume that there is a subse-
quence {x,,, } such that x,,, — X as k — oo and X # X. Arguing as in Step 2, we
also obtain X € EP(f). It follows from the inequality (11.38) and the condition

1

™ — 21 dhe [l — ym?

< Ix" = z||* 4+ 4xrcil|x" — y"THI* Vz € EP(f).

Thus, for all z € EP(f), the sequence {||x" — z)|1> +4rcer 2" — y* 112} must
be convergent. From (11.41) we have

lim |x" —z||> € R Vz € EP(f).
n—o0
By Lemma 11.3 (Opial lemma), we have
lim [|x" — x| = lim ||x™ — %||>
n—oo k— o0
= liminf]|x™ — X||* < liminf]|x™ — X2
k— 00 k— 00
= lim |x™ —%X|>= lim ||x" — X2
k— 00 n—00
= lim |[x™ — %> = liminf|x"™* — %]
k— o0 k—o00
< liminf|x™ — x|
k— 00
1 my N2 _ 1 n =12
= lim |[|x" —x||“ = lim ||x" — x|~
k— 00 n—00
which is a contradiction. Thus, ¥ = X and this completes the proof. O

Next we show that algorithm (A) is able to provide us more: strong con-
vergence, if we slightly strengthen the assumptions. The further assumption
guaranteeing this is the nonemptiness of the interior of EP(f).
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Theorem 11.11. Suppose that beside the assumptions of Theorem 11.10,
intEP(f) # @ holds. Then the sequence {x"} generated by algorithm (A) con-
verges strongly to a solution of the EP (11.25).

Proof. Take the sequence «, := 4icy||x” — y"~1||>. Then from the inequal-
ity (11.38) we deduce that

" =2l < X" = 2l + o — @ur Yz € EP(S). (11.45)

Now fix an element u € intEP(f) and choose r > 0 such that ||[v —u] <r
implies v € EP(f). Then for any x,,+1 # x,, we have

X (u , Xn+1 — Xn )
n+1 — -y _
lxXn+1 — Xnll

2

2

< xn—<u—rM> +op — apt1- (11.46)
lxn+1 — xnll
Simplifying the inequality (11.46), we obtain
2r [ xn 41 = Xall < l1xn — ull> = Ixng1 — ull® + en — @y (11.47)

Let M > N be arbitrary positive integers. By summing up the inequality
(11.47) from N to M — 1 we obtain

2rllxp — xnll < llxy — ull® = llxy — ull® +an —an. (11.48)

Taking into account that the sequence S, := ||x, — u||> + «, converges, we
conclude that the sequence {x,} is Cauchy, therefore, (strongly) convergent.

Since we already showed that each weak cluster point of {x,} is a solution
of EP (Step 2 in the proof of Theorem 11.10), the proof is complete. O

In the following theorem we will show that our method has at least R-linear
rate of convergence under a strong pseudo-monotonicity assumption of f. A bi-
function f: H x H — R is said to be y-strongly pseudo-monotone on K C H
(see [63]) if there exists y > 0 such that for any x,y € K

f,»)=0= f(y,x) <—yllx—y|*

Theorem 11.12. Let C be a nonempty closed convex subset of H. Let
f: Hx H — R be a bifunction satisfying conditions (Bl), (B4),
(B5), (B7) and be y-strongly pseudo-monotone on K. Assume that A €

(0, min{ ﬁ; %; m ]) Then the sequence {x"} generated by the al-

gorithm (A) converges strongly to the unique solution x* of the EP (11.25).
Moreover, there exist M > 0 and 11 € (0, 1) such that

X" —x* | < Mup" Vn>1. (11.49)
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Proof. The uniqueness follows by the strong pseudo-monotonicity. Using simi-
lar arguments as in the proof of Lemma 11.6, it follows from (11.36) that

[l — X7 <l — x| = (1= dhe)[Ix" — y" |7

— (1 =2xep) "+ = y")?
+arcrx" =y P4 20 F (", %)

< X" = x*|IF = (1= 4aep x" — y" |12
— (1 =21 "+ =2
+drerx" — y" R = 2pAlly" — ¥

= (1 =2y W) x" — x*|* = (1 — 4hcy + 2y ) [Ix" — y" || 72
— (1= 2xe) " =y 12 + dney 6" =y
— 4y (y" —x", x" —x*).

Applying the inequality —4y A (y" — x, x" — x*) < 16y2A%||x" — x*|? +
% |y — x"||?, we obtain

" — x| < (1 =2y A+ 16y222)[|Ix" — x*||*
P S e
+arerx" — YR = (= 2ae) " =y )R
Taking into account the fact that » < min [ ﬁ; 163—C1 }, we have
e e e e R a1 B S
— (1 =2xep) " = y")?

4)c
=1—-yh (nx" [ et y"—1||2>

1—yA
4)rcq
_ l—l|xn+1 _ yn”Z
4ic

- (1 e, — ) VR (1150)

1—yx
From the condition A < m, itis easy to see that 1 —2ic; — 141\?)\ > 0.

Hence
4xcy
”xn—i-l _ x*”Z + —”xn"rl _ yn“2

1—yX

4rcy _
<=y <||x” =P =y l||2) :
_]/)\
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Letpu:=1—yre(0,1), M:=|x! —x*|?>+ %Hxl — y9)|2. From the last
inequality and by induction, we arrive at
ACy

4
”xn+1 _x*||2 < ”xn+1 _x*||2 + m”xn-‘rl _ yn”2 < M/,Ln

This finishes the proof of Theorem 11.12. O

11.4.2 Applications to Variational Inequalities

Recall that if the equilibrium bifunction f is defined by f(x,y) = (Ax,y — x)
for every x,y € K, with A: H — H, then the equilibrium problem (11.25)
reduces to the variational inequality problem (VIP):

find x* € K such that (Ax*, y —x*) >0 Vy e K. (11.51)

(See also (2.18) in Chapter 2.)

The set of solutions of the problem (11.51) is denoted by VI(K, A).

In this situation, algorithm (A) reduces to Algorithm 1 of Malitsky and Se-
menov [122], which is known as a subgradient extragradient type algorithm
for monotone variational inequalities. In the sequel we shall refer to it as algo-
rithm (B).

Step 1: Specify x°, y* € K and A > 0;
Compute

{xl = Pr(x* —24)"),
yh=Pg(x' —24)).

n—1

Step 2: Given x", y" and y"~, construct the halfspace

Hy={ze H:(x" —rAy" "1 —y" z—y")y <0}.
Step 3: Compute

X" = Py, (x" — AAY™),
yn—i-l = Py (xn+l _ )»Ayn).
Step 4: If x"*! = x and y” = y"~! then stop. Otherwise, set n :=n + 1, and
return to Step 2.

To guarantee that f is jointly weakly lower semicontinuous on H x H, the
authors in [169] required the weak-to-strong continuity of A: H — H,i.e., A is
such that for any sequence {x"} C H,

Xt —x = Ax" — Ax. (11.52)
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As indicated before, we do not need anymore the joint weak lower semi-
continuity of f, but only the weak upper semicontinuity of f(-,y). To this
end, we remind the following concept for single-valued operators (called
F-hemicontinuity in [125]).

Definition 11.2. Let X be a normed space with X* its dual space and K a closed
convex subset of X. The mapping A : K — X* is called F-hemicontinuous iff
for all y € K, the function x — (A(x),x — y) is weakly lower semicontinu-
ous on K (or equivalently, x — (A(x), y — x) is weakly upper semicontinuous
on K).

Clearly, any weak-to-strong continuous mapping is also F-hemicontinuous,
but vice-versa not, as the following example shows.

Example 11.5. ([102]) Consider the Hilbert space 12 = {x = (¢)jen :
o

3 |x%1? < oo} and A : > — [? be the identity operator. Take an arbitrary se-
i=1

quence {x,} C I2 converging weakly to Xx. Since the function x — llx)|? is
continuous and convex, it is weakly lower semicontinuous. Hence,

—2 . 2
%117 < liminf |lx, |7,
n— 00

which clearly implies

<x9x - y) S hmlnf (x}’lv Xn — y)’
n—o0

forall y € 12, i.e., A is F-hemicontinuous.

On the other hand, we take x, = ¢, = (0,0, ...,0,1,0,...) with 1 in the
nth position. It is obvious that e, — 0, but {e,} does not have any strongly
convergent subsequence, as e, — ey | = V2 for m # n. Therefore, A is not
weak-to-strong continuous.

The next result, establishing weak convergence of algorithm (B) is a conse-
quence of Theorem 11.10.

Corollary 11.8. Let K be a nonempty closed convex subset of H. Let
A : H — H be a pseudo-monotone, F-hemicontinuous, Lipschitz continuous
mapping with constant L > 0 such that VI(C, A) # @. Let {x"}, {y"} be the se-
quences generated by algorithm (B) with 0 < A < ﬁ Then the sequences {x"}
and {y™} converge weakly to the same point x* € VI(C, A).

Proof. For each pair x, y € K, we define

flx,y):={Ax,y —x).
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From the assumptions, it is easy to check that all assumptions of Theo-
rem [1.10 are satisfied. Note that Step 3 of algorithm (B) can be written as

1
X"l = argmin{MAy”, y=y"+ Sy = X”IIZ},
yeH,

1
ytl = argmin{k(Ay", y=y"H+=ly— X"+1||2}~
yek 2

It follows that

1
Xt = argmin{ Sy — " = xAy”)nZ} = Pp, (x" — LAY"),
yEH, 2

1
y = argmin{EHy — (" = AAy">||2} = Pg ("1 —2Ay").

yek

By Theorem 11.10, the sequences {x"} and {y"} converge weakly to
x* € EP(f). It means that the sequences {x"} and {y"} converge weakly to
x* € VI(C, A). Hence, the result is true and the proof is complete. O

Note that in order to apply Corollary 11.8 one needs to know the Lipschitz
constant L. When A is Lipschitz continuous but the Lipschitz constant is un-
known, or cannot be calculated easily, we propose the following self-adaptive
algorithm (algorithm (C)).

Step 1: Take x°, ) € K, 1 € (0, 1). Setn =0.
Compute )

{xl = P (x" = 4Y"),
y'=Prt =AY

Step 2: Given x", y" and y”’1 (n > 1), define

T U v B e E T
1 otherwise,
and construct the halfspace
Hy={z€H:(x"—rAY" 1 —y" z—y") <0}.
Compute
X = Py, 6 = A AY™), (11.54)

y"+1 = Pg(x"t! — AnAy™).
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Step 3: If x"*! =x" and y"” = y"~! then stop. Otherwise, set n :=n + 1, and
return to Step 2.

Remark 11.11. Since A is Lipschitz continuous with constant L, from (11.53),
we have

A > min{1; %}. (11.55)

In what follows, we assume that

(C1) A is pseudo-monotone on H;

(C2) A is F-hemicontinuous, Lipschitz continuous but the Lipschitz constant
L is unknown;

(C3) VI(K, A) #0.

We are now in a position to give the weak convergence of the sequence
generated by algorithm (C).

Theorem 11.13. Assume that A : H — H is a mapping satisfying condi-
tions (C1)—(C3). Then the sequences {x*} and {y*} converge weakly to the same
element of VI(K, A).

Proof. The proof is divided into two steps:

Step 1: We show that for each z € VI(K, A), the following inequality holds:

2
xn+1 —}

2
T =P -2 y

X ”—1H2 (11.56)
y . .

SRy R

Indeed, since z € VI(K, A) C H,, and x" ! = Py, (x" — Ay Ay"), the character-
ization (b) of the metric projection provides

e [ R e ) MW |

2
x"—x"“H —2,\,,<Ay",x"+1—z>. (11.57)

~ - |

It follows from the pseudo-monotonicity of A and z € VI(K, A) that
(Ay", y" — z) = 0. Adding this term to the right-hand side of (11.57) we ob-
tain

2 2
=" = 2] = " =" - |

Kt _ZH2 < Hxn _ZHZ . ‘xn _ Tl H2 — 2 <Ayn’xn+1 _ yn>

2
xn+1 _ yn

_ 2<xn _ yn yn _xn—H)

— 2 <Ayn’xn+l _ yn>
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2
xn+1

o e e el

+2)\n <Ayn71 _ Ayn,anr] _ yn>+2<xn _ )\nAynfl _ yn,anr] _ yn>‘

Since x"*! € H,,, we have (x" — A, Ay"~! — y", x"*! — y") < 0. The fourth
term of the above inequality is estimated as follows.

2)\% <Ayn—1 _ Ayn’xn+1 _ yn> <
§2M< yn n_yn”) xn+l

2
su( +||x"—y”||2>.

Therefore, we get the desired inequality (11.56).

-1 _ n

-y

2
n—1 —x" n

+l_y

Step 2: We prove that the sequence {x*} converges weakly to x € VI(K, A).
First, it follows from (11.56) that

2
n

2
Rt IR -y

2
—(1—

n n—1 2
=7

(11.58)

We fix a number N € N and consider the inequality (11.58) for all the num-
bers N, N + 1, ..., M, where M > N. Adding these inequalities, we obtain

M — 2 < ™ — 2)? —(I—M)lex

—(1-3p) Z e+t =y )12
n=N

N 1” M+1 M”Z

— pllx -y
yN—l||2.

+ ullx
<Ix¥ —z)? +u||xN

Thus we obtain the boundedness of the sequences {x”}, {y"}, and then, as in
Step 1 in the proof of Theorem 11.10,

Jim e+ =y = Jim[lx" = y" [ =0. (11.59)

Consequently,

lim ||y"*! — y"| =0. (11.60)
n—>oo
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We now choose a subsequence {x,, } of {x,} such that x,,, — x. By (11.59),
y"™ — x and x € K. For all x € K with allowance for characterization (a) of the
metric projection and (11.54), we get

<ynk+l _ et Ay AYE,y — ynk+l> >0 VyeKk.
Hence,
0< <ynk+1 el g D AY™, y — ynk+l> _ <ynk+l ety ynk+1>
+ }‘nk <Ay”k, ynk _ ynk+1> +)~nk (Aynk,y _ ynk> Vy c K.

Dividing both sides of the last inequality by A,, we get
np+1 _ xnk-‘r] ,

Ang
+<Ay"", y— y”k> Vy e K.

_ i+l

5% y—y

0< > + <Aynk, ynk _ ynk+1>

Passing to the limit for k tending to oo in the above inequality and us-
ing weak lower semicontinuity of the function x — (Ax,x — y) together
with (11.55), (11.59) and (11.60) we obtain

(Ax,y—x)>20 VyeKk,

ie,xeVI(K,A).
Now, in view of (11.58) we have

Therefore the sequence ({|/x” —z17 + u ||x” —yn-l ||2} is convergent.
From (11.59) we have

xn+l 7

] —z”2+u v < e R H2 (11.61)

lim [|x" —z||? e R.
n—oo

We claim that x” — x. On the contrary, assume that there is a subsequence
{xm, } such that x,,, — X as k — oo and X # X. Using the same argument as
above, we also obtain X € VI(K, A). Finally, as in Step 3 of Theorem 11.10, we
obtain x, — x by Lemma 11.3 (Opial’s lemma). The convergence of {y"} to x
is guaranteed by (11.59). This finishes the proof of Theorem 11.13. O

11.4.3 Numerical Results

In this subsection some numerical results will be presented in order to test al-
gorithm (A) and compare it with other similar algorithms within the literature.
The MATLAB codes run on a PC (with Intel®Core2™ Quad Processor Q9400
2.66Ghz 4GB Ram) under MATLAB Version 7.11 (R2010b).
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TABLE 11.1 The parameters used in Example 11.6

i aj B; Vi aj B Vi

1 0.0400 2.00 0.00 2.0000 1.0000 25.0000
2 0.0350 1.75 0.00 1.7500 1.0000 28.5714
3 0.1250 1.00 0.00 1.0000 1.0000 8.0000
4 00116 3.25 0.00 3.2500 1.0000 86.2069
5 0.0500 3.00 0.00 3.0000 1.0000 20.0000
6  0.0500 3.00 0.00 3.0000 1.0000 20.0000

Example 11.6. (Nash-Cournot equilibrium models of electricity markets) In
this example, we apply the proposed algorithm to a Cournot-Nash equilibrium
model of electricity markets. In this model, it is assumed that there are three
electricity companies i (i = 1,2,3). Each company i owns several generat-
ing units with index set /;. In this example, suppose that I} = {1}, I = {2, 3},
I3 ={4,5,6}. Let x; be the power generation of unit j (j =1,...,6) and as-
sume that the electricity price p can be expressed by:

6
p=3784-2> x;.
j=1

The cost of a generating unit j is defined as ¢ (x;) := max{¢;(x;), ¢;(x;)}
with

A

o aj A A
¢jlxj)i= 7]%2' TBjxj+v;
and
~ Bj —1/8; B;+1)/B;
cjlxj)i=ajxj+ =—— ()P i,
B

where the parameters &, Bj, Vi, &, ,3./ and y; are given in Table 11.1.
Suppose that the profit of the company i is given by

f,(x)—pr/ Zc(x,)_<3784 2le>zx, Zc/(x,)

jel; jel; jel; Jjel;

where x=(x1,...,x6)” subject to the constraint xeC::{xeRf’:x}“inij Sx}“ax}

min max

with x™" and x"""** given in Table 11.2.
We define the equilibrium bifunction f by

3
O,y =) (i, x) —gilx, ),

i=1
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TABLE 11.2 The parameters used in Example 11.6

j 1 2 3 4 5 6
x;.nin 0 0 0 0 0
XM gQ 80 50 55 30 40

where
Qi y)=[378.4=2| > x;+ > yi | | Dovi= D i
Jé¢li JEl; JEli JEli

Then the Nash-Cournot equilibrium models of electricity markets can be
reformulated as an equilibrium problem (see [111]):

find x* € C such that f(x*,y) >0VyeC. (EP(f,C))

Similar to [149], we rewrite the function f as

FY)=((A+B)x+By+a,y—x)+c(y) —c(x), (11.62)
where
A :=qul(ql)T, B ::ZZq’(q’)T,
i=1 i=l1
3 6
a:==3784% q', c(x)i=) c;(x)).
i=1 j=1
Here the vectors ¢’ := (¢!, ..., ¢{) and ¢’ := (g}, ..., g}) are defined by
c e
=0 ifjer

and qli =1- q;. foralli=1,2,3and j =1,...,6. However, the function f
defined by (11.62) is not pseudo-monotone. Thanks to Lemma 7 in [149], the
problem EP( f, C) is equivalent to the problem EP( f1, C) where the function f
is given by

fik,y)=(A1x+ Biy+a,y —x)+c(y) —c(x),

with A=A+ %B and B; := %B. It is easy to see that the function f; satisfies
all assumptions (B1)-(B7). We will apply the algorithm (A) to solve the prob-
lem EP(fi, C). Choose A = 0.02, x0 = ,...,0)7 and the stopping criteria
[x"~1 — x"|| < 10~*. The results are tabulated in Table 11.3.
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TABLE 11.3 The results of algorithm (A) in Example 11.6

Iter. xy xy x3 xy xg xg

0 0 0 0 0 0 0

1 7.2329 6.9704 6.9729 6.6977 6.6976 6.6976
2 11.1446 10.4950 10.4936 9.8546 9.8519 9.8519
3 14.8503 13.7060 13.6949 12.6240 12.6166 12.6166
4 17.7731 16.0636 16.0387 14.5041 14.4906 14.4906
5 20.2529 17.9295 17.8874 15.8785 15.8578 15.8578
6 22.3430 19.3752 19.3134 16.8342 16.8056 16.8056
7 24.1385 20.5089 20.4254 17.4901 17.4531 17.4531
8 25.6973 21.3988 21.2920 17.9217 17.8760 17.8760
9 27.0678 22.1005 21.9693 18.1894 18.1347 18.1347

3568 46.6551 32.1196 15.0304 23.4718 11.6675 11.6675

TABLE 11.4 The accuracy of the three algorithms in Example 11.6

Algorithm (A) Algorithm 1 [149] Algorithm 2 [149]
[lxc* —prox g ™|l 0.0026 0.0088 0.0915
No. iter. 3568 4416 6850

The approximate solution obtained after 3568 iterations is
x* = (46.6551 32.1196 15.0304 23.4718 11.6675 11.6675)".

We note that this result is slightly different from the ones obtained by Algo-
rithms 1 and 2 in [149]. To check the accuracy of these algorithms, we will use
the quantity |x* — proxy, (x™)||, where prox, is the proximity operator of fi,
ie.,

. 1
proxy, ‘RS — R®, prox g, (x) := argmin {)Lfl(x, y) + §||y —x||2 1y € C} .

It is easy to see that x* is a solution of problem EP(f}, C) if and only
if x* = prox 5, (x*). Hence, the smaller the value of [|x* — prox s, (x*)|| is, the
more accurate the algorithm is. Choosing X = 0.05, the comparison results are
reported in Table 11.4.

From Table 11.4, we observe that in this example, the result obtained by our
algorithm is more accurate than by Algorithms 1 and 2 in [149] even the new
algorithm requires fewer iterations.
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TABLE 11.5 Comparison of the three algorithms in Example 11.7

EGM Popov’s Alg. Alg. (A)

CPU Iter. CPU Iter. CPU Iter.

times (s) times (s) times (s)
p=30,m=20 1.2563 96 1.3752 96 1.1430 97
p=30,m=30 2.0369 100 1.9203 100 1.3180 102
p=50,m=20 3.6452 155 3.2950 155 2.6257 157
p=50,m=30 4.1871 154 3.7750 154 3.0050 156
p=50,m=50 5.9796 150 5.0016 150 4.1230 152
p =50, m =100 6.0657 148 5.6674 148 4.2408 151
p =50, m =200 9.3348 137 8.6526 138 6.1459 141
p =50, m =500 9.5166 135 8.8857 137 5.8242 142

p =100, m = 100 30.0713 299 29.5453 299 20.7186 303
p =100, m =200 38.1460 294 37.3275 294 24.8415 299
p =100, m =500 55.2270 274 52.9948 275 33.5809 281
p = 100, m = 1000 70.3557 260 58.5535 263 34.5569 270

Example 11.7. In this example, we compare the performance of the proposed
algorithm with the extragradient algorithm given in [150] and with Popov’s ex-
tragradient algorithm [120]. Let H = R” and

f:RP xRP - R, f(x,y)=(Ax+ By,y —x)Vx,y eRP,

where A and B are matrices defined by B=M” .M+pl, A=B+NT .N+2plI;
M and N are p x p matrices; M (i, j) and N(i, j) € (0, 1) are randomly gener-
ated, and [ is the identity matrix. The feasible set C is C := {x ¢ R? : Dx <d},
where D is an m x p matrix and d = (d1, ..., d,)" with D(, j), d; € (0, 1)
randomly generated foralli =1,...,m, j=1,..., p.

We can see that all assumptions (B1)—(B7) are satisfied and the equilibrium
problem (11.25) has a unique solution x* = (0, ...,0)”. We will apply algo-
rithm (A) (Alg. (A)), the extragradient method described in (11.28) (EGM) and
Popov’s extragradient algorithm [120] (Popov’s Alg.) to solve this problem To
run these three algorlthms we use the same parameter A = W’ the

same starting point x°, which is randomly generated, and the same stopping
criteria || x" — x*|| < 1073,

We have generated some random samples with different choices of m and p.
The results are tabulated in Table 11.5.

From Table 11.5, we observe that the time consumed by algorithm (A) is less
than that of (EGM) and of Popov’s extragradient algorithm, even when the pro-
posed algorithm requires more iterations. It is clearly shown that algorithm (A)
performs better than the two known algorithms, especially when the function f
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and the feasible set K are more complicated (when m and p are large). This hap-
pens because as mentioned in Remark 11.7, at each iteration of algorithm (A),
we solve one subprogram over a halfspace (one constraint) instead of the feasi-
ble set K (many constraints) as in the considered two algorithms.

It is worth noting that our proposed algorithm computes the value of the
bifunction f in the first argument only one time at each iteration, and hence,
the new method is very effective when the equilibrium bifunction f is compli-
cated and computationally expensive. We will illustrate this advantage by the
following example.

Example 11.8. Consider the problem (11.25) where

f:RPxRP - R, f(x,y)=(Ax,y —x) (11.63)

p

and K :={(x1,...,x,) € RP: ) x; = 0}. Here A is the proximity operator of
i=1

the function g(x) = ||x||*, namely,

1
A:RP - RP, A(x) :=argmin{||y||4+§||y—x||2:y GRP} Vx € RP,

We note that A(x) does not have a closed form and it can be computed
efficiently, for example, by the MATLAB Optimization Toolbox, however, its
computation is expensive. It is easy to see that all assumptions (B1)—(B7) are
satisfied and the problem (11.25) has a unique solution x* = (0,...,0)7. We
will apply algorithm (A) (Alg. (A)), the extragradient method (11.28) (EGM)
and the subgradient extragradient method (SEM) in [53] to solve this problem.
As in Example 11.7, we use the same parameter A = 0.1, the stopping criteria
X" —x*|| < 10~* and the same starting point x°, which is randomly generated.

In our experiments, we test the different choices of xY for both cases p =100
and p = 500. The comparison results are given in Tables 11.6 and 11.7. As
shown in this example, our algorithm has much lower time consumption than
the other two, although the number of iterations in all of them is almost the
same.

To investigate the effect of the step size A, we implement the three methods,
using different step sizes. The results are reported in Table 11.8. We can see that
the number of iterations and computational time depend crucially on the step
size.

Next, we compare the performance of algorithm (A) with the modified
projection-type method (MPM) (Algorithm 3.2 in [162]). The parameters are
chosen as follows.

e In algorithm (A), u = %;
e In MPM, P is the identity matrix,# = 1.5, p =0.5, 8 =0.9, a = 1.
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TABLE 11.6 Comparison of the three algorithms in Example 11.8: the case

p =100

EGM
SEM
Alg. (A)

Ex. 1

CPU
times (s)

9.9265
8.8113
4.3703

Iter.

136
136
136

Ex. 2

CPU
times (s)

9.7181
8.5276
3.3658

Ex. 3
Iter. CPU

times (s)
136 9.5595
136 8.6867
89 3.5988

Iter.

134
134
133

TABLE 11.7 Comparison of the three algorithms in Example 11.8: the case

p =500

EGM
SEM
Alg. (A)

Ex. 1

CPU
times (s)

65.1697
64.4563
31.8188

Iter.

171
172
172

Ex. 2

CPU
times (s)

65.5159
66.3343
32.6529

Iter.

171
171
171

Ex. 3

CPU
times (s)

68.6349
68.5598
33.0386

Iter.

173
173
173

TABLE 11.8 Performance of the three algorithms with different step sizes

A =0.01
A =0.05
A=0.1
A=02
A=03

Alg. (A)

CPU
times (s)

88.1636
17.8215
8.3393
4.9168
3.0769

Iter.

1438
289
144
79
54

SEM

CPU Iter.
times (s)

180.1058 1439
34.9525 289
17.1418 145
9.7717 80
6.5293 56

EGM

CPU
times (s)

180.2931
35.0651
16.9643
9.4802
6.3676

TABLE 11.9 Comparison of algorithm (A) with the Modified
projection method in [162]

n=3

n=10
n =50
n =100
n =200

MPM

CPU times (s)
2.5911
11.1413
16.3885
41.1386
79.7956

Algorithm (A)

Iter. CPU times (s) Iter.
54 0.5307 38
123 0.5954 38
141 0.6245 38
162 0.9394 39
201 1.5275 40

Iter.

1439
289
145
80
56
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We apply the two algorithms for solving (11.63) with the same starting point x°,
which is randomly generated and use the same stopping rule [|x” —x*|| < 1074,
The results are presented in Table 11.9. As we can see from this table, the com-
putational time of MPM is much greater than that of our method. This happens
because at each iteration of the modified projection method, to find the largest
o €{aj—1,ai—18, ai_lﬁz, ...} satisfying

a(x’ = 2@)T (AG) = AG @) < (1 - p)llx’ =2 @2,

we have to compute the value of the mapping A many times. As we noted, this
procedure is computationally very expensive.

NOTES

1. This fact has been proved in finite dimensions in Chapter 3, Lemma 3.2.
2. These properties have been proved in Chapter 3, Lemma 3.3.



Appendix A

Ekeland Variational Principle

If people do not believe that mathematics is simple, it is only because they

do not realize how complicated life is.
John von Neumann (1903-1957)

The Ekeland' variational principle [70] was established in 1974 and is the non-
linear version of the Bishop-Phelps theorem [141]. As pointed out in [71],
“the grandfather of it all is the celebrated 1961 theorem of Bishop and Phelps
(see [41,141]) that the set of continuous linear functionals on a Banach space
E which attain their maximum on a prescribed closed convex bounded subset
X C E is norm-dense in E*”.

The main feature of Ekeland’s variational principle is 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. For any bounded from
below, lower semicontinuous functional f, the Ekeland variational principle
provides a minimizing sequence whose elements minimize an appropriate se-
quence of perturbations of f which converges locally uniformly to f.

Roughly speaking, the Ekeland 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. A major consequence of the Ekeland
variational principle is that even if it is not always possible to minimize a non-
negative C' functional f on a Banach space, there is always a minimizing
sequence (uy)p>1 such that f'(u,) — 0 as n — oo. The Ekeland variational
principle is a fundamental 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.

In what follows, we state the original version of the Ekeland variational prin-
ciple, which is valid in the general framework of complete metric spaces. This
property asserts that in mathematical analysis there exist nearly optimal solu-
tions to some optimization problems. Ekeland’s variational principle can be used
when the lower level set of minimization problems is not compact, so that the
Bolzano-Weierstrass theorem cannot be applied.

Theorem A.1. Let (X,d) be a complete metric space and let f : X —> R U
{oo} be a lower semicontinuous, bounded from below functional with D(f) =

379
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{ueX: f(u) <oo} #W@. Then for every e > 0, . > 0, and u € X such that
f(u)fir}}ff—f-s

there exists an element v € X such that

@ f() =< fu);
b) dw.u) <}
(© f(w)> f(v) —erd(w,v) for each w € X \ {v}.

Proof. 1t suffices to prove our assertion for A = 1. The general case is then
obtained by replacing d with an equivalent metric Ad. We define the relation on
X by:

w =V f(w)+ed,w) < fv).

We first observe that this relation defines a partial ordering on X. Next, we
construct inductively a sequence {u,} C X as follows: up = u, and assuming
that u, has been defined, we set

Si={weX:w<u,}

and choose u,,+1 € Sy, so that

1
<inf —_—.
f(un+1)_1§}l f+nle

Since wu,+1 < u, then S,+1 C S, and by the lower semicontinuity of f,
Sp is closed. We now show that diamS,, — 0. Indeed, if w € S,4+1, then
w <up41 < u, and consequently,

1
n+1"

. 1 .
ed(W, uni1) < funs1) — f(w) <inf f + —— —inf f =
Sy n+1 s,
This estimate implies that

diam Sps < ———
O =

and our claim follows. The fact that X is complete implies that N,>0S, = {v}
for some v € X. In particular, v € Sp, that is, v < up = u and hence

J) = fu)—ed(u,v) < f(u)

and moreover,

A, v) < S(FQ) = F@) < ~Ginf £+ —inf ) =1.
£ e X X
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i
FIGURE A.1 Geometric illustration of the Ekeland variational principle

Now, let w # v. To complete the proof we must show that w < v implies w = v.
If w <wv, then w < u, for each integer n > 0, that is, w € Ny>0S, = {v}. So,
w £ v, which is actually (c). O

InRY equipped with the Euclidean metric, properties (a) and (c) in the state-
ment of the Ekeland variational principle are completely intuitive as Fig. A.1
shows. Indeed, assuming that A = 1, let us consider a cone lying below the
graph of f, with slope +1, and vertex projecting onto #. We move up this cone
until it first touches the graph of f at some point (v, f(v)). Then the point v
satisfies both (a) and (c).

In the case when X = R" we can give the following simple alternative proof
of the Ekeland variational principle, which is due to Hiriart-Urruty [88]. Indeed,
consider the perturbed functional

g(w) = f(w)+erllw—ul, weRN.
Since f is lower semicontinuous and bounded from below, then g is lower

semicontinuous and limyj,|—co g(w) = +00. Therefore there exists v € RN
minimizing g on RY such that for all w € RY

f) +er|v—ull < f(w)+er|w—ul. (A.1)
By letting w = u we find
f +erv—ull < fu)

and (a) follows. Now, since f(u) <infg~ f + ¢, we also deduce that ||[v — u| <
1/A.
We infer from relation (A.1) that for any w,

f) = fw)+er[lw—ull —llv—ull < f(w) +erlw—ul,

which is the desired inequality (c).

Taking X = ﬁ in the above theorem we obtain the following property.
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Corollary A.1. Let (X,d) be a complete metric space and let f : X —
R U {oo} be a lower semicontinuous, bounded from below and D(f) =
{fueX: f(u) <oo}#£W@. Then for every ¢ > 0 and every u € X such that

f(u)SiI}}fere

there exists an element u, € X such that

@ fue) < fuw;
(b) d(ug,u) < /e
(© f(w)> f(ue) — ed(w,u;) for each w € X \ {u,}.

Let (X, || - ||) be a real Banach space, X* its topological dual endowed with
its natural norm, denoted for simplicity also by || - ||. We denote by (-, -) the
duality mapping between X and X*, that is, (x*, u) = x*(u) for every x* € X*,
u € X. Theorem A.l readily implies the following property, which asserts the
existence of almost critical points. In other words, the Ekeland variational prin-
ciple can be viewed as a generalization of the Fermat theorem which establishes
that interior extrema points of a smooth functional are necessarily critical points
of this functional.

Corollary A.2. Let X be a Banach space and let f : X — R be a lower semi-
continuous functional which is bounded from below. Assume that f is Gdteaux
differentiable at every point of X. Then for every ¢ > 0 there exists an element
us € X such that

(i) flue) =inf f + &
(i) [1f o)l <e.

Letting ¢ = 1/n, n € N, Corollary A.2 gives rise to a minimizing sequence
for the infimum of a given function which is bounded from below. Note however
that such a sequence need not converge to any point. Indeed, let f : R — R be
defined by f(s) =e~*. Then infr f = 0, and any minimizing sequence fulfill-
ing (a) and (b) from Corollary A.2 tends to +oo.

The following consequence of the Ekeland variational principle has been of
particular interest in our arguments. Roughly speaking, this property establishes
the existence of almost critical points for bounded from below C! functionals
defined on Banach spaces.

Sullivan [164] observed that the Ekeland variational principle characterizes
complete metric spaces in the following sense.

Theorem A.2. Let (M, d) be a metric space. Then M is complete if and only
if the following holds: for every mapping f : M — (—o0, 00], f £ 0o, which is
bounded from below, and for every € > 0, there exists z. € M such that

(i) f(ze) <infy f+e;
(i) f(x) > f(ze) —ed(x,z), forany x € M\ {z.}.
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The following extended form of the Ekeland variational principle, called
Ekeland variational principle for equilibrium problems, has been introduced
in [31].

Theorem A.3. 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, forevery x € A;

2, ®(z,x) <P(z,y)+ P (y,x), foreveryx,y,z € A;

3. ® is lower bounded and lower semicontinuous in its second variable.

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

@ (xg, x*) + ed (xg, x*) <0,
@ (x*, x)+ed(x*,x) >0, forallx € A, x#x*.

A.1 BISHOP-PHELPS THEOREM

The statement of the Bishop-Phelps theorem in the setting of complete metric
spaces is the following.

Theorem A.4. Let (X,d) be a complete metric space, f : X — R be lower
semicontinuous and bounded from below and € > 0. Then for any uy € X, there
exists u € X such that

f@) < f(uo) — ed(uo, u)
and

f) < f(v)+ed(u,v)
for every v # u.

Let (H, | - |) be a Hilbert space which is identified with its dual and let (., .)
denote the inner product on H. Let Bg be the closed ball of H of radius R
centered at the origin and let d Bg denote its boundary.

In relationship with the Bishop-Phelps theorem, we recall here the following
Schechter’s critical point theorem in a ball, see [159,160].

Theorem A.5. Let H be a Hilbert space and assume that f : Bg — R is a
C!-functional, bounded from below. There exists a sequence (x,) C Bg such
that f(x,) — infp, f and one of the following two situations holds:

@ f'(x,) = 0asn— oo;
(b) |x,| =R, (f/(xn)» xp) <0 for all n and

(f/(xn): Xn)
— X

f/(xi’l) - R2

»—>0 asn— oo.
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If. in addition, (f'(x),x) > —a > —o0 for all x € dBg, f satisfies a Palais-
Smale compactness condition guaranteeing that any sequence as above has a
convergent subsequence, and the boundary condition

f(x)+ux#£0 forallx €dBg and > o
holds, then there exists x € Bg with

f(x):igglff and f'(x)=0.

We refer to Precup [145] for a direct proof of Theorem A.5 by using the
Bishop-Phelps theorem.

A.2  CASE OF SZULKIN-TYPE FUNCTIONALS

We now state the following consequence of Ekeland’s variational principle in
the case of Szulkin-type functionals. We refer to Szulkin [165] for proofs and
related results.

Theorem A.6. Let Z be a Banach space with norm |.|z, B :Z — R
a C'-functional and 1 : Z — (—00, +00] a proper lower semicontinuous and
convex function. If the functional E := B + n is bounded from below on D (),
then there exists a sequence (z,) such that

E (zp) 5infE+l
VA n
and
1
(B @), 2 —za) 0 () =1 (z) = - |2 —zu|, forall 7/ €Z.

In addition, any limit point z of the sequence (z,,) is a minimizer and a critical
point of E, that is,

E(z):h%fE,
(8'@.7 =2)+n(d)=n@ =0 forall 7 eZ.

The existence of a limit point of the sequence (z,) in the above theorem is
guaranteed if E satisfies a Palais-Smale type compactness condition, namely: if
(zn) 1s any sequence such that £ (z,) - c € R and

(8" ). —zn) 40 () —n@n) = —en|d —za|, forall ZeZ, (A2)

where ¢, — 0, then (z,,) has a convergent subsequence.
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We note a sufficient condition for the Palais-Smale type condition to hold:
(E@-8().z—)=nlz— z”g forall z,7 € Z, (A3)
and some 8 > 1 and u > 0. Indeed, if (z,) satisfies (A.2), then from
(E"@n) s zntp = 2n) + 1 (2ntp) — 1 (2n) = —€n |2n4p — 2,
(8" (zn4p) 20 — 2ntp) + 1 @0) = 1 (2ntp) = —€nsp |20 — 2ntp|,

we deduce that

—/

(8" @n) = & (2n4p) - 2ntp — 2n) = = (en + Entp) [2n — 2nsp| -

Using relation (A.3) we obtain

w |Zn - Zn+p|§ = (En +8n+p) |Zn - Zn+p|z )

whence

1/(6—-1)
&y t+ € +
|h_hﬂb§(17fl> .

This implies that the sequence (z,,) is Cauchy and so convergent. In particular,
condition (A.3) holds if Z is a Hilbert space identified with its dual, &' (z) =
z—T (z) and T is a contraction with the Lipschitz constant m < 1. In this case,
u=1—mand g =2.

NOTE

1. Ivar Ekeland (1944-) is a French mathematician of Norwegian descent. He has written influen-
tial monographs and textbooks on nonlinear functional analysis, the calculus of variations, and
mathematical economics.



Appendix B

Minimization Problems and
Fixed Point Theorems

There is nothing permanent except change.
Heraclitus, pre-Socratic Greek philosopher (c. 535—c. 475 B.C.)

In this appendix, we recall some basic facts concerning the minimization of
lower semicontinuous functionals defined on metric spaces. These properties
are used to deduce the Caristi fixed point theorem and the Banach contraction
principle.

Let K be a subset of a metric space X and assume that f : X — R is a given
function. We are looking for solutions xo € K of the following minimization
problem:

f(xo) =inf{f(x): x € K}. (B.1)

We start by introducing a related minimization problem. Let fx : X — R U
{400} be the function defined by

fx), ifxek

Je@x)= {+oo, ifx ¢ K.

We observe that any solution of problem (B.1) is a solution of the problem
fk (x0) =inf{ fg (x) : x € X} (B.2)

and conversely. Thus, we introduce the class of functions f from X to RU {400}
with the domain

Dom f:={x € X; f(x) <+oc}. (B.3)

We observe that K = Dom(fx). We say that a function f from X to
R U {400} is nontrivial if its domain is nonempty.

Definition B.1. Let K be a subset of X. We say that the function ¥x : X —
R U {oco} defined by

0, ifxek
VKD = o ifx gk

is the indicator function of K.

387
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Note that the sum f + ¢k of a function f and the indicator function of a
subset K may be identified with the restriction of f to K. We point out that the
minimization problem (B.1) is equivalent to the problem

f(x0) + ¥k (x0) =inf{ f (x) + ¥k (x); x € K}. (B.4)

This new formulation of the minimization problem will enable us to derive
interesting properties of its possible solutions in a convenient way.

We can characterize a function f from X to RU {+o0} by its epigraph, which
is a subset of X x R.

Definition B.2. Let f be a function from X to RU {4+o00}. The subset
Epi (f) :={(x,2) € X xR; f(x) <2} (B.5)

is called the epigraph of f.

We observe that the epigraph of f is nonempty if and only if f is nontrivial.
The following property of the epigraph is useful in many circumstances.

Proposition B.1. Consider a family of functions f; from X to R U {+o00} and
its upper envelope sup;.; f;. Then

Epi (sup ﬁ-) =()Ep (/)
iel iel
A related notion is introduced in the following definition.

Definition B.3. Let f be a function from X to R U {+00}. The set
S(f,r)={xeX; f(x) <A}

is called a lower section of f.

Let o :=infycx f(x) and let M be the set of solutions of problem (B.1). We
observe that M can be written in the form

M= (") S(fx. 1.

rA>a

Thus, the set M of solutions inherits the properties of the sections of f which
are stable with respect to intersection (for instance, closed, compact, convex,
etc.).

Proposition B.2. Consider a family of functions f; from X to R U {oo} and its
upper envelope sup;.; fi. Then

S(supﬁ,k) =(")S(fi. ).
iel

iel
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We recall that a function f from X to R U {400} is lower semicontinuous at
xop if forall A < f(xp), there exists n > O such that A < f(x) for all x € B(xg, n).
A function is upper semicontinuous at xo if — f is lower semicontinuous at xg.
By definition we deduce that

liminff(x):=sup inf f(x).
x> >0 B(o,n)
Moreover, a function f from X to R — {400} is lower semicontinuous at
xo if and only if

f(x0) < liminf £ (x).
X—>X0

Proposition B.3. Let f be a function from X to R U {+o00}. The following
assertions are equivalent:

(i) f is lower semicontinuous;,
(ii) the epigraph of f is closed,
(iii) all sections S(f, L) of f are closed.

Proof. (i) Let (x,, 1,,) € Epi(f) be a sequence of elements converging to (x, 1).
We show that (x, A) € Epi (f), hence f(x) < A. Indeed, by the lower semicon-
tinuity of f we have

f(x) <liminf f(x,) <liminfA, = lim A, =A,
n—oo n—>oo n—oo

since f(x,) < A for all n.

(i) We suppose that Epi ( f) is closed and we show that an arbitrary section
S(f, ) is also closed. For this purpose, we consider a sequence (x,) C S(f, A)
converging to x. We show that x € S(f, A), hence (x, 1) € Epi (f). But this is
a consequence of the fact that the sequence of elements (x,, 1) of the epigraph
of f, which is closed, converges to (x, A).

(iii)) We suppose that all sections of f are closed. We take xp € X and
A < f(xp). Then (xg, A) does not belong to S(f, A), which is a closed set. It fol-
lows that there exists > 0 such that B(xg, n) N S(f,A) =0, thatis, A < f(x)
for all x € B(xp, n). We conclude that f is lower semicontinuous at xg. O

We remark that if f is not lower semicontinuous, then we can associate to f
the function f, whose epigraph is the closure of the epigraph of f, namely

Epi (f) := Epi (/).
This is the largest lower semicontinuous function smaller than or equal to f.

Corollary B.1. A subset K of X is closed if and only if its indicator function is
lower semicontinuous.

Proof. In fact, Epi (¥ g) = K x Ry is closed if and only if K is closed. O
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Proposition B.4. Assume that the functions f, g, fi from X to R U {400} are
lower semicontinuous. Then the following properties hold:

(i) f + g is lower semicontinuous;,
(i) if o > 0, then of is lower semicontinuous;,
(iii) inf( f, g) is lower semicontinuous;
(iv) if A is a continuous mapping from Y to X then f o A is lower semicontin-
uous,
(V) sup;¢; fi is lower semicontinuous.

Proposition B.5. Assume that K is a closed subset of X and let f be a lower
semicontinuous function from the metric subspace K to R. Then the function fg
from X to RU {400} is lower semicontinuous.

Proof. We first observe that the sections S(fx,A) and S(f, A) are identical.
Since S(f,A) is closed in K and since K is closed in X, it follows that
S(fx,»)=S(f,A)isclosed in X. U

In the study of minimization problems, the following class of functions plays
an important role.

Definition B.4. A function f from X to R U {+o00} is said to be lower semi-
compact (or inf-compact) if all its lower sections are relatively compact.

Theorem B.1. Assume that a nontrivial function f from X to R U {400} is
both lower semicontinuous and lower semicompact. Then the set M of elements
at which f attains its minimum is nonempty and compact.

Proof. Let a = infycx f(x) € R and Ag > «. For all A € (¢, Ag], there exists
x). € S(f, L) C S(f, Ap). Since the set S(f, Ao) is compact, then a subsequence
of elements x;’ converges to some xg € S(f, Ag). Since f is lower semicontinu-
ous, we deduce that

f(x0) <liminf f(x;/) <liminfA =a < f(xo).
Xy —>X0 A>a

It follows that f(xp) = a. Moreover, M = Ny <3 <3,S(f, A) being an intersection
of compact sets, is compact. O

Corollary B.2. Any lower semicontinuous function from a compact subset
K C X to R is bounded below and attains its minimum.

Proof. We apply Theorem B.1 to the function fx defined by fx(x) = f(x) if
x € K and fx(x) =400 if x ¢ K. We notice that fx is lower semicontinu-
ous (since K is closed and f is lower semicontinuous) and that fx is lower
semicompact, K being relatively compact. The proof is now complete. O



Minimization Problems and Fixed Point Theorems 391

Theorem B.1 is a simple and general property for the existence of solutions
of an optimization problem. The difficulty essentially arises in the verification
of the hypotheses. For instance, if a general vector space E is infinite dimen-
sional, we can supply it with topologies which are not equivalent, contrary to
the case of finite dimensional vector spaces. In this case, since compact subsets
remain compact when the topology is weaker, supplying E with weaker topolo-
gies increases the possibilities of having f lower semicompact. But continuous
or lower semicontinuous functions remain continuous or lower semicontinuous
respectively whenever the topology of E is stronger, so that strengthening the
topology of E is advantageous. Hence, for applying Theorem B.1, we have to
construct topologies on E satisfying opposite requirements.

The following existence property does not use compactness, but instead it
requires stronger assumptions on the regularity of the function.

Proposition B.6. Assume that K is a compact topological space and that g is
a lower semicontinuous function from X x K to R U {4+o0}. Then the function
f X — RU {400} defined by f(x) :=infyeg g(x,y) is also lower semicon-
tinuous.

Proof. Fix A € R and let (x,,) C S(f, A) be a sequence that converges to xo. We
prove that xo € S(f, ). By Corollary B.2, since the mapping y — f(x, )
is lower semicontinuous and K is compact, there exists y, € K such that
f(xn) = g(xu, yu). It follows that, up to a subsequence, (y,) converges to
yo € K. Then the sequence of pairs (x,, y,) C S(g,A) converges to (xo, Yo),
which belongs to S(g, ) since g is a lower semicontinuous function. Since
f(x0) < f(x0,y0) <A, we conclude that xg € S(f, A). O

Proposition B.7. Consider n lower semicontinuous functions f; from X to
R U {+o00} and suppose that at least one of them is lower semicompact. De-
fine the mapping F from K := (" Domf; to R" by F(x) := (f1(x), ..., fu(x)).
Then the set F(K) + R} is closed in R".

Proof. Consider the sequences (x,) C K and (u,) C R, such that the se-
quence of elements y, := F(x,) + u, converges to some y of R". We show that
ye F(K)+ R,

Let fi, be the function that is both lower-continuous and lower semi-
compact. Since f; (x,) + un;, converges to y;,, there exists ng such that
|Yig — fio(Xn) — Uiyl < 1 whenever n > ng. Since fi,(xn) < iy — Uniy + 1 <
vi, + 1, we deduce that for all n > ng we have x, € S(fi,, yi, + 1), which is
compact. Thus, up to a subsequence, (x;) converges to an element xq. Since f;
is lower semicontinuous, we have foralli =1, ...,n

fi(xo) < liminf f; (x,) =liminf(y,;, — u,,) <liminfy,, =y;.
n—oo n—o00 n—o00

Thus, setting u; := y; — fi (xp) > 0, we obtain that y = F (x¢) + u, where xg € K
and u € RY. O
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B.1 CARISTI AND BANACH FIXED POINT THEOREMS

If G : X — 2% then a solution X of the inclusion
xeG®X) (B.6)

is called a fixed point of G.
We start with the following fixed point theorem, which is due to Caristi.

Theorem B.2. Let G be a nontrivial correspondence of a complete metric space
X into 2X. We suppose that there exists a proper, positive, lower semicontinuous
function f from X to Ry U {+00} such that for all x € X there exists y € G(x)
such that f(y) +d(x,y) < f(x). Then G has a fixed point.

Moreover, if

fO)+d(y,x) < f(x) forallx e X, ally e G(x), (B.7)

then there exists X € X such that G (x) = {x}.

Proof. By Ekeland’s variational principle, there exists X € X such that
f&x) < f(x)+ed(x,x) forallx #%x, (B.8)

with ¢ < 1. Let y € G(x) be such that f(y) +d(x,y) < f(x). If y is not equal
to X, relation (B.8) with x :=y implies that d (X, y) < ed (X, y), which is impos-
sible since & < 1. It follows that y = x.

If the stronger condition (B.7) is fulfilled then all such elements y satisfying
y € G(x) are equal to X, hence G (x) = {x}. O

In the next result, f is no longer assumed to be lower semicontinuous.
However the correspondence G must have a closed graph. The graph of a cor-
respondence G from E to F is defined by

Graph (G) := {(x,y); y € G(x)}. (B.9)

Theorem B.3. Let X be a complete metric space. We consider a correspondence
G from X to 2% with a closed graph. Assume that there exists a nontrivial posi-
tive function f from X to Ry U {400} satisfying the hypothesis of Theorem B.2.
Then G has a fixed point.

Proof. Fix xop € Dom f and use a recurrence to calculate a sequence (x,) C X
such that

Xnt1 € G(xp), d(Xpy1, X0) < f(xn) — f(xnt1). (B.10)

This implies that the sequence of positive numbers f(x,) is decreasing, hence
it converges to a real number «. Adding the inequalities (B.10) from n = p to
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n = q — 1, the triangle inequality implies that

qg—1
d(xp, xg) < D d(ni1, %) < f(xp) = f(xg).

n=p

It follows that (x,) is a Cauchy sequence, so it converges to an element x € X.
Since the pairs (x,, x,+1) belong to the graph of G, which is closed, and con-
verge to the pair (X, x) which thus belongs to the graph of G, the limit X is a
fixed point of G. O

As a corollary we obtain the Banach-Picard fixed point theorem for contrac-
tions.

Theorem B.4. Suppose that X is a complete metric space andthat g : X — X is
a contraction, that is, there exists k € (0, 1) such that d(g(x), g(y)) <kd(x,y)
forall x,y € X. Then g has a unique fixed point.

Proof. We associate g with the function f from X to R defined by
oo
fO):=)"d(g"(x),g" (x)).
n=0
By hypothesis we have
d(g"(x), g"1 (1) <kd(g"'(x). ¢" (¥)) < kd(x, g(x)).

It follows that f satisfies the condition
1
0= flx) = ﬁd(x, 8(x)) < +o0.

On the other hand, note that
) =d(x,g(0))+ Y _d(g"(x), ¢ (x)) =d(x, g(x)) + f(g(x)).
n=1

Thus, by Theorem B.3, there exists a fixed point for the contraction g. Moreover,
if X and y are fixed points of g, then the inequality

d(x,y) =d(g(x).8(y) <kd(x.y)

implies that d(x, y) = 0 since k < 1. We conclude that x =y. O



Appendix C

Nonsmooth Clarke Theory and
Generalized Derivatives

The study of mathematics, like the Nile, begins in minuteness but ends in

magnificence.
Charles Caleb Colton, English cleric (1780-1832)

In this appendix, we recall the basic elements of the theory of generalized gra-
dients for locally Lipschitz functionals, in the sense of Clarke [56].

Let X be a real Banach space endowed with the norm || - ||. The dual space
of X is denoted X* and is equipped with the dual norm || - ||, defined by

151l =sup{(f,v) : veX, |lv]| <1}

We recall that a functional f : X — R is called locally Lipschitz if for every
x € X there exist a neighborhood V of x in X and a constant K > 0 such that

lf ) = f@I=<Klly—z| forally,ze V.

Definition C.1. The generalized directional derivative of a locally Lipschitz
functional f : X — R ata point u € X in the direction v € X, denoted f O(u; v),
is defined by

fx+1t)— f(x)

fOou;v) = limsup .

x—u; t—0t

The locally Lipschitz continuity of f at u ensures that f°(u; v) € R for all
v € X. The function f%(u;-) : X — R is subadditive, positively homogeneous
and satisfies the inequality

|fOu; v)| < K|v|| forallve X,

where K > 0 is the Lipschitz constant of f near the point u € X. Moreover, the
function (u, v) — f 0(u; v) is upper semicontinuous.

Definition C.2. The generalized gradient of a locally Lipschitz functional
f:X — Ratapointu € X, denoted df (), is the subset of X* defined by

af(u)y={ceX*: fOu;v)>(¢,v) forall v e X}.

395
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Using the Hahn-Banach theorem, we deduce that af (1) # 0.

Proposition C.1. Let f : X — R be Lipschitz continuous on a neighborhood of
a point u € X. Then the following properties hold.

(i) 0f(u) is a convex, weak* compact subset of X* and

I« <K forall € df (u),

where K > 0 is the Lipschitz constant of f near u.
(i) We have

FO®u; v) =max{(¢,v) : ¢ €3f ()} forallveX.

The following result establishes useful properties of the generalized gradient.

Proposition C.2. Let f: X — R be a locally Lipschitz functional. Then the
following properties hold.

(i) Forallue X, e >0andv € X, there exists § > 0 such that whenever w €
of (x) with ||x —u|| < § we can find z € 3f (u) satisfying |(w — z, v)| <e.
(ii) The function A : X — R given by

A(x)= min lw|
wedf (x)

is lower semicontinuous.
Proof. (i) Arguing by contradiction, we assume that there exist u € X, v € X,
g0 > 0 and sequences {x,} C X, {&,} C X* with &, € 3f (x,,) such that

1
llxn —ull < —
n

and
(&, —w,v)|>¢g9 forallw e df(u). (C.1)

Since x, — u and &, € df (x,) we can suppose that ||, |« < K, where K > 0 is

the Lipschitz constant around u, and &, — & weakly* in X* as n — oo.
We claim that

Eedf(u). (C.2)
Indeed, the fact that &, € df (x,,) implies

(6. 3) < Oz y), forally € X.
Definition C.1 yields sequences A,, — 0T, h, — 0 such that for all y € X

1

0 1
>f (xn§)’)_;Z(En»y>_;-

SCon+hn+Any) — fxn + hy)
An
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Passing to the limit, we obtain

n—oo )"n

1
> lim sup [@n, v - ;] = (£,y), forall y € X.

n—o00

Definition C.2 shows that relation (C.2) is true.

Letting n — oo in (C.1) leads to a contradiction with relation (C.2). This
contradiction establishes property (i).

(ii) Applying the Banach-Alaoglu theorem, in the definition of A(x) we de-
duce that the minimum makes sense.

In order to show that the function A is lower semicontinuous, let us suppose,
on the contrary, that there exists a sequence {x, } such that x,, — u and

liminf A (x,;) < A(u).
n—o0

We know that there is w, € df (x,) with A(x,) = ||wy|l«. Therefore we can
choose a subsequence of {w,}, denoted again {w,}, and an element z € df (u)

* .
such that w,, — z weakly*. Then we obtain

liminf ||wp ||« > [Iz]l« = A(u).
n—od
This contradiction shows that assertion (ii) is valid. ]

We conclude with the following mean value theorem due to Lebourg [116].

Theorem C.1. Given the points x and y in X and a real-valued function f
which is Lipschitz continuous on an open set containing the segment

[x,y]={(—-0)x+1ty: t€[0,1]},
then there exist u = x + to(y — x), with 0 <ty < 1, and x* € 3f (u) such that
FO) = f)=(x"y—x).
Proof. Consider the function 6 : [0, 1] — R defined by
0)=fx+t(y—x)+t[f(x)— f()], forallr €0, 1].

The continuity of 8 combined with the equalities 6(0) = 6(1) = f(x) yields
a point 7y €]0, 1[ where 6 assumes a local minimum or maximum. A direct
verification ensures that 0 € 96 (fy) and

96(10) C (3f (x +10(y —x)), y = x) + [f (x) = f(I)]
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(see Lebourg [116] or Clarke [56, p. 41]). It follows that there exists x* €
df (x + to(y — x)) such that the conclusion of Theorem C.1 holds. ]

We refer to the monographs by Clarke [56] and Motreanu and Radulescu

[131] for more details, proofs, and applications of Clarke’s generalized gradient
theory.



Appendix D

Elements of Szulkin Critical
Point Theory

Imagination will often carry us to worlds that never were. But without it we
go nowhere.
Carl Sagan' (1934-1996)

In Chapter 8 we used elements of critical point theory in the sense of
Szulkin [165] in relationship with Nash equilibria of some classes of nonlinear
systems. Our aim in this appendix is to recall the basic notions and proper-
ties concerning the Szulkin theory for nonsmooth functionals. Throughout this
appendix we assume that X is a real Banach space.

Definition D.1. Let ® : X — R be a continuously differentiable function and
let ¥ : X — RU {400} be a proper, convex and lower semicontinuous function.
We say that the functional ® + W : X — R U {400} satisfies the Palais-Smale
condition if every sequence {u,} C X with ®(u,) + ¥ (u,) bounded and for
which there exists a sequence {¢,} C RT with &, | 0, and such that

S (up) (v —up) + VW) —V(uy) > —eullv—uy,| forallveX,

contains a (strongly) convergent subsequence in X.

Definition D.2. Let ® : X — R be a locally Lipschitz functional and let
W : X — RU {+o00} be a proper, convex and lower semicontinuous function.
We say that the functional ® + ¥ : X — R U {400} satisfies the Palais-Smale
condition if every sequence {u,} C X with ®(u,) + ¥(u,) bounded and for
which there exists a sequence {¢,} C R*, &, | 0, such that

O (s v — up) + W) — W(uy) > —epllv — uy|| forallve X,

contains a (strongly) convergent subsequence in X.

Lemma D.1. Let x : X — R U {400} be a lower semicontinuous, convex func-
tion with x(0) =0. If

x(x) > —|lx|| forallx € X,
then there exists some z € X* such that ||z]|« < 1 and
x(x) > (z,x) forallx € X.

399
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Proof. Consider the following convex subsets A and B of X x R:
A={(x,) e X xR : |x|| < —t}

and
B={(x,)e X xR : xy(x) <t}.

Notice that A is an open set and due to the condition x (x) > —||x||, we have
AN B ={. By the separation theorem for convex sets, we deduce the existence
of real numbers « and 8 and of w € X* such that (w, &) # (0, 0),

(w,x)—at > B forall (x,1) €A

and
(w,x) —at <p forall (x,t) € B.

We see that 8 = 0 since (0,0) € AN B.
Set t = —||x|| in the first inequality above. It follows that

(w, x) > —ax|| forallxe X,

which implies & > 0 and ||w||x < .

Set z=a'w and r = x (x) in the second equality above. We deduce that
(z,x) < x(x) forallx e X.
Since ||w]|x < o we obtain ||z||« < 1. The conclusion is achieved. O

Next, we are concerned with nonsmooth functionals which can be written
as a sum of a locally Lipschitz function and a convex, proper, and lower semi-
continuous functional (possibly, taking the value +o00). Namely, we consider
functionals f : X — ]—o0, +00], which satisfy the following structure hypoth-
esis:

Hf) f=®+ V¥, where ® : X — R is locally Lipschitz and ¥V : X —
]—o00, 400] is convex, proper, lower semicontinuous.

Definition D.3. An element u € X is said to be a critical point of functional
f X — ]—o00, +00] satisfying assumption (H) if

(s x —u) + W (x) — W(u)>0 forall x € X.

If W =0, Definition D.3 introduces the notion of critical point for a locally
Lipschitz functional. In particular, if ¥ = 0 and ® is continuously differen-
tiable, we obtain the usual concept of critical point. In the case where ® is
continuously differentiable and W is convex, lower semicontinuous, and proper,
Definition D.3 reduces with the notion of critical point in the sense of Szulkin.
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An equivalent formulation of Definition D.3 is that u € X is a critical point
of f: X — ]—00, +oc] if and only if
0€dd(u)+ 0¥ (u),

where 0® (1) denotes the generalized gradient of ® and 0W («) is the subdiffer-
ential of W in the sense of convex analysis.
Given a real number ¢, we denote

K.(f)={ueX: f(u) =c, uisacritical point of f}.
We say that the number ¢ € R is a critical value of the functional f : X —
]—00, +oc] satisfying (Hy) if K.(f) # 0.

The following result provides critical points in the sense of Definition D.3.

Proposition D.1. Let the function f satisfy hypothesis (Hy). Then each local
minimum of f is a critical point of f in the sense of Definition D.3.

Proof. Suppose that u is a local minimum of f and fix v € X. Using the con-
vexity of ¥ we deduce that

0<fA=-Du+tv)— f(u) <Pu+1t(w—u)) —dw)+1(¥VQ)—¥(u))

for all small ¢ > O.
Dividing by ¢ and letting ¢t — 0" we infer that u is a critical point of f in
the sense of Definition D.3. O

The appropriate Palais-Smale condition for the function f : X —]—00, +00]
in (Hy) at the level ¢ € R is stated below.

Definition D.4. The function f : X — ]—00, +00] satisfying assumption (H )
is said to verify the Palais-Smale condition at the level ¢ € R if any sequence
{x,} C X such that f(x,) — c and

CI>0(x,,; X —Xxp)+ V(&) —V¥(x,) > —¢&yllx, — x| forallmeN, xe X,

where g, — 07T, has a strongly convergent subsequence.

A direct computation shows that the inequality in Definition D.4 is equiva-
lent with

D% (xp; x — x0) + W(x) — W(xy) > (20, x —x,) forallneN, x e X,

for some sequence {z,} C X™ with z,, — 0.



402 Elements of Szulkin Critical Point Theory

NOTE

1. Carl Sagan (1934-1996) was an American astronomer, cosmologist, astrophysicist, astrobiolo-
gist, and science communicator in astronomy and other natural sciences. Sagan assembled the
first physical messages sent into space: the Pioneer plaque and the Voyager Golden Record,
universal messages that could potentially be understood by any extraterrestrial intelligence that
might find them.
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