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Chapter 1

Introduction

DEAE IN AETERNUM INCOGNITAE.

The main goal of the present work is to give most general formulations of Ekeland’s
Variational Principle as well as of so-called Minimal Element Theorems on metric
and uniform spaces.

A minimal element theorem gives conditions for the existence of minimal elements of
an ordered set X or X x Y with respect to certain order relations. Ekeland’s variational
principle ensures the existence of minimal points for a (small) perturbation of a function
f:X =Y, where Y is supplied with an order relation.

We call both kinds of theorems simply Variational Principles since they have a
fundamental idea in common: to vary a certain point to obtain another one, not so far
away, with some useful extremality properties. Moreover, in several situations a minimal
element theorem turns out to be an equivalent formulation of a suitable Ekeland’s principle
and vice versa. A further object of this work is to find the right equivalent formulation in
each situation.

;From a historical point of view, the story began with X being a topological linear
space (Lemma 1 in Phelps’ paper [101] from 1963) and a complete metric space (the varia-
tional principle, see Ekeland’s papers [28], [29], [30] from the beginning of the seventhies),
respectively, and Y = IR in both cases. Since the topology of metric spaces as well as of
topological linear spaces can be generated by a uniform structure, it is a natural idea to
look for a common formulation in uniform spaces. Such a formulation has already been
given by Bregnsted in the paper [8] from 1974.

However, it turned out that there are two different approaches to the proof: The
first one is to assume that X is a complete uniform space and to work with nets instead
of sequences. As a rule, Zorn’s lemma (or a transfinite induction argument) has to be
involved in this case and the assumptions are stronger than in the metric case. Compare
Chapter 6 for this approach which is also the basic idea of the work of Nemeth [92], [93],
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6 Chapter 1. Introduction

[94].

The second one is to find assumptions which allows to work with sequences even in
uniform spaces. Such assumptions essentially involve a scalarization, i.e., a real valued
function linking topological properties and properties of the order relation in question.
This approach is presented in Chapter 7 and it is shown that it yields a link between
Brgnsted’s results [8] (he also used a scalarization technique) and recent results of Gopfert,
Tammer and Zalinescu [114], [47], [44] and even corresponding set valued variants as in
[50].

Using the latter approach, it is also possible to leave the framework of uniform spaces
and to work only on ordered sets. This has been done by Brézis and Browder in the
influential paper [6]. Subsequent generalizations can be found e.g. in [1], [67] and in
several papers by Turinici such as [119], [120], [121], [122], [123]. Results of this type are
out of the scope of this work, since it is restricted to the case in which the existence of

minimal elements essentially follows from completeness.

Of course, a minimal element theorem on an ordered set (X, =<x) can be applied to
a product set (X X Y, <xxy) provided the corresponding assumptions are satisfied by
X xY and <xxy. Results of this type can be found e.g. in Section 4.7. But in many
applications it is desirable to have different sets of assumptions for X and Y. Remaining in
the framework of the present thesis, i.e., X is assumed to be a complete metric or a uniform
space, the question is what assumptions are essential for Y to obtain a minimal element
theorem on X x Y and an Ekeland type theorem for functions f : X — Y, respectively.
The answer is: Algebraic and topological assumptions to Y, e.g., Y is assumed to be
a topological linear space, are not essential. To the authors opinion, this is one of the
more surprising results of the present investigation. Assumptions have to be put only
on the order relation <x«y which are satisfied even in cases in which Y is neither a
topological nor a linear space. The crucial assumption deals with decreasing sequences: If
{(#n,yn) } e 18 decreasing with respect to <xxy and {z,},y is convergent to z € X,
then there must be y € Y such that (x,y) <xxy (%n,yn) for all n € IN. The importance of
this assumption has been figured out in [47], but it is also strongly related to assumption
(2) of Brézis—Browder’s Theorem 1 in [6].

This allows to obtain minimal element and Ekeland type theorems for example if Y is
the power set of a linear space. In fact, so called set valued Ekeland’s principles as recently
established by Chen, Huang and Hou in [11], [12], [13], Truong in [117] and Hamel and
Lohne in [50] are the main motivation to look for minimal element theorems on X x Y
with Y being more general than a linear space (compare [44]) or a topological Abelian
group (compare [93], [94]).

Following this path, it was possible to prove variational principles on (X X Y, <xxy)
and for f : X — (Y, =<y), respectively, under very mild assumptions concerning Y. Es-
pecially, Y can be assumed to be an ordered monoid. Since the power set of an ordered
monoid is an ordered monoid as well (with suitable order relations), this covers also set
valued variational principles.



This is the reason for the investigations of Chapter 2 of this thesis: The topic is the
structure of ordered monoids with special emphasis to those properties being invariant
under passing to power sets. Several details of this chapter are not new: For example, it
is well-known that the power set of a monoid is a monoid with respect to the Minkowski
operation. Also, the order relations for power sets of ordered sets are not new. But the
author is not aware of a thorough presentation of algebraic and order theoretic properties
of ordered monoids and their power sets together with their interrelations.

The present work contains five main chapters.

Chapter 2 deals with basic structures: algebraic, order and topological structures used
in the subsequent chapters. Mainly, the concepts of this chapter are developed in order to
formulate the variational principles.

However, there are several results not used in the subsequent chapters. They remained
in this text since they shed some light on basic ideas or illustrate the difference to widely
used concepts or may serve as a starting point for future developments: For example, this
applies for the results about the interrelations between the infimum and the set of minimal
points of a subset of an ordered set (W, <) on one side and the infima with respect to the
two canonical extensions of < to the power set of W on the other side. Compare Section
2.2. The so—called domination property (lower external stability, cf. [85] in the context of
linear spaces) plays a pivotical role and the relationships between vector and set valued
optimization problems are turned up side down in some sense.

On the other hand, there are some concepts without an explicit definition like group
or complete metric space. In this cases, the definitions are very standard and the terms
are used with the same meaning in almost all text books on corresponding topics.

The basic algebraic structure is a commutative monoid, i.e., a commutative semigroup
with a neutral element. This seems to be a natural starting point since the power set of
a group is a monoid (with respect to the corresponding Minkowski operation) as well as
order completion of a group leads to an ordered monoid whereas the power set of a monoid
is a monoid again as well as the order completion of an ordered monoid. This means: The
monoidal structure is stable under passing to power sets and under order completion.

A new concept is that of a conlinear space introduced in Section 2.1. This concept
is more general than that of a linear space and it turns out that the power set as well
as the order completion of a linear space is a conlinear space. Moreover, a convex cone
in the classical sense (i.e., a subset of a linear space invariant under multiplication with
nonnegative real numbers and under addition) is also a conlinear space. On the other
hand, there are conlinear spaces which can not be identified with a cone as a subset of a
linear space.

It appears to me that the concept of a conlinear space might be a natural framework
to define and investigate convexity. Several initial clues supporting this idea can be found
in Section 2 of this thesis. Some elementary concepts and facts carry over from Convex
Analysis in linear spaces to a Convex Analysis in conlinear spaces, a topic under devel-
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opment. Some more results in this direction can be found in the PhD thesis of A. Léhne
[83] and the diploma thesis of C. Schrage [109].

Section 2.2 contains order theoretic concepts, especially the definition and basic prop-
erties of the two canonical extensions <, < of a quasiorder < on a set W to the power
set P (W) (including 0). These extensions are widely used in theoretical information sci-
ences. A thorough survey is the 1993 paper by C. Brink [7]. Our exposition emphasizes
on formulas for the infimum and supremum of subsets of P (W) with respect to < and
=<, respectively. As mentioned above, there are close relationships between these extrema
and the sets of infimal and minimal points of W with respect to <. This shed some new
light on inherent difficulties of vector optimization and provokes a surprising answer to
the question what we shall understand by a solution of an optimization problem with a
set valued objective function. However, this is not a main topic of this thesis.

The concepts connected with topological and uniform structures are introduced in
order to have as much freedom as possible to define order relations on uniform spaces
satisfying the regularity assumption of the minimal element theorem. This is motivated
by the fact that there are at least three different types of Ekeland type results on uniform
spaces concerning the order relation. Mizoguchi [86] used pseudometrics and Fang [33]
quasimetrics whereas Nemeth’s results in several papers involve so called cone valued
metrics. A few attempts have been made to unify these approaches, e.g. in [10] and [51].
The observation that all these approaches apply for different order relations, but for the
same class of spaces seems to be new.

Therefore, we collect four possibilities to introduce a uniform structure and show their
equivalence. Only two of them are quite standard.

In Chapter 4 variational principles on metric spaces are presented.

Although most of the results, especially the main Theorem 16, are special cases of
results of corresponding theorems on uniform spaces, we prefered to give direct proofs in
metric spaces. This is for several reasons: First, the proofs are in many cases simpler,
more direct, in some sense constructive and already contain the essential ideas. Secondly,
for the vast majority of applications especially the metric case is interesting and most
of the papers on variational principles deal with this case. And thirdly, the metric case
served as a blueprint for the sequential analysis in uniform spaces of Chapter 7.

The leading questions of this chapter (and also for the two subsequent chapters) are
the following: What are the indispensable ingredients for a proof of a variational principle?
What are the mathematical concepts lying at the bottom of the theory? Is it possible to
find a general sceme for all proofs of Ekeland type results?

The answer is as follows. The indispensable ingredients are a (complete) metric space,
a quasiorder with lower closed sections and a further link between topological properties
and the properties of the order. This linking assumption is called regularity of the order:
Decreasing sequences have to be asymptotic. The basic result, Theorem 16, contains just
these things. To the opinion of the author, all Ekeland type theorems on metric spaces
including vector and set valued variants can be proven by verifying the assumptions of the



basic theorem for a suitable order relation. This program is carried out in the remaining
part of the chapter producing almost all known results in the field — among them Ekeland’s
original result, the Kirk-Caristi fixed point theorem and the drop theorem as well as a lot
of new results especially for functions with values in ordered monoids and its power sets.

Let us note that several authors try to avoid using order relations explicitely while
proving Ekeland type results. For example, Ekeland itself in [31] gave such a proof.
However, the order relation is still present (and is sometimes called dynamical system as
in [4] and several papers of Isac) and therefore it seems to be adequate to start with
an order relation on a metric space. The idea for a proof of Ekeland’s principle using a
minimal element theorem on metric spaces can be traced back to the 1983 paper [22] of S.
Dancs et al. There are many authors who used the Dancs—Hegediis—Medvegyev theorem
for proving one or another variant of Ekeland’s principle, see for example [59], [60], [61],
but the central importance of such a theorem seems to be new knowlegde as well as its
far reaching applicability and its equivalence to the other theorems in Section 4.1.

Concerning the meaning of the equivalence between different variational principles we
refer the reader to the discussion in Section 4.1. There are several papers presenting lists
of theorems being equivalent to Ekeland’s principle in some sense, e.g. [24], [98], [38], [96],
[97] and also the book [58] to mention a few. In Section 4.1 we present some theorems
being equivalent to the basic minimal element principle on metric spaces, Theorem 16. In
Section 4.2 results are presented being equivalent to Ekeland’s principle for functions with
values in ordered monoids and Section 4.5 contains a series of theorems being equivalent to
Ekeland’s original result (Theorem 1.1 of [30]) involving realvalued functions. Of course,
for each image space Y a corresponding list is possible but we do not focus on such
equivalence assertions for each type of Y.

In Chapter 5, a minimal element theorem is presented for a subset of a product set
X x Y, where X is a (complete) metric space. Similar results for X a (sequentially)
complete uniform space are contained in Section 6.3 and 7.2. The main new feature of
these results is again that Y is merely assumed to be a nonempty set. Only assumptions
to the order relation on X x Y appear. Therefore, Y can be chosen as the power set of a
linear space for example. This leads to a minimal element theorems on X x P (V'), where
P (V) is the power set of a linear space V.

Chapter 6 deals with variational principles on complete uniform spaces without scalar-
ization. The development in this direction originates from I. Vélyi [124] and A. B. Németh
[92]. We start with a basic minimal element theorem on complete uniform spaces, Theorem
24 and apply it in order to obtain a series of corollaries for various single and set valued
situations. Considering functions on uniform spaces with values in ordered monoids we
establish generalizations of the most recent results of Németh [93], [94].

In Chapter 7, a systematic treatment of situations is given in which a scalarization
function is present. Under this assumption we need to consider only sequentially complete
uniform spaces. A series of corollaries is presented involving more complicated scalarization
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functions from step to step starting from continuous linear function (Y has to be a locally
convex space), going to sublinear functions of Tammer-Weidner type on linear spaces and
even on power sets of linear spaces. The starting point of these developments is Brgnsted’s
paper [8], but we also obtain generalizations of results collected in the book [44] as well
as those of [51] and [50].

This thesis does not deal with applications of the presented theorems, not even appli-
cations in ”pure” mathematics such as ABB theorems, existence for solutions of vector
optimization problems, necessary optimality and approximate optimality conditions, fuzzy
metric space theory, geometry of Banach spaces, economical fixed point theory, to mention
a few main fields. We only remark that variational principles in the spirit of Phelps and
Ekeland turned out to be undispensable tools for recent developments in various fields
of mathematics. The history of necessary optimality conditions for nonsmooth optimal
control problems since Clarke’s pioneering work [17] may serve as a prominent example.



Chapter 2

Basic Framework

2.1 Algebraic structures

In this section, several algebraic structures are introduced forming the framework for the
theory of the next chapters. The goal is to replace the concept of a linear space by a
more general one. This is motivated on the one hand by the structure of the power set
P (V), V denoting a real linear space and on the other hand by the algebraic properties of
RU{+o0o}, RU{—00} and RU{£00}, respectively. The elementwise addition (Minkowski
sum) of two subsets of V' does not satisfy the axiom of the existence of an inverse element.
The same phenomenon appears in IR U {£oo}, for example: It does not make sense to
define (+00) + (—o00) = 0 in most cases. Depending on the purpose, definitions like
(+00)+(—00) = +00 and (+00)+(—00) = —oo occur, called inf-addition and sup-addition,
respectively, in [106], Section 1.E.

2.1.1 Monoids

Let Y be a nonempty set and Y x Y the set of all ordered pairs of elements of Y. A
binary operation on Y is a mapping of ¥ X Y into Y.

Definition 1 Let Y be a nonempty set and o a binary operation on'Y . The pair (Y, 0) is
called a monoid iff

(M1) Yy1,y2,y3 €Y : y10(y20y3) = (y10y2) 0 y3;

(M2)30 € YVyeY :yobh=0oy=uy.

A monoid is called commutative iff the relation o is commutative, i.e.

(M3) Yy1,y2 €Y : y10oy2 =y20y1.

A monoid is nothing else than a semigroup with a neutral element; hence all results on
semigroups apply also on monoids. The neutral element of a monoid is unique.

In this note, we only consider commutative monoids, even though several results may
be formulated in a more general framework.

11



12 Chapter 2. Basic Framework

Example 1 (i) A set consisting of three elements, say Y = {U, L,0}, can be provided
with a monoidal structure by defining LoL =L, UoU =U, 000 =0, LoU=UoL=U,
Lo =60oL =L, Uocl =60oU =U. The axioms (M1), (M2) are easy to check by
noting that all expressions involving U produce U and expressions not containing U, but
L produce L. Thus the three elements are in a certain hierarchical order with respect to
the operation o: U dominates the two others, L dominates 0. Of course, (Y,0) is not a
group. This example will be of some importance later on.

(ii) The setY = {0,1,2}, together with the operation yi1oys = min {y1,y2} can be identified
with the monoid in (i) by setting U =0, L =1, = 2. The neutral element is = 2. In
the same way, a monoidal structure on {—00,0,+00} is obtaind by identifying U = +oo,
L = —oo (inf-addition) and vice versa U = —oo, L = +oo (sup-addition).

(iii) The set R™ U {+o0} as well as R™ U {—o0} can be made to an commutative monoid

by defining
T+ (+00) =400+ 2 = (+00) and x+(—00) =—00+x = (—0),

respectively, for all z € IR™ and +o0o+(400) = +00 in the first case and —oo+(—00) = —o0
in the second one.
Considering R™ U {+00, —o0} there are two main possibilities to extend the operation

+ to the case when both summands are non finite elements of R™, namely,

(—00) + (+00) = (+00) 4 (—00) = +00;
(—00) + (+00) = (+00) + (—00) = —oc0.

FEach of these possibilities leads to an commutative monoid. Later on, we shall discuss
some applications. The definition (—o0) + (+00) = (400) + (—o0) = 0, at the first glance
more natural, does not produce a monoid since the associative law (M1) is violated.

(iv) The set of all nonempty subsets of the real line with respect to elementwise addi-
tion or multiplication is a commutative monoid. The neutral elements are {0} and {1},

respectively.

The last example can be generalized in order to produce new monoids. Let Y be a
nonempty set. We denote by P (Y) the set of all nonempty subsets of Y and by P (Y) the
set of all subsets of Y including the empty set §, i.e. P (Y) =P (Y)U{0}.

Let (Y, 0) be a monoid. We define an operation ® on P (Y') by

VM, Mp € P(Y): Mi©My:={y10y2: y1 € My, y2 € Ma}.
The operation ® can be extended to P (V) by
VMeP(Y): Mod=06M=0.

This means, () € P (Y) is defined to be a zero element in the sense of [19], p. 3. A zero
element of a commutative monoid is always unique.
The property of being a monoid is stable under passing to power sets.
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Proposition 1 Let (Y,0) be a monoid. Then (P (Y),®) and (73 (Y),@) are monoids
as well. In each case, the neutral element is © = {0}. If (Y,0) is commutative, so are

(P(v).0), (P(),®).
Proor. Immediately from the definition. ]

Example 2 Let (Y,0) be a commutative monoid. For M C 'Y we define the (plus)-
indicator function belonging to M by

0 cyeM
I = .

Denote by IT (Y) the set of all functions f on'Y such that f(Y) C {0, +o0}, i.e., IT (V)
is the set of (plus)-indicator functions for subsets of Y. Defining

(16,00, ) ) = it {1, () + 1, () : 31012 = v}
for My, My € P (Y) one may see that (I (Y),0) is a commutative monoid. Since
M=MOGM, <+ Ij=1If0I,

there is an isomorphism between (73 (Y), @) and (IT(Y),0).
Of course, a similar consideration is possible with I~ (Y') replacing +o0o by —oo and
inf by sup.

We introduce further notation considering elements of monoids with special properties.

Definition 2 Let (Y,0) be a commutative monoid. An elementy € Y is called invertible
iff there exists an y € Y such that

yoy =y oy=40.
The set of all invertible elements of (Y, o) is denoted by Yiy,.

Clearly, 6 € Y is always invertible. Moreover, (Y;,,o) is a subgroup of the given monoid
being maximal in the sense that there is no other subgroup of (Y, 0) containing all invert-
ibles and at least one more element. Therefore, the set Y;, C Y is called the maximal
subgroup of the given monoid. Of course, (Y, 0) is a group iff Y = Y;,.

Note that in several textbooks on semigroups, e.g. [19], p. 21ff, invertible elements are
called units. Passing to power sets, the maximal subgroup of a monoid is invariant.

Proposition 2 Let (Y,0) be a commutative monoid with the mazimal subgroup (Yin, o).
Then it is also the mazimal subgroup of (P(Y),®) and (73 (Y) ,@), respectively, in the
sense that y € Yy, is identified with {y} € P (Y).
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PRrROOF. Let Y1,Ys € P (Y) be invertible such that Y3 ® Yo = {#}. Then
VyreYi,ype€Ya: y1oypg =10

contradicting the uniqueness of inverse elements in groups if at least one of Y7, Y5 contains
more than one element. Concerning P (Y'), it suffices to note that, by definition of ®, () is
not invertible. ]

Example 3 (i) The set Y := IR% of all elements of IR? with nonnegative components,

together with the usual vector addition, forms a commutative monoid with Yy, = {(0, O)T}.
(ii) The setY := {y = (y1, yg)T cR?: yp > 0}, together with the usual vector addi-

tion, forms a commutative monoid with Y;, = {(yl,O)T eR?: y; € ]R}.

Proposition 3 Let (Y,0) be a commutative monoid and Y, := Y\Yi, U {0} the set of
all noninvertible elements and 0. Then (Yyin,0) is a monoid as well.

PRrROOF. Let v,y € Yyuin. Then y oy’ is a noninvertible since otherwise there would be
au €Y such that (yoy')ou = yo (y ou) = 6. Hence y is invertible contradicting the
assumption. [}

Definition 3 Let (Y,0) be a monoid. An element y € Y is said to be idempotent iff
y=yoy.

An idempotent element y # 0 is called nontrivial.

Of course, an idempotent element is an element coinciding with all of its n-powers, i.e.,

Vn=12,...: y=y":=yo...0y.
—_—

n times

Proposition 4 Let (Y,0) be a commutative monoid and Y;q CY the set of all idempotent

elements. Then (Y;q,0) is a commutative monoid as well.
PROOF. Let 3,1y € Y be idempotent elements. Then
(yoy')o(yoy)=(yoy)o(yoy)=yoy,

i.e., the operation o transfers idempotent elements into idempotent elements. ]

Proposition 5 Let (Y, o) be a commutative monoid andy € Y be an idempotent element.
Then {y} is an idempotent element of P (Y) and P (Y).
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Proor. Obvious. ]

The following proposition shows the difficulties connected with nontrivial idempotent el-
ements.

Proposition 6 A monoid with a nontrivial idempotent element can not be embedded in
a group.

PROOF. Let (Y,0) be a monoid and (G, ¢) be a group such that Y C G and ¢ coincides
with o on Y. Let y € Y be a nontrivial idempotent element. Then there exists g € G such
that y ¢ g = 6. This implies

O=yog=(yoy)og=yo(yog)=yob=y
contradicting the nontriviality of y. ]

An commutative monoid with the unique idempotent element # can be embedded in a
group if and only if the cancellation property holds true, i.e. for three elements y, y1, yo
we have
y1oy=y20y = Y1 = Y.
A nontrivial idempotent element destroys the cancellation property, compare [19], p. 6, 1.
(b) and p. 34ff.
In Example 1, (i), (iii) we have seen that the monoid operation can be dominated by

certain elements. We give a precise definition of this property which is essentially due to
A. Lohne [82].

Definition 4 Let (Y,0) be a monoid. The subset Y1 CY is said to dominate the subset
Yo C Y, shortly Y1 = Yo, iff

yeEY, peYs = Yy1oy2 € Y1.
An element y € Y is called the dominant element of Y with respect to o iff {y} =Y.

Proposition 7 Let (Y,0) be a commutative monoid and § € Y be a dominant element
different from 6. Then it is unique and an idempotent element.

PROOF. The uniqueness is obvious. By definition of dominant elements, g o y = g for all
y € Y. Setting y = ¢, the result follows. ]

Example 4 (i) Fasy to check examples for monoides with dominant elements are given
in Example 1, (i) and (ii).

(ii) Considering Example 1, (iii), we denote by (IR™)* the monoid (IR™ U {+o0},+)
where the element +oo is dominant. Likewise, (IR™)" is (IR™ U {#o0},+) where —oo is

dominant. In case n = 1 we write R® and IRV, respectively.
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(i) If (Y, o) is a monoid, the monoid (73 (Y), @) contains the dominant element ().

(iv) Let N = {1,2,...} be the set of positive integers and aob := max{a,b}. Then (N, o)
is a commutative monoid with neutral element 1 consisting only of idempotent elements.

Likewise, the set NU {+oo} with the operation a o b := min{a,b} is a commutative
monoid with neutral element 400 and the nontrivial dominant element 1.

2.1.2 Conlinear spaces

The concept of a conlinear space generalizes the concept of a real linear (vector) space. In
this section, we start with monoids with a binary operation called addition and denoted
by +.

Definition 5 A set Y, together with an addition +, is said to be a (real) conlinear
space (Y, +) iff the following azxioms are satisfied:

(C1) (Y, +) is a commutative monoid with neutral element 6.

(C2) There is mapping from Ry X Y into Y, assigning t > 0 and y € Y the product
ty :=t-y €Y such that the following conditions are satisfied:

(i))Vy € Y,Vs,t >0: s-(t-y) = (st)-y;

(i) VyeY :1-y=y;

(i) Vy €Y : 0-y=06;

(i) Vt > 0,Yyr,y2 €Y : t- (Y1 +y2) = (t-51) + (¢ y2).

Note that the validity of the second distributive law (s + ¢) y = (sy) + (ty) is not required,
not even for s,t > 0. Instead, we impose (C2, (iii)). This is the main difference to the
concept of (ordered) cones in [71], Section 1.1. As a consequence, a conlinear structure
is stable under passing to power sets whereas a cone in the sense of [71] is not. See
Proposition 10 below.

The following properties are easy to prove directly from the axioms.

Proposition 8 Let (Y,+) be a conlinear space. Then:
(i) If t > 0, then t0 = 6.

(i) If t >0, y1,y2 € Y and ty; = tya, then y1 = yo.
(iii) If y € Y\ {0} and t > 0, then ty # 6.

PROOF. (i) We have t =¢(0-y) = (10) -y =0-y = 6.
(ii) Multiplying the equality ty; =ty by t~! and using (C2, (i)) we obtain the result.
(iii) ty = 6 would imply ¢! (ty) = ¢t~ - = 6 which contradicts t~! (ty) = (tilt) Yy =
lL-y=y#0. m

Note that t1y = toy for y € Y\ {6} does not imply ¢; = to. An example is given below.

Let (Y, +) be a conlinear space. If Y/ C Y and (Y’, +) is itself a conlinear space, then
it is called a conlinear subspace of Y. A subset Y/ C Y is a conlinear subspace if and
only if t >0, y,91,y2 € Y imply ty € Y and y; +y2 € Y.
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Example 5 (i) RU{+00} is a conlinear space if the usual multiplication with nonnegative
real numbers is extended as follows:

Vi>0: t-(+00)=+0c0 and 0-(+o00)=0.

Likewise, RU{—o0} can be supplied with a conlinear structure. These two conlinear spaces
can be decomposed into the linear space IR (see Definition 9 below) and the conlinear spaces
{0,400} and {0, —oco}, respectively.
(ii) (IR™)% and (R™)" are conlinear spaces using the same conventions dealing with oo,
i.e.,

Vt>0: t:(400) =+o00, t-(—00) =—00

and
0-(+00)=0-(—00) =0.
Similarly, {—00,0,+00} can be supplied with a conlinear structure in two different ways.

Compare (ii) of Example 1.

Proposition 9 Let X be a nonempty set and (Y,+) be a conlinear space. Then the
set R(X,Y) of all functions mapping X into Y is a conlinear space with respect to the
pointwise operations

(@ fo)(@) = fil)+f2(2), veX (2.1)
(t-f)(x) = tf(x),t>0,z€eX. (2.2)

PRrROOF. By (2.1), (2.2) the expressions f1 @ fa and ¢ - f are well-defined for f, fi, fa €
R(X,Y), t > 0. Defining the neutral element 6 in R (X,Y) by

Vee X: 0(x)=0y

where 0y is the neutral element of Y the axioms (C1) and (C2) of Definition 5 are easy
to check. ]

Let X be a nonempty set. With the definitions of Example 5, the following spaces can
be recognized as examples of conlinear spaces with respect to the corresponding pointwise
operations by means of Proposition 9: Since {0, +oco} and {0, —oco} are conlinear, the sets

IT(X):= R(X,{0,+00}) and I (X):=R(X,{0,—00})

can be supplied with a conlinear structure according to (2.1) and (2.2). The same is true

for
RT(X):=R(X,RU{+c}) and R (X):=R(X,RU{-c0})

since IR U {400} and R U {—o0} are conlinear and also for
R®(X):=R(X,R%) and RY(X):=R(X,IRY)

since IR? and IRV are conlinear.
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Remark 1 Let f € RT (X). Then there are fy € V(X):={f € R"(X): f(X) C R}
and fr+ € It (X) such that f = fy®fr+, f coincides with fyy ondom f:={x € X : f(x) € R}
and fr+ is uniquely determined, namely, fr+ = I;;)mf'

Both of (IT (X),®) and (V (X),®) are conlinear spaces, the latter one is even linear
(see Definition 9 below).

Of course, an analogous consideration can be done for R~ (X).

As it is the case for monoids, the property of being a conlinear space is stable under passing
to power sets. We define the product of &« > 0 and M € P(Y) by aM :={ay: y € M}.
Concerning P (Y'), we define a- ) = () for o > 0 and 0- ) = {0}.

Proposition 10 Let (Y,+) be a conlinear space. Then (P (Y'),®) and (73 (Y),@) are
conlinear spaces as well.

PrOOF. We know from Proposition 1 that (P (Y),®) and (73 (Y), 69) are commutative

monoids with neutral element © = {0}, hence axiom (C1) is satisfied. The properties (C2,
(i) to (C2, (iv)) are easy to check. m

Definition 6 Let (Y,+) be a conlinear space. An element y € Y is said to be a cone iff
Vi>0: ty=uy.
A cone y # 0 is called nontrivial. The set of all cones of Y is denoted by Y.

This definition looks somehow unusual. Setting Y = P (IR") for example, we rediscover
cones as subsets of the linear space IR", see [105], p. 13. There are further objects being
cones in the sense of the above definition. For example, +o0o is a cone of IR®, compare
(ii) of Example 5. Note that a cone of a conlinear space is not necessarily an idempotent
element of the underlying monoid. This is since 2y # y + y in general.

Proposition 11 Let (Y,+) be a conlinear space. Then (Y, +) is a conlinear space as
well.

Proor. It already suffices to show that y;,y2 € Y. implies y1 + y2 € Y,. This follows by
(C2, iv). ]

If y €Y is a cone, then {y} € P(Y) is a cone, too.

The concept of a conlinear space is sufficient to define convexity. In fact, it seems
to be the natural framework for convexity rather than linear spaces. Here, we only give
the definition of convex elements and convex subsets of a conlinear space as well as some
elementary facts.
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Definition 7 Let (Y,+) be a conlinear space. An elementy € Y is said to be convex iff
Vir,to >0:  (t1 +t2)y = tiy + tay. (2.3)

The set of all convex elements of Y is denoted by Yeo.
A subset M C'Y is called a convex subset of Y iff

Vte (0,1): tMao(1—t)M C M. (2.4)
The set of all nonempty convex subsets of Y is denoted by Co (V).
Of course, 6 € Y is always a convex element.

Proposition 12 Let (Y, +) be a conlinear space. Then (Yeo,+), (Co(Y),®) and (6\'0 (Y) 7@)
are conlinear spaces as well. Thereby, Co (Y) = Co (Y) U {0}.

Proor. Concerning Y, it suffices to show that ty,y1 + y2 € Yo, whenever y,y1,y2 € Yoo
and t > 0. This is straightforward using (C2, i, iv) and (2.3).

Concerning Co (Y'), we have to show that M, My, My € Co(Y) implies tM € Co(Y)
whenever ¢ > 0 and My @ My € Co(Y). This is straightforward as well as to check the
axioms (C1), (C2).

The extension to C'o(Y') is obvious. [

Note that Y., is a conlinear subspace of (Y, +), while Co (Y) and (C/E (Y), @) are conlinear
subspaces of (P (Y),®).
Putting Proposition 11 and 12 together, the following result is obtained.

Proposition 13 Let (Y, +) be a conlinear space. Then (Yo N Yeo, +) is a conlinear space
as well.

ProoF. Immediately by Propositions 11 and 12. ]

The following two propositions answer the question for the relationships between convex
subsets of (Y,+) and convex elements of (P (Y),®). In our general framework, the situ-
ation is a bit more complicated than in the linear case, i.e. Y = V is a linear space (see
[105], Theorem 3.2.). This is due to the fact that a convex subset of a conlinear space may
contain nonconvex elements.

Proposition 14 Let (Y, +) be a conlinear space. Then, every convex element of (P (Y),®)
is a convex subset of (Y,4+).

PROOF. Let M CY be a convex element of (P (Y),®), i.e., for all ¢;,ty > 0,

(tl + tQ) M =t1M & ta M. (2.5)
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We have to show (2.4). Take t € (0,1). Set t; = ¢t, to = 1 —¢. By (2.5), we have
tM & (1—t) M C M. n

The most simple condition for a convex subset M C Y to be a convex element of (P (Y') , ®)
is of course M C tM @ (1 —t) M whenever ¢t € [0,1], or equivalently, (t; +t2) M =
t1 M +to M whenever t1,t2 > 0. An important special case gives the following proposition.

Proposition 15 Let (Y,+) be a conlinear space. Then, a convex subset M C'Y contain-
ing only convex elements is a convex element of (P (Y),®).

ProoOF. Let M C Y be a convex subset consisting of convex elements only. We have to
show that (2.3) holds true. By (2.4), we have tM & (1 —t) M C M for t € (0,1). Since
t1 +ta > 0, we can replace t by —t— and multiply by t; + to. This gives t; M @& toM C

t1+t2
(t1 +t2) M. Conversely, take y € M. Then (t1 4+ t2)y = t1y + toy, since M consists of
convex elements only. Hence (¢1 + to) M C t1 M @ to M completing the proof. m

Remark 2 There are subsets of conlinear spaces satisfying (2.4) but do not consist of
convez elements only. Moreover, a convex subset of a conlinear space Y is not necessarily
a conver element of P (Y').

For example, take Y = P (R) and M = P ([0,1]). M is a convex subset of Y, but
neither it consists only of convex elements nor is it a convex element of P (Y). Observe
that for y := {0,1} € M we do not have y € %M @ %M, hence M # M @& LM. To see
this, assume y = %yl + %yz, Yy1,y2 € M. Then 1l € y1,y2 as well as 0 € yy,y2. This implies
% €y, a contradiction.

Some important facts about convex subsets of conlinear spaces carry over from the linear
theory. Compare [105], §2.

Theorem 1 The intersection of an arbitrary collection of convexr subsets of a conlinear
space is a convex subset.

Proor. Elementary. m

Again, there is an additional assumption necessary for convex elements of P (V).

Corollary 1 Let (Y,+) be a conlinear space. Let My, CY, o € A be a family of convex
subsets of (P (Y),®). If the intersection

M = ﬂ M,
acA

contains only convexr elements of Y, then M is a convex element of (P (Y),®).
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ProOOF. By Theorem 1, M is a convex subset. Since M contains only convex elements by
assumption, Proposition 15 gives the result. ]

Let n be a positive integer. We call a sum

tiyn +tays + ...+ tayn

a convex combination of the elements y; € Y,i=1,...,n, whenevert; >0,i=1,...,n
and Y i t; = 1.

Theorem 2 Let (Y,+) be a conlinear space. A subset M C'Y is a convex subset if and
only if it contains all the convex combinations of its elements.

ProoOF. The if-part is obvious, the only-if-part by induction. ]

Definition 8 Let (Y,+) be a conlinear space and M C'Y a subset. The convex hull
coM of M is the intersection of all convex subsets of Y containing M.

By Theorem 1, co M is always a convex subset of Y.

Theorem 3 Let (Y,+) be a conlinear space and M C'Y a subset. Then coM coincides
with the set of all convexr combinations of elements of M.

Proor. By Theorem 2, the set of all convex combination of elements of M is contained

n m
u = E tiug, v = g 8504
i=1 j=1

convex combinations of elements u;, v; € M. Take t € (0,1). Then

in co M. Conversely, let

n m
yi=tut+(1—thv=> (tt)ui+ Y ((1—1t)s;)v
i=1 j=1

is a convex combination of elements of M, too. Hence the set of all convex combinations
of elements of M is a convex subset and contains M. Hence it coincides with coM. @

Corollary 2 Let (Y,+) be a conlinear space. Theny €Y is a convex element if and only
if
co{y} ={y}.

PRrROOF. If y is a convex element, then every convex combination of y with itself coincides
with y. Conversely, we have for ¢ € (0,1)

y=ty+(1—-1t)y

Let t1,t2 > 0. Substituting t = G and multiplying by ¢; 4 t2 we obtain

e
(t1 +t2)y = t1y + tay

as desired. ]



22 Chapter 2. Basic Framework

Remark 3 The convex hull of {y} may happen to contain more than one element. In
general,

n n
CO{y}={Ztiy: tiZO,Ztizl,nelN,n21}.

i=1 i=1

A convex element of the conlinear space Y being a cone at the same time is called a
convex cone in Y.

Proposition 16 Let (Y,+) be a conlinear space. A cone y € Y is a convex element if
and only if y +y =y, i.e. y is an idempotent element of the monoid constituting Y .

PROOF. (1) Let y € Y be a cone and a convex element. Then for ¢t; = to = 1 we obtain
from (2.3) y=2y=y+y.
(2) Let y € Y be a convex cone. For t1,ts > 0 equality (2.3) reduces to y = y. ]

It turns out that a convex cone of P (Y') is itself a conlinear space if it contains § € Y.
Hence, the terms conlinear subspace of Y and convex cone of P (Y') containing 6 € Y are
synonyms in the framework of conlinear spaces.

Moreover, a cone in P (Y') being a convex subset of Y is almost a convex element.

Proposition 17 Let C € P (Y) be a cone containing @ € Y. Then C is a convex element
of P(Y) if and only if it is a convexr subset of Y.

PROOF. Since every convex element of P (Y') is a convex subset of Y (Proposition 14),
it remains to show the converse. The cone property and (2.4) for ¢t € (0,1) imply tC @
(1-t)C=Ca®C CC. Since § € C, we have C C C@® C, hence C = C @ C. Proposition
16 gives the result. m

Example 6 SetY =P (IR), C =P (IR4+)\ {0}. Then C is a convex subset of Y, a cone,
but not a convex element of P (Y'). To see this, take c = {0,1} € C' and assume ¢ = ¢1+ca,
c1,c0 € C. Then 0 € c1,c0 and vy € c1, Y2 € ca such that v1,v2 > 0, v1 + v = 1. Hence
c={0,1} =c1+c2 2{0,71,72,71 + Y2}. Without loss of generality, we must have v; = 0,
v2 = 1. This implies ¢; = {0} which is not possible.

Let (Y, +) be conlinear space. According to Definition 2, we denote the set of invertible
elements of Y with respect to + by Y;,. We finish this section by defining a linear space.

Definition 9 A conlinear space (Y, +) is said to be a (real) linear space iff it consists
only of elements being convex and invertible at the same time.

We shall show that this definition is consistent with the usual definition of a linear (vector)
space. A definition of linear spaces can be found e.g. in [75] vol. I, §. We state the fact
in a more convenient form.
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Theorem 4 Let (Y,+) be a conlinear space and Y := Y, NYeo CY. Then (Y}, +) is a
linear space, and it is the largest one contained in Y .

PRrROOF. For y € Y}, we define a multiplication with negative reals by

(—a)y = ay

where a > 0 and y+y’ = 0. It remains to show the following properties for all y, y1, y2 € Y},
a, 0 € 1R:
(1) (Y;,+) is a commutative group.
(2) a(y1 +y2) = ayr + ays.
(3) (a+B)y = ay + By.
(4) o (By) = (aB) y-
Let’s start with (1). We have to show that y1,y2 € Y; implies y; + y2 € Y;. Since the set
of all invertible elements of a monoid forms a group, y1 + y2 is invertible. Since inverse
elements in groups are unique, we have (y1 +y2) + (¥] + v5) = (y1 + v}) + (y2 + v5) = 6,
hence (y1 +v2)' = ¥} + vb. Applying (C2, iv) the convexity of y1,yo implies

(@+8) i +y)  EYV (a+B) i+ (a+B)v

YRR ZMEE vyl + By 4 e + By

C1),(C2,iv
(ED€2) a(yr+y2) + B (y1 +y2),

hence y1 + y2 is convex. Hence (Y7, +) is a commutative group.
(2) has to be proven for aw < 0. This follows from (1) and the convexity of the v/, v5.
(3) is obvious for o, 8 > 0 and «a, f < 0. Without loss of generality, consider the case
a<0,8>0and a+ 8 < 0. Then

(a+08)y = By+ 0y + (1) (a+3)y
B,—(a+8)>0

= By+ B+ (=1)(a+8)y
(1) ay' + By
= ay + Y.

(4) can be proven by a case study with respect to «, 3. Exemplary, we check the case
a >0, 8 <0. Then

aBy) = a(=8ly)=a(l8lY)
= (a|f))y = (apf)y.

The set Y] :=Y;, NY,, is called the lineality space of Y.

Corollary 3 A conlinear space (Y, +) is linear if and only if Y = Yo, N Y.



24 Chapter 2. Basic Framework

Every element of a linear space V is a convex element, hence every subset of V' consists
of convex elements only. Hence a subset M C V is convex if and only if M is a convex
element of (P (V),®). For cones, something more can be said.

Corollary 4 Let (V,+) be a linear space and C C V a cone of (P(V),®). Then the
following facts are equivalent:

(i) C is a convex element of (P (V),®).

(ii) C is a conver subset of (V,+).

(iii) C & C C C.

PRrOOF. The equivalence of (i) and (ii) is clear from the remark above. We have C' C CaC,
since ¢ € C implies %c € C and consequently ¢ = %c + %c e Co»C. Hence Cp C = C.
The equivalence of (i) and (iii) follows from Proposition 16. [

JFrom the results above, one may see that every convex subset of a linear space V' contain-
ing 6 € V and being a cone in (P (V),®) is a conlinear space. However, it is not possible
to reduce the investigation of conlinear spaces to convex cones as subsets of linear spaces.

Theorem 5 A conlinear space with a nontrivial cone can not be embedded into a linear
space.

PRrROOF. Let (Y,+) be a conlinear space and (V,+) a linear space such that ¥ C V' and
+ coincides on Y. Let y € Y, y # 0 be a nontrivial cone. Then there is v € V', v £ 6 such
that y + v = 0. Since V is linear, we have 2y = y + y and therefore § = v+ y =v + 2y =
v+ 1y +y =y, a contradiction. ]

Example 7 Let (V,+) be a linear space. (i) Since (V,+) is especially conlinear, by Propo-
sition 10 (P (V) ,®) and (7/5 (V) ,EB) are conlinear spaces as well.

(ii) The set of all convex cones of (P (V) ,®) containing 6 € V' form a conlinear space
consisting only of idempotent elements. This follows from Proposition 13.

2.1.3 Semilinear spaces

In the last paragraph, we have seen that a linear space can be understood as the subset of a
conlinear space contaning those elements which are invertible and convex at the same time.
In this case, the definition of negative multiples was possible. Conversely, considering e.g.
the power set of a linear space, it seems to be a natural idea to have a multiplication with
negative real numbers, even though inverse elements with respect to the addition do not
exists.

Note that not all conlinear spaces admit such an operation. For example, a pointed
convex cone of a linear space is a conlinear space, but does not contain the negative of
any of its elements beside zero.

We call a conlinear space with a (—1)-multiplication a semilinear space. This concept
is very close to that of an almost linear space introduced by G. Godini [42] around 1985.
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Definition 10 A set Y, together with an addition +, is said to be a (real) semilinear
space (Y, +) iff the following axioms are satisfied:

(S1) (Y,+) is a commutative monoid with neutral element 6;

(S2) For any two elements y € Y and t € IR there exists the product ty :=t-y € Y such
that the following conditions are satisfied:

(i) Yy € Y,Vs,t € R: s(ty) = (st)y;

(i) VyeY :1-y=y;

(i) Vy €Y : 0.y =06;

(iv) Vt € R, Vy1,y2 €Y 1 t(y1 +y2) = (ty1) + (ty2).

Again, the second distributive law (s + t) y = (sy) + (ty) does not hold in general, not even
for nonnegative numbers. This is a difference to Godini’s almost linear spaces [42]. The
second distributive law is not valid for the power set of a linear space being a semilinear
but not an almost linear space. The following properties can be proven in the same way
as Proposition 8.

Proposition 18 Let (Y, +) be a semilinear space. Then:
(i) If t € R, then t6 = 6.

(ii) If t € R\ {0}, y1,y2 € Y and ty; = tys, then y1 = yo.
(iii) If y € Y\ {0} and t € R\ {0}, then ty # 0.

Starting from a semilinear space we are able to generate new semilinear spaces by passing

to power sets.

Proposition 19 Let (Y,+) be a semilinear space. Defining the product of t € IR and
MeP(Y) bytM :={ty: y e M} and agreeing ont-0 =0 fort #0 and 0-0 = {0}, the
spaces (P (Y'),®) and (73 (Y) ,@) are semilinear spaces as well.

ProOF. We know from Proposition 1 that (P (Y),®) and (73 (Y), EB) are commutative
monoids with neutral element © = {0}, hence axiom (S1) is satisfied. The properties (S2,
(i) to (S2, (iv)) are easy to check. m

Let (Y,+) be a semilinear space. If Y/ C Y and (Y’,+) is itself a semilinear space with
the same multiplication with real numbers as Y, then it is called a semilinear subspace
of Y. A subset Y/ C Y is a semilinear subspace if and only if t € R, y,y1,y2 € Y’ imply
tyeY' and y; +y2 €Y.

Let (Y, +) be a semilinear space. We define the set of invertible, convex and symmetric
elements and the set of cones of Y, respectivly, by

Yin = {yeY: W ey:y+y =0},

Yoo = {y €Y : Vt1,t0>0: (t1 +1t2)y=t1y+ toy},
Yoo = {yeY:y=(-1y},

Yo = {yeY:Vvt>0: ty=vy}.

As in the case of conlinear spaces, we denote Y] := Y;, NY,.
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Proposition 20 Let (Y,+) be a semilinear space. Then (Y, +), (Yoo, +) and (Yo, +) are

semilinear spaces as well.

Proor. Take y € Y.. Then (—1)y € Y. by (S2, (i)): For t > 0, we obtain ¢t (—1)y =
(=1) (ty) = (-1)y. Taking y1,y2 € Y, by (52, (iv)) it follows ¢ (y1 +y2) = ty1 + tys =
y1 + Y2, hence y1 + y2 € Y. Therefore, (Y., +) is a semilinear space.

By similar considerations, one can show that (Y., +) and (Y, +) are semilinear spaces,
too. [}

Proposition 21 Let (Y,+) be a semilinear space. Then, (Y, +) is a linear subspace of
(Y,+), and it is the largest one contained in'Y .

PROOF. Every semilinear space is all the more conlinear, hence the result follows by
Theorem 4. |

Of course, every linear space is almost linear, every almost linear space is semilinear and
every semilinear space is conlinear. There exist examples showing that these classes do
not coincide. Several examples are listed below.

Example 8 (i) Let (V,4) be a real linear space. Then it is a semilinear space. We only
have to prove that (S1), (S2) imply (C2, (iii)). We omit the proof noting that either the
group property or (S2, (iii)) has to be involved.

(ii) Let (V,+) be a real linear space. Then (P (V),®) is a semilinear space as well as
(P(v),@), (Co(v),®) and (Co(v),®).

(iii) The spaces R U {+oc} and RT (X) from Example 5, (i) are conlinear, but not semi-
linear.

(iv) The space R® (X) of all functions f : X — IR® is a semilinear space as well as
RY (X).

With the aid of topological properties more examples of semilinear (and conlinear) space
may be obtained. Compare Section 2.3.5.

2.2 Order structures

2.2.1 Basic notation

We recall basic order theoretic notation necessary for the following considerations. We
refer to [32], [36] and [130].

Let W be a nonempty set. A binary relation on W is understood to be a subset
R C W x W. We say that wy € W is related to wy € W iff (wy,ws) € R. In this case,
we shortly write wqRws. If wRw for all w € W, the relation R is called reflexive. If
w1, we, w3 € W, w1 Rwsy and we Rws implies wy Rws, the relation R is called transitive. If
w1 Rweo, we Rwy for wy,we € W implies wq = wy, the relation R is called antisymmetric.
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Definition 11 Let W be a nonempty set and R a relation on W. R is called a quasiorder
iff it is reflexive and transitive. R is called a partial order iff it is reflexive, transitive
and antisymmetric.

If R is a quasiorder on W, we write w; < wy instead of wj; Rws (or (w1, ws) € R) and
speak about the quasiorder <. The couple (W, <) is called a quasiordered set.

Definition 12 Let (W, =) be a quasiordered set. The lower (upper) section S;(w)
(Su (w)) of w e W are defined by

Sj(w)={w eW: v 2w}, Sy(w):={eW:w=u}.
The set of minimal (maximal) elements min (W) (max (W)) is defined by

min (W) = {weW: S (w)C S, (w)},
max (W) = {weW: S,(m)C S (w)}.

Of course, an element w € W is minimal with respect to =< iff
weW, w=w = w =< w.

If < is additionally antisymmetric and @ € min (W), then w € W, w < @ even implies
w = w. Analogous conditions hold true for maximal elements.

Having a quasiordered set (W, <), by a standard procedure an equivalence relation ~
can be defined by

!/ /
w ~ w = ww,w w.

Denoting
[w] :={w eW: v ~uw}

and
w] < [w'] <= VYwew,wew]: ww,

the set of all equivalence classes [W] together with < is a partially ordered set. Compare
[36], p. 13 or [32], Satz 3.19 for more details.

A subset M C W is called bounded from above (below) in W iff there exist an
w € W such that m < w (w < m) for all m € M. In this case, w is called upper (lower)
bound of M. A supremum (infimum) of M in W is an upper (lower) bound w € W
such that w < w' (w’ < w) for any other upper (lower) bound w’ of M in W. We use
sup M and inf M, respectively, to denote a supremum and infimum of M. If (W, <) is
partially ordered, then sup M and inf M, if they exist, are unique.

If for every pair of elements mj, mo € M C W there exists an upper (lower) bound in
M, then M is said to be directed upwards (resp. downwards).

The quasiordered set (W, <) is called Dedekind complete iff every nonempty subset
having an upper bound (lower bound) has a supremum (infimum) in W. Note that the
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two conditions are not independent: (W, =) is Dedekind complete if and only if every
nonempty subset having an upper bound has a supremum ([130], Theorem 1.4).

The quasiordered set (W, <) is called order complete iff every nonempty subset has
an infimum and a supremum in W.

The quasiordered set (W, <) is called a lattice iff every subset consisting of two points
has an infimum and a supremum in W.

An element @w € W is said to be the largest element iff w < w for all w € W. The
smallest element is defined analogously. If (W, <) is partially ordered, then the largest
and smallest element, if they exist, are unique.

Remark 4 Let (W, <) be quasiordered. If W has a largest as well as a smallest element,
then it is Dedekind complete if and only if it is order complete. If W is order complete,
then W has a largest as well as a smallest element. Compare [130], p. 3.

2.2.2 Ordered product sets

The following definition deals with subsets of a product set supplied with a quasiorder.

Definition 13 Let X, Y be two nonempty sets and W = X x Y the set of all ordered
pairs (z,y), © € X, y € Y. The quasiorder = on W is called partially antisymmetric
(with respect to X ) iff for all (x,y),(x',y) e W

(z,y) 2 (@), (@) 2 (z,y) = az=2

It is clear that if < is a partially antisymmetric quasiorder on W, then a point w = (z,9) €
W is a minimal point with respect to =< if and only if

(z,y) €W, (x,y) 2(z,5) = x=7zand (Z,9) 2 (z,y).

In some cases, the y-component is not of interest. Therefore, we give the following defini-

tion.

Definition 14 Let X, Y be two nonempty sets and < a partially antisymmetric quasiorder
onW =X xY. A point w= (z,y) € W is called a partial minimal point of W iff

(z,y) €W, (z,y) 2 (T,5) =— z=21.
Analogously, partial mazimal points are defined.

Of course, if < is a partially antisymmetric quasiorder on W = X x Y| then every minimal
point of W is also a partial minimal point while the converse is not true in general.
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2.2.3 Power sets of ordered sets

Let (W, =) be quasiordered. We extend the ordering =< to the set P (W), the set of all
subsets of W including the empty set, by defining

My < My <= Vmo € My dImi € My : mi X my (26)
= My <= Vmi € M;dIms € My : m1 X moy (2.7)

for My, My € P (W). If My C My, then My < My and My < M; by reflexivity of <.
Observe that W < M and M < W for each M € P (W), i.e. W is the smallest element
for < and the largest for <. Setting My = M, My = 0 in (2.6) and My = (), My = M in
(2.7) we may find
VM eP(W): M<0, 0= M. (2.8)

This means, () is the largest element for < and the smallest for <. Note that for M; = {w;},
w; € W for ¢ = 1,2, we have

Mi<M, & MM & w 2w,

i.e., the ordering relations < and < can be understood to be extensions of < to P (W). In
fact, they are quasiorders.

Proposition 22 Let (W, <) be a quasiordered set. Then (P (W),<), (P (W),=X), (73 (W)
and (73 (W), -J<) are quasiordered as well.

PROOF. Reflexivity and transitivity of < and Z on P (W) follow immediately from (2.6),
(2.7) and (2.8). [

Note that neither < nor < are partial orders in general, not even if < is antisymmetric.
One can easy construct counterexamples for (W =R, g). However, if we start with
(W, =), we obtain (P (W), D) and (P (W), C) being partial orders.

The next result contains formulas for infima and suprema in P (W) with respect to <
and <.

Theorem 6 Let (W, =) be quasiordered. Then:
(i) (P (W),<) is Dedekind complete. If M C P (W) is nonempty, then it is bounded
below and
I’ .= U U{wEW:mjw} (2.9)
MeMmeM
is an infimum of M with respect to <. If M C P (W) is nonempty and bounded above,
then the set

=] U {wew: m=w} (2.10)

MeMmeM

N
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is a supremum of M.
(ii) (P (W),=X) is Dedekind complete. If M C P (W) is nonempty and bounded below,
then the set
I° = ﬂ U{wEW:wjm} (2.11)
MeMmeM
is an infimum of M. If M C P (W) is nonempty, then M is bounded above and the set

S¢ = U U{wEW:wjm} (2.12)

MeMmeM
is a supremum of M.
(iii) (73 (W), 4) is order complete. If M C P (W) is nonempty, then I* from (2.9) is an
infimum of M and S* from (2.10) is a supremum of M. If () is the only upper bound of
M, then S* = 0.
(iv) (73 (W), 4) is order complete. If M C P (W) is nonempty, then I° from (2.11) is
an infimum of M and S° from (2.12) is a supremum of M. If () is the only lower bound
of M, then I° = ().

PRrOOF. (i) Let M C P (W) be nonempty. Then M is bounded below by (} # M :=
Unresm M since for each M € M we have M C M and this implies M < M. Moreover,
we have M C I* implying that I* is a lower bound of M. It remains to show that N < I*
for any other lower bound N of M. To see this, take w € I*. By definition of I*, there
is m € M such that m < w. Since N is a lower bound of M, there is n € N such that
n = m =< w. Hence, for each w € I* there is n € N such that n < w, i.e. N < I*.

Now, let M C P (W) be nonempty and bounded above with respect to < by N €
P (W). Since M < N for all M € M we have

VMeM:VYne NdmeM:m=<n,

hence N C S*. Hence S* is nonempty and S* < N. On the other hand, for M € M the
definition of S* implies
YweS*ImeM: m=<w,
hence M < S* for all M € M. This proves that S* is a supremum of M.
(ii) By similar arguments as used for the proof of (i).
(iii) According to Remark 4, <73 (W), 4) is order complete if and only if it contains a
largest as well as a smallest element. This is true since

VMeP(W): W< M=<0.

Formulas (2.9) and (2.10) remain true: (2.9) yields I* = ) if () is the only member of M
and (2.10) yields S* =0 if § € M.

Finally, let ) be the only upper bound of M. Assume w € S* for some w € W. The
definition of S* gives that N = {w} is an upper bound of M with respect to <. This is a
contradiction, hence S* must be empty.

(iv) The proof runs analogous to that of (iii). m
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Remark 5 Let M C P (W) be given and define

M := U M.
MeM

(i) The set M is an infimum of M with respect to <, i.e. I* < M < I* holds true.
Since I* is an infimum and M a lower bound of M, certainly M < I* holds. On the other
hand, M C I*, hence I* < M.

(ii) The set M is a supremum of M with respect to X, i.e. S° =< M X S° holds true.
Since S° is a supremum and M an upper bound of M, certainly S° < M holds. On the
other hand, M C S°, hence M < S°.

Proposition 23 Let (W, <) be quasiordered and M C P (W) be given.

IfI e 73(W) is an infimum of M with respect to < (with respect to <), then I C I*
(I C I°) holds true.

If S e P (W) is a supremum of M with respect to < (with respect to <), then S C S*
(S C S°) holds true.

PROOF. Let I be an infimum of M with respect to <. Take w’ € I. Since I* < I, there
is w € I'* such that w < w’. The definition of I* implies

M eMInmeM: m=<w.

The transitivity of < implies m < w’ for all these m’s, hence w’ € I*.
Let I be an infimum of M with respect to <. Take w’ € I. Since I X I°, there is
w € I° such that w' < w. The definition of I° implies

VMeMImeM: w=<m.

The transitivity of < implies w’ < m for all these m’s, hence w’ € I°.
The proofs for the suprema run analogously. ]

The preceding result shows that the infima and suprema from Theorem 6 are the largest
ones in the sense of set inclusion. The question arises how one can shrink these sets as
much as possible. It turns out that the sets of minimal and maximal points, respectively,
of the largest infima and suprema are good candidates.

In the following two theorems some relationships are established between the infimum
(supremum) of a subset M C P (W) with respect to < and < on one hand and the set of
minimal points of I* (S*) and maximal points of I® (S°) with respect to < on the other
hand, respectively.

To state the result, we recall the so called domination condition. This concept plays
an important role in vector optimization. Compare the book of Luc [85], [44] and the

references therein.
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Definition 15 Let (W, <) be quasiordered. A subset M C W is said to satisfy the lower
domination condition iff

Vm € M In € min (M) : n < m.

A subset M C W is said to satisfy the upper domination condition iff
Vm € M 3n € max (M) : m < n.
For the sake of simplicity, we state the result for partial orders.

Theorem 7 Let (W, =) be partially ordered and M C P (W) be given.
(i) Let T* C P (W) be the set of all infima of M with respect to <. Then

min (I*) = ﬂ I
IeT*
The set I* satisfies the lower domination condition if and only if min (I*) € Z*. In this
case, min (I*) is the smallest set being an infimum of M with respect to <.
(ii) Let S* C P (W) be the set of all suprema of M with respect to <. Then

min (S*) = ﬂ S.
SeS*
The set S* satisfies the lower domination condition if and only if min (S*) € S*. In this
case, min (S*) is the smallest set being a supremum of M with respect to <.

PRrOOF. (i) Recall that I* = {Uyre pf Upperr {w € W m < w}, compare (2.9).
First, we show that min (I*) C I for each I € I*. Take m € min (/*) C I*. Since
I < I*, there is w € I such that w < m. Since I* < I, there is m’ € I* such that m' < w.
Since < is transitive, we get m’ < m and since m is minimal in I* and < is antisymmetric,
this implies m’ = w = m. Hence m € I. Thus, we have proved that min (I*) C ();cz« .
To show the converse inclusion, take w € (\;c7- I and assume w ¢ min (/*). Then
there must exist a w € I'* such that w < w and w # w. For I € 7* consider the set

I' =1\ {w}u{w}.

Then
Vwel3Iw el : v <w,

hence I’ < I < I'*. On the other hand, since I’ C I*, we have I* < I'. Hence I* < I' < I*,
ie. I' € T*. But w ¢ I, a contradiction.

Since min (I*) C I*, we have I* < min (/*). The lower domination conditions is
equivalent to min (/*) < I*, hence min (/*) is an infimum of M with respect to <.

(ii) By similar arguments. ]

Note that min (I*) = min (I) for every I € Z*. Since M := {Jyepq M € Z%, it might be
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a good idea to look for minimal points of the union M. This is the underlying idea of
set valued optimization in the sense of Corley [20], Jahn [63] and many others since the
middle of the 80ies. Theorem 7 tells us, among other things, that looking for minimal
points of M yields a subset of an infimum with respect to <.

On the other hand, the set min (.S*) is not contained in the union M in general. There
are easy to construct examples in IR? with even min (S*) N M = 0.

The following corollary pays special attention to the case when the set M consists only
of singletons. We obtain relationships between the set of minimal elements of a subset
M C W and the infimum with respect to < on one hand and the supremum with respect
to =< and the supremum with respect to < on the other hand.

We denote by sup (M) the set of suprema of M in W with respect to =< whereas
min (M) C M is the set of minimal points of M, compare Section 2.2.1. Assuming (W, <)
to be a partially ordered set, sup (M) is empty or consists of a single point.

Corollary 5 Let (W, <) be partially ordered and ) = M C W. Considering
M:={{m}: me M} CP (W)

the following assertions hold true:
(i) The set
I’ = U {weW: m=w}
meM
is an infimum of M with respect to <. The set min (I*) = min (M) is contained in every
infimum of M with respect to < and is itself an infimum if and only if M satisfies the
lower domination condition.
(ii) The set
S* = ﬂ {weW: m=<w}
meM
is a supremum of M with respect to <. Ifsup (M) € W exists, then S* = {w € W : sup (M) < w}
and min S* = {sup (M)}.

PROOF. (i) I* is an infimum of M with respect to < by Theorem 6, (i). The remaining
part follows from Theorem 7, (i).

(ii) S* is a supremum of M with respect to < by Theorem 6, (i). Moreover, S* =
{we W : sup (M) X w}, since S* contains by definition all upper bounds of M with
respect to < and sup (M) is the smallest upper bound by definition. H

Theorem 8 Let (W, =) be partially ordered and M C P (W) be given.
(i) Let T° C P (W) be the set of all infima of M with respect to Z. Then

max (I°) = ﬂ I

1€1°



34 Chapter 2. Basic Framework

The set I° satisfies the upper domination condition if and only if max (I°) € Z°. In this
case, it is the smallest set being an infimum of M with respect to <.
(ii) Let S° C P (W) be the set of all suprema of M with respect to <. Then

max (S°¢) = ﬂ S.
Sese

The set S° satisfies the upper domination condition if and only if max (S°) € §°. In this
case, it is the smallest set being a supremum of M with respect to <.

PRrOOF. (i) Recall that I° = ;e pf Uppear {w € Wi w < m}, compare (2.11).

First, we show that max (I°) C I for each I € Z°. Take m € max (I°) C I°. Since
I° X I, there is w € I such that m < w. Since I X I°, there is m’ € I° such that w < m/.
Hence m < m’ and therefore m = w = m’ since m is maximal in I° and < is transitive
and antisymmetric. Hence m € I as desired.

To show the converse inclusion, take w € (\;oz0 1 and assume w ¢ max (I°). Then
there must exist a w € I° such that w < w and w # w. For I € Z° consider the set

I' =1\ {w} U {w}.

Then I° X I < I’ by construction of I’. On the other hand, I’ < I° since I’ C I°. Hence
I' ¢ 7° and w ¢ I, a contradiction.

Since max (I°) C I°, we have max (I°) < I°. The upper domination conditions requires
I° < max (I°), hence max (I°) is an infimum of M with respect to <.

(ii) By similar arguments. ]

The notes after the proof of Theorem 7 apply analogously with reversed roles of infimum
and supremum.

Parallel to Corollary 5 we have the following result. Here, we denote by inf (M) the set
of infima of M in W with respect to < whereas max (M) C M is the set of maximal points
of M, compare Section 2.2.1. Assuming (W, <) to be a partially ordered set, inf (M) is
empty or consists of a single point.

Corollary 6 Let (W, <) be partially ordered and ) = M C W. Considering
M:={{m}: me M} CP(W)

the following assertions hold true:
(i) The set
I° = ﬂ {fweW: w=<m}
meM
is an infimum of M with respect to <. Ifinf (M) € W exists, then [° = {w € W : w < inf (M)}
and max I°® = {inf (M)}.
(ii) The set
S = U {weW: w=<m}
meM
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is a supremum of M with respect to <. The set max (S°) = max (M) is contained in every
supemum of M with respect to <X and is itself an supremum if and only if M satisfies the

upper domination condition.

PROOF. Similar to the proof of Corollary 5. ]
Example 9 Consider M = {My, My} C P (IR) with M; = [0,1] and My = [—1,1000].
Then I* = [—1,400) and I° = (—oo,1]. If we interpret the numbers contained in My,

My as the possible financial loss we have to expect choosing My and Mo, respectively, one
might see that it is sometimes better to prefer Ms to My, i.e. to deal with < instead of <
or instead of simply to look for minimal points in the union.

Since < and < are only quasiorders in general, one might ask for the structure of the
corresponding partially ordered sets of equivalence classes on P (W). They are introduced
as follows (compare Section 2.2.1):

Mli‘MQ <= M
M1’<\>/M2 e M1

My; (2.13)
M, (2.14)

for My, My € P (W). The empty set § is equivalent only to itself. For M € P (W) we set

[M]* = {M’eﬁ(W): M’iM}, w= |J M (2.15)
M’e[M]*

[M]° = {M’eﬁ(W): M’fiM}, = |J M. (2.16)
M/e[M]°

The order relations on the set of equivalence classes have to be defined by

[My]*
[M;]°

[MQ]* e \V/M{ S [Ml]*, Mé € [MQ]* : M{
[Ms]® <= VMj € [M]°, My e [Ms]®: Mj

My (2.17)
M, (2.18)

A A

<
o)
This leads to the following relationships containing ():

VM eP(W): [M]< 0], [0]=[M].

The following theorem tells us that the resulting partial order on the set of equivalence
classes can be identified in a sense with O and C, respectively.

Theorem 9 Let (W, =) be quasiordered. Then:
(i) M"={weW: ImeM: m=w}. Moreover, M' ~ M  for each M' € [M]* and

[M\)* 5 [Mo]* <= M DMy (2.19)
(ii) M ={weW: ImeM: w=m}. Moreover, M' % M’ for each M' € [M]° and

[My]° X [My)° = My° C My’ (2.20)
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PROOF. (i) Denote for the moment M* = {w € W : Im € M : m < w}. First, we show
M* C M". Take w € M* and set M’ := M U {w}. Then M’ < M, hence w € M.
Conversely, we have M~ C M*, since w € M implies the existence of M’ € [M]* such
that w € M. Since M < M’, there exists m € M such that m < w. Hence w € M*.

For the second assertion, it suffices to show M ~ M. This is true since M C M and
each m € M belongs to some M’ ~ M.

It remains to show (2.19). Let [M;1]" < [M2]" and take mqy € M;". Since My < M,
there is my € M;  such that mq < ms. This implies M; < M; U {ma}. Since M C
M U {may}, we also have M, U {ma} < M;*. Hence M; U {ms} € [M;]* implying
mo € ﬁl*

Conversely, take M), € [Ms]". Then M} C My" C M. This implies M; " < M, hence
we have My < M)}, for each My € [M;]".

(ii) The proof for < goes analogously. ]

Remark 6 Let M € P (W) and consider M* := [M]*. Then (M*,D) is partially ordered
and M~ from above is the unique infimum of M* that belongs itself to M*. Hence it is
the smallest element of M™* with respect to D. If the intersection ﬂM’e[M}* M’ belongs to
M*, then it is the largest element of M*. However, this is not the case in general.

Of course, every M' € M* is an infimum of M* with respect to <. Applying Theorem
7 to M*, we get I* = M and the lower domination condition for M s necessary and
sufficient for min (M*) = ﬂM,e[M]* M’ being the largest element in (M*,D).

Analogously, M° is the largest element of M® := [M]° in (M?®,C) being partially
ordered as well. The smallest element is max <M<>> = mM'e[MP M' if and only ZfMO
satisfies the upper domination property according to Theorem 8.

Let (W, <) be quasiordered. Set

— * ~ —~< ~

W] = {ar s me P}, V] = {1 meP )}

] * —~¢
Proposition 24 Let (W, <) a quasiordered. Then ([W} ,<> and ([W} ,4) are par-
tially ordered.
Proovr. This follows from using the standard procedure as described in Section 2.2.1. g
The next theorem gives formulas for the supremum and infimum in the set of equivalence
—~] * —~<
classes [W] and [W} .
Theorem 10 Let (W, <) be quasiordered. Then:
(i) ([)7\/\] ,—\<> is order complete. Let [M]" C [V/\?} be nonempty and define M* =
(" [M]" € M)} CP(W). Then
I = U U {weW: m=<w}

M eM*meM”
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is an infimum of M* and [I*]* is an infimum of [M]*. The set
St = ﬂ U {weW: m=<w}
M eM* meM”
is a supremum of M* and [S*|" is a supremum of [M]".
—~< —~ ¢
(ii) ([W] ,4) is order complete. Let [M]° C [W} be nonempty and define M°® :=
{M° L [M]° € [MQ]} C P (W). Then
r= ﬂ U {weW: w=<m}
M°eM meM®
is an infimum of M® and [I°]° is an infimum of [M]°. The set
S¢ = U U {fweW: w=<m}
M°eMe meM®
is a supremum of M° and [S°|° is a supremum of [M]°.

PRrROOF. (i) This part follows from Theorem 6, (iii) and Theorem 9, (i).
(ii) This part follows from Theorem 6, (iii) and Theorem 9, (ii). m

2.2.4 Ordered monoids

In this section, we investigate monoids supplied with a reflexive and transitive relation.
The main application will be the monoid being the power set of an ordered group together
with one of the relations < and X defined in the last subsection.

Definition 16 Let (Y,0) be a commutative monoid and < be a quasiordering on'Y satis-
fying the following condition:

(Q) y1,y2,y3 €Y, y1 = y2 implies y1 0 y3 =< y2 © Y3.

Then (Y,0,=) is called a quasiordered monoid. If < is a partial order satisfying (Q),
then (Y, o0, =) is called an ordered monoid.

Let us note that (Q) is equivalent to

Y1,Y2, Y3, Y4 €Y, y1 S Y2, Y3 < ya — Y1 0Y3 < Y20 Ys. (2.21)

since < is reflexive and transitive. It is a crucial observation that a quasiordered monoid
can be made into an order complete quasiordered monoid by adding a smallest and a
largest elements, if necessary.

Proposition 25 Every Dedekind complete quasiordered (ordered) monoid can be extended
to an order complete quasiordered (ordered) monoid by adding at most two elements.
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PRrOOF. Let (Y, 0, <) be a Dedekind complete quasiordered monoid. Add an element [ (u,
respectively) such that

YyeY: [y (y 2u),
VyeY: loy=yol=1 (uoy:you:u)’

i.e., I (u, respectively) is the smallest (largest) element and dominant in the ordered monoid
(Y :=Y U{l},0,=x) and (Y, := Y U{u},o, <), respectively.

Add an element u (I, respectively) to Y; (Y,,) being the largest (smallest) and again
dominant. The result is the order complete commutative monoid (Y2 := Y, U {u},o, <)
and (YV :=Y, U{l},o,X), respectively. (Q) is easy to check. ]

Remark 7 1. Proposition 25 tells us that order completion does not destroy the monoidal
structure. Order completion of a group in this way yields an order complete monoid.

2. Of course, Proposition 25 is a generalization of the order completion of the reals,
widely used in optimization theory, compare Example /4. Especially, R® is a fundamental
structure in Convex Analysis.

Proposition 26 Let (Y,0,=<) be an ordered monoid with a largest (smallest) element.
Then it is an idempotent element.

PROOF. Let §j € Y be the largest element, i.e.
VyeY: y=Xq.

Especially, j oy < ¢ and 6 < §. From the latter inequality we obtain by (Q) § < o g.
The antisymmetry of < implies § oy = g . The proof for the smallest element is similar.

In view of Proposition 6 we see that an order complete monoid can not be embedded into
a group.
The set of positive elements for an ordered monoid is defined to be

P::{er: Vy' €Y : y’jyoy'}:{yEY: 0=<y}.

Moreover, (P, o, <) is an ordered submonoid of Y.
Next, we discuss ordering relations in the power set of an ordered monoid using the
<— and Z-relation introduced in the last section.

Theorem 11 Let (Y, 0, <) be a quasiordered monoid. Then:
(i) (P(Y),,=) and (P(Y),®,=X) are quasiordered, Dedekind complete monoids.
(ii) (73 Y),0o, -\<) and (73 Y),®, —J<> are quasiordered, order complete monoids.
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ProoF. (i) By Proposition 22 and Theorem 6, (P(Y),<) and (P (Y),=X) are qua-
siordered and Dedekind complete. It remains to show that (Q) holds true for =, <.
Take Mj, Ma, M3 € P (Y) such that M; < Ms. Then by definition of <,

Vya € My 3y € My = y1 2 yo.

(Q) implies
Vys € M3 Vys € Mo Jy1 € My : y10ys 2 y20y3.

Hence
Vye Mo O M3 3y e My ®OMs: y <y

which is My ® M3 < My ® Ms. The proof for < is similar. Hence (P (Y),®, <) and
(P(Y),®, =) are quasiordered, Dedekind complete monoids.

(ii) It is easy to check that (Q) is true for <, < if one or more of M;, Ma, M3 are the
empty set. [}

Considering equivalence classes one can obtain ordered monoids. We start with a qua-
siordered monoid (Y, o, <). Denote by

~

[j}r = {[M]* M€7/5(Y)} and [y]o = {[M]O: MGP(Y)}

the set of equivalence classes over 73(Y) with respect to < and <, respectively. For
My, My € P (Y) define operations by

[Ml]* ® [MQ]* = [Ml ® MQ]* , []\41}<> ® [MQ]O = [Ml ® ]\42]<> . (222)

Recall the definitions of the equivalence classes in (2.13), (2.14) and the order relations <,
< for equivalence classes in (2.17), (2.18), respectively.

PSE 0
Proposition 27 Let (Y, 0, <) be a quasiordered monoid. Then ([:)J} , ©, 4) and ([)}} , O, #)
are order complete ordered monoids.

PROOF. First, let us note that the operations in (2.22) are well-defined: Take M;, M/, Mo, M} €
P (Y) such that M, ~ M| and My ~ Mj. From M; < M), My < M} and (2.21) with a
view to Theorem 11 we get M; ® My < M{ ® MJ. Similar, from M| < My, M) < M,
follows M{ ® M} < My ® Ms. Hence My © M, o M| ® M. The same procedure applies
for <. The remaining part of the theorem follows from Theorems 10, 11 and Proposition
24. H

Theorem 9 admits the consideration of elements of P (Y) instead of equivalence classes.
Define two subsets of P (Y) by

V= {M*: M€73(Y)} and )° = {MQ: Meﬁ(Y)}

we obtain the following proposition by applying Theorem 9.
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Proposition 28 Let (Y, 0, =) be a quasiordered monoid. Then (j)\*, @, 2) and ()70, o, g)
are order complete ordered monoids.

Proor. Invoke Theorem 9 and Proposition 27. ]

In the following, we consider the case of a quasiordered group (Y, o, <). In this case, the
relation < on Y as well as < and < on P (Y) can be expressed equivalently using the sets
P of positive elements and P’ of "negative” elements which is defined to be

P = {y’EY: JyeP: yoy’:9}:{y'€Y: y'j@}.
Moreover, there is a close relationship between < and <.

Theorem 12 Let (Y,0,=) be a quasiordered group with neutral element 0, M; € P (Y)
and M} :={y, €Y : Jy, € M; : yioy, =0} fori=1,2. Then it holds

My <My <= DM;CMOP,

My Z My, < MCMG®P,
M~ My, < M®P=MO®P,
MR My, <= MO®P =MOP,
My < My, <= M,= M,

PrROOF. The proof of the first four equivalences relies on the fact that in quasiordered
groups we have

=y <= pe{poP = ye{plor.

The relations

My <My <= Vys€ My3y1 € My: y1 22
<@> VyéEMéElyleMlzyloy’ZjH
& whe M3y e M) gy <y
— M= Mj.
yield the last assertion. ]

Example 10 The preceding theorem especially applies if V' is a real linear space with a
quasiorder < generated by a convex cone K € P (V) =Y. By xx and <k we denote
the two canonical extensions of <g toY. Then

M g My <— (—1) My Xk (—1) My < (—1) Mo #(_DK (—1) M,

where (=) M :={—v: ve M} for M €Y.
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2.2.5 Ordered conlinear spaces

We introduce the concept of an ordered conlinear space close to that of an ordered linear
space.

Definition 17 Let (Y,+) be a conlinear space and < a quasiordering on'Y satisfying the
following conditions:

(Q1) y1,y2,y3 €Y, y1 = y2 implies y1 +y3 = y2 + y3;

(Q2) y1,y2 €Y, y1 X y2, t > 0 implies tyy =< tys.

Then (Y, +, <) is called a quasiordered conlinear space. If < is a partial order satis-
fying (Q1), (Q2), then (Y,+, =) is called an ordered conlinear space.

Note that (Q1) of this definition coincides with (Q) of Definition 16 if we consider (Y, +)
to be a commutative monoid. Again, order completiton does not destroy the conlinear
structure.

Proposition 29 Every Dedekind complete quasiordered (ordered) conlinear space can be
extended to an order complete quasiordered (ordered) conlinear space by adding at most
two elements.

Proor. Let (Y,+,=) be a quasiordered conlinear space. Proposition 25 ensures that
(Y,+, <) as a quasiordered monoid can be supplemented, if necessary, by two elements
! and u being the largest and the smallest. We obtain two possibilities for quasiordered
monoids: Y2 (I is dominant) and YV (u is dominant). Defining for t > 0¢t-l=1,t-u=u
and 0-1 = 0-u = 6 in both cases, it is easy to check that (C2), (Q1) and (Q2) are satisfied.
Hence (Y2,+,=) and (YV,+, <) are order complete quasiordered conlinear spaces. If
(Y,+, <) is ordered, so are the resulting spaces. ]

By Proposition 26, the largest and the smallest element of an ordered conlinear space, if
they exist, are idempotent elements of the underlying monoid. Moreover, they are cones.

Proposition 30 Let (Y,+,=) be an ordered conlinear space. Then the largest and the
smallest element of an ordered conlinear space, if they exist, are cones.

PRrROOF. Let § € Y be the largest element. Then %y < ¢ holds for allt > 0 and y € Y.
JFrom (Q2) we may conclude y <ty for all t > 0 and y € Y. Since the largest element
is unique by antisymmetry, it must be a cone. The proof for the smallest element is the
same. ]

Theorem 13 Let (Y, 4+, =) be a quasiordered conlinear space. Then:
(i) (P(Y),®, <) and (P (Y),®, <) are quasiordered, Dedekind complete conlinear spaces.

(i1) (73 Y),®, -\<> and (7/5 (Y),®, -’<) are quasiordered, order complete conlinear spaces.
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PRrROOF. (i) By Proposition 22 and (i), (ii) of Theorem 6, (P (Y),<) and (P (Y), <) are
quasiordered and Dedekind complete. On the other hand, by Proposition 10, (P (Y),®)
is a conlinear space. It remains to show that (Q1) and (Q2) hold true. Let us consider
the case <. Take My, My, M3 € P (Y) such that M; < Ms. We have to show M; & Ms <
My & Ms, i.e.
VYm € My & Ms, HmIEMl@Mgi m’jm.

Take m € My ® Mg, i.e. m = mg + m3, mg € My, mg € Ms. Since My < My, there
is my € M such that m; < may. Applying (Q1) of Definition 17 in (Y, 4+, <) we obtain
m' :=myi 4+ mg < ma+ ms =m with m’ € M; & Mj, i.e. (Q1)is valid in (P(Y),®,=).
(Q2) is immediate. A similar procedure can be applied for <.

(ii) The extension to P (Y) is straightforward. m

~ ~1 0 ~
We denote by M and M the set of equivalence classes of P (Y') with respect to < and
= as defined in (2.15) and (2.16), respectively.
The relations < and < for equivalence classes are defined as in (2.17) and (2.18),

~* ~] <
respectively. The algebraic operation on M and M are defined by
Mf e M =Mo", Mol =M,
t- [Yl]* = [tYl]*, t- [Yl]o = [tYl]o
for Y1,Y € P(Y) and t > 0. As in (2.15) and (2.16) we set Y* = {M* : M e 73(Y)}

and )° = {MO M e 73(Y)} where M~ = Unrepn M’ and M = Unrrepae M’ respec-
tively.

Theorem 14 Let (Y, +, =) be a quasiordered conlinear space. Then:
]k ~N 0
(i) ([)ﬂ} , D, -4) and (M , D, -’<> are order complete, ordered conlinear spaces.

(ii) JA/*, ®,2) and )AJO, @, C ) are order complete, ordered conlinear spaces.
~ * ~7©
Proor. (i) ([)}} ,EB,<> and (M , D, 4) are order complete, ordered monoids by

Proposition 27. The conditions of (C2) of Definition 5 may be checked straightforward.
(ii) Similar to (i) invoking Proposition 28. [

Let (Y, +, <) be a quasiordered conlinear space. We define the set K of positive elements
by
K:={yeY:0=<y}.

It can easily be seen that K is a convex subset of Y by (Q1), (Q2) and transitivity and that
it is a cone in P (Y') by (Q2) containing 0 € Y by reflexivity. Therefore, from Proposition
17, we know that K is a convex element of P (V).
Since (Y,+) is not a group, it is not possible to get back the relation < from K in
general by defining
y=xy = ye{yakK,
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i.e. the relations <x and < do not coincide. More precisely, we have y; <g y2 implies
y1 = 12, but not conversely in general.

It is beyond the scope of this thesis to develop a theory of (quasi)ordered conlinear
spaces although this seems to be worth doing. We shall give only one more example for a
difference to the linear case.

Let (Y, 4+, R, <) be an ordered conlinear space and y1,y2 € Y. We call the set [y, y2] :=
{y €Y : y1 2y 2 y2} the order intervall between y; and y2. In ordered linear spaces,
the convex hull of {y1,y2} is always contained in the [y1,y2]. This is no longer true in
conlinear spaces as the following example shows.

1
Example 11 Take Y =P (]RQ), K=R, ( ) > and set for My, Ms € Y

My <k My <~— My C M ¢ K.

TakeM1:{<8>,<(1)>},M1:{<i),(g)}. Then My <g My but we have

neither My <g tMy + (1 —t) My nor tM; + (1 —t) My <g My fort € (0,1).

2.2.6 Ordered semilinear spaces

The order relations < and < for the power set of a linear space are the main motivation for
the considerations of this section. Therefore, we extend the definitions to the case where
a multipication with negative real numbers is available but the group property still does
not hold. Recall Definition 10.

Definition 18 Let (Y,+) be a semilinear space and = be a quasiorder on Y satisfying
(Q1) and (Q2) of Definition 17. Then (Y,+, =) is called a quasiordered semilinear
space. If < is additionally antisymmetric, i.e. a partial order, then (Y,+, <) is called an
ordered semilinear space.

Since a semilinear space is especially conlinear, the results concerning order completion
and the extension of the order to the power set remain true for semilinear spaces. We
shall present the results indicating in the proofs only the main differences to the conlinear

case.

Proposition 31 FEvery Dedekind complete quasiordered (ordered) semilinear space can be
extended to an order complete quasiordered (ordered) semilinear space by adding at most
two elements.

PROOF. Proceed as in Proposition 29: To maintain the semilinear structure of the exten-
sions, one has to define ¢t -l = [ and t - u = u for the largest element [ and the smallest
u and all ¢ € R\ {0} as well as 0-1 = 0-u = 0. Depending on the dominance property,
two cases are possible: [ +u =1 or [ + u = u. The conditions of Definition 10 are easy to
check. ]
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T * ~10 ~ ~
In the following theorm, we use the definitions of M , [y] , V*, Y° and the algebraic
operations and the order relations as in the preceding subsection on conlinear spaces.
Naturally, the multiplication with real numbers is defined as follows:

t-M:={t-m: meM}, t-[M]:=][t-M]
for t € R, M € P(Y), [M] € {[M]*,[M]°}.

Theorem 15 Let (Y, +, =) be a quasiordered semilinear space. Then:

(i) (7/5 Y),®, <) and (73 V), o, #) are quasiordered, order complete semilinear spaces.
]k ~] 0
(ii) (M , D, %) and ([)f} , D, 4) are order complete, ordered semilinear spaces.

(iii) <)A/*,EB,Z_>> and (370,@, Q) are order complete, ordered semilinear spaces.

PROOF. (i) This is true since (73 (Y),EB,%) and (73 (Y) ,@,4) are quasiordered, or-

der complete conlinear spaces by Theorem 13 and (73 (Y), 69) is a semilinear space by
Proposition 19.
(ii) The extension of the semilinear structure follows essentially from

t-([Mi] @ [Ma]) =t - ([My @ My]) = [t- (My ® Ma)] = [t - Mi] & [t - My

for My, Mz € P (Y), [] € {[]",[]°}-
(iii) This is a consequence of (ii) and Theorem 14. m

2.2.7 Historical comments

In the preceding section, basic order theoretic notation has been presented with special
emphasis on the two canonical extensions of an order relation from a set W to its power
set P (W). We refer the reader to the comprehensive 1993 survey [7] of a more algebraic
motivated approach to the topic of power structures. In this paper, the relations < and
=< are denoted by Rar and Rf, respectively. These and similar structures mostly defined
on finite or countable sets are widely used in theoretical infomation sciences, compare for
example the reference list of [7].

However, the question how algebraic and order structures have to be extended from a
given set to its power set has been investigated from several, quite different viewpoints.
Without intending to give a complete list we mention a few authors being of influence for
the present work.

The paper [129] by R. C. Young already contains the definitions of < and < implicitly
and presents applications to the analysis of upper and lower limits of sequences of numbers.
Nishianidze [95] also used the relations < and <. Construction mainly motivated by
applications in economical and social choice theory can be found e.g. in [88]. Compare
also the references therein, especially [68].
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In [78] one can find a systematic investigation of six extensions of a quasiorder <p
on a topological linear space with convex ordering cone K with nonempty interior to its
power set; the relations <x and <g are proven to be the only relations being reflexive
and transitive and definitions for in some sense convex setvalued maps are given. Several
subsequent papers of the three authors of [78] contain applications, see for example [77],
[76], [117] within the field of optimization with a setvalued objective function. For this
topic, compare also the book [63], especially Chapter V.

Finally, in [116] an algebraic approach to vector optimization has been presented in-
cluding some results on hull structures being in some sense related to power structures as
used in this section.

The formulas for infimum and supremum with repect to < and < in this section and
the relationships between extrema for these relations on one hand and infimal/minimal
points for < on the other hand seems to be new.

2.3 Topological and uniform structures

For the convenience of the reader, we recall in this section definitions, facts and refer-
ences concerning basic uniform and topological structures that are used in the subsequent
chapters. Moreover, some results are collected not being very much standard such as the
equivalent characterization of a uniformity by means of quasimetrics or an order metric.

Our standard references for this section are [75] and [72], for uniform structures also
[64] and [16].

2.3.1 Topological spaces

There are several possibilities to introduce the concept of a topology. In the following
definition, the neighborhoods of a point are used as the starting point since this is the
most convenient method for the proofs of the next subsection on uniform topologies.

Definition 19 Let Z be a nonempty set and for each z € Z let there be a nonempty set
N (z) CP(Z) satisfying

(T1) If N € N (z), then z € N;

(T2) If N € N (2) and N C N' € P(Z), then N' € N (2);

(TS’) If Ny, Ny € ./\/(Z), then N1 NNy € N(Z),

(T4) If N € N (2), then there is N' € N (z) such that N € N (2') for each 2z’ € N'.

An element N € N (2) is called a neighborhood of z € Z. The entity N (z) is called a
system of neighborhoods of z € Z. A subset T C Z is called open set iff T € N (z)
whenever z € T. The set T of all open sets is called a topology on Z and the pair (Z,T)
1s called a topological space.

The axioms (T2) and (T3) imply that AV (z) is a filter (see Definiton 0.1, 0.3 on p. 5f
of [64]). A filter base for N (z) is called a neighborhood base for z € Z. A subset
B(z) C P (Z) is a neighborhood base for z € Z if it satisfies (T1), (T4) with A replaced
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by B and
(T3’) If By, By € B(z), then there is B € B (z) such that B C By N Bs.

In this case, the subset of P (Z) that contains the supersets of members of B (z) satisfies
(T1) — (T4), i.e., it is a neighborhood system N (z) for z € Z. If a neighborhood base for
each z € Z is given, the corresponding topology is uniquely defined.

The complement Z\T for T' € T is said to be a closed set. Let M C Z be a subset of Z.
An element z € M is called interior point of M iff there is N € N (2) such that N C M.
The set of interior points of M is denoted by int M. The set cl M := Z\int (Z\M) is
called the closure of M.

A topological space is called separated or Hausdorff iff for any two distinct points
21,29 € Z there are disjoint open sets 11,15 € 7 such that z; € T} and 2z € T5. This
is equivalent to the property that the intersection of the closed neighborhoods of a point
z € Z contains only z itself. In a Hausdorff topological space, each set {z} for z € Z is
closed.

Prominent examples of topological spaces are topological (Abelian) groups. We give
the definition, compare for example [72], [54] or [64]. In order to do this one needs the
concepts of a continuous function and of a product topology.

Let (Z1,71), (Z2,72) be two topological spaces. A function f : Z; — Zs is said to be
continuous iff the inverse image of a member of 75 is a member of 7;. The collection of
all Cartesian products 11 x 15 for Ty € 77, 15 € 75 form the base for a uniquely determined
topology on the Cartesian product Z; x Z, called the product topology.

Definition 20 Let (Y,0) be a group supplied with a topology T . Suppose further that (i)
the mapping (y1,y2) — y1 © Y2 is a continuous function of the Cartesian product Y XY

Lis a continuous function of Y onto Y (y~! being

onto Y and (ii) the mapping y — y~
the inverse element of y with respect to o). Then (Y,0,7T) is called a topological group.

If the group is additionally commutative, it is called topological Abelian group.

A neighborhood N of 6 in a topological group (Y,0,7) is called symmetric if y € N
implies y~' € N. The symmetric neighborhoods of the neutral element # € Y form a
neighborhood base of # € Y. The topology of a topological Abelian group is uniquely
defined by a base of symmetric neighborhoods of the neutral element since {y} ® N is
a neighborhood of y € Y if and only if N is a neighborhood of # € Y. If B(0) is
a neighborhood base of § € Y and 7 the topology generated by B (), then (Y,7) is
separated if and only if ﬂBeB(G) B = {6}.

Let (Y,0,7) be a topological Abelian group with neutral element § € Y. Further,
let < be a quasiorder on Y such that (Y,o,<) is a quasiordered monoid in the sense of
Definition 16. Then (Y, 0,<,7) is called a quasiordered topological Abelian group.
We study two properties linking the order structure with the topological structure.

(A) There is a neighborhood base B (6) of § € Y such that

VBeB@#): #<y<y,ye€B) = ycB.
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(B) There exists a neighborhood base N () of § € Y such that
VNeN@O): y1<y<wysy,y2€N) = yeN.

Lemma 1 Let (Y,0,<,7) be a quasiordered topological Abelian group with neutral element
0 €Y. Then, the properties (A) and (B) are equivalent.

PROOF. First, we show that (A) implies (B). Let M € N (#). We shall show that there
is Ne N(0), NC M satisfying N={yeY: y1 <y <1y, y1,y2 € N}. Take B € B(0)
such that B® B C M and a symmetric N’ € N (f) such that N© N' C B. Let y € Y
such that y; <y <y for y1,y2 € N'. Then

0<yoy; ' <ysoy;' e NNON CB.

Hence y o y;* € B implying y € {m}®B C N®B C BO B C M. Hence N :=
{yeY: y1 <y<wys y1,y2 € N'} as desired.

Conversely, if N € N (0), N (0) satisfies (B) and § < y <y’ € N, then y € N since
feN. ]

Lemma 2 A quasiorder on a separated topological Abelian group satisfying (A) (and (B))
s antisymmetric, i.e., a partial order.

PRrOOF. If § <y < 0 for some y € Y, then y € B for each B € B () satisfying (A). Since
B is separated, the result follows. ]

Definition 21 A partial order < on a topological Abelian group (Y,o,<,T) satisfying (A)
(and (B), too) is called normal. In this case, (Y,0,<,7T) is called normally ordered.

A set M C VY satisfying M = {yeY : y1 <y <y, y1,y2 € M} is called full or satu-
rated. Thereby, condition (B) can be rewritten as: There is a neighborhood base of the
neutral element consisting of full (saturated) sets.

Let (Y,0,<,7) be a quasiordered topological Abelian group. Defining

P::{yEY:QSy}, P*l;:{y’ey;y’gg}
we may see that
Y1 <ya < yzoyfleP <— yloyglep_l.

Hence, a set M C Y is full (saturated) if and only if M = (M ® P)( (M ® P71).
If a quasiorder with the set P of "positive” elements is given, another quasiorder is
generated by cl P (note that (clP)™' = clP~1):

Y1 <apy2 == 1oy €cP <= yoy,  €clP L

The following relationship holds true concerning normality.
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Lemma 3 Let (Y,0,7) be a topological Abelian group and <p a partial order with P =
{y €Y : 0<y}. Then, <p is normal if and only if <. p is normal.

PROOF. Since y; <p yo implies y; < p y2, it is clear that the normality of <. p implies
the normality of <p.

Conversely, assume the normality of <p, i.e. there is a neighborhood base B (6) of
9 € Y such that B = (P® B)() (P~ ®B) for each B € B(f). Take B € B(f) and
y1,y2 € Y such that 0 <gp y1 <ap y2 € B. Since Y is a topological Abelian group, there
is B’ € B(#) such that B’ ® B’ C B (see e.g. [64], p. 37f). From 0 <.p y1 we obtain
y1 €EIPCP®B CP®B. From § <.qp y2 we get y, ' € cl P~ C P71 © B’ and using
this from y; < p ys it follows

pef{y'todrtc(PtoB)o(PtoB)crPlosB.
Therefore, y; € (P ® B)( (P~' ® B') = B as desired. m

The notion of a normal partial order and the corresponding normal cone (in the classical
sense) is a central concept in the theory of ordered topological linear spaces. Details,
especially some more equivalent characterizations can be found e.g. in [99], Chapter 2, or
[107], Chapter V, §3. Compare also [44], p. 24ff, and [58], Chapter 1.2. An interesting
result using the normality of orders on topological Abelian groups is Proposition 12 of
[87], p. 76. Note that condition (0.5) of [108], p. 1 is also a normality condition that is
used for the definition of quasimetric spaces.

2.3.2 Uniform spaces

Let X be a nonempty set. We consider a collection U of subsets F of X x X :=
{(z1,22) : 1,22 € X}. The set A = {(z,2) €e X x X : x € X} is called the diag-
onal. For E C X x X we denote E~! := {(x3,21): (z1,22) €E} and Eo E :=
{(x1,220) e X x X : Jx € X : (21,2),(z,22) € E}.

Definition 22 Let X be a nonempty set. A setld C P (X x X) is said to be a uniformity
on X iff

(U1l) E€U, ECE' implies E' €U and Ey, By € U implies E1 N Ey € U;

(U2) If E €U, then A C E;

(U3) If E € U, then there is E' € U such that E' C E~1;

(U4) For all E € U there is E' € U such that E' o E' C E.

The pair (X,U) is called a uniform space. The elements of U are called entourages or
surroundings. The uniformity U is called separated iff

(U5) Npeu E = A.

A uniformity ¢ on X is a filter by (U1), (U4). A filter base Up for the filter U is called a
base of the uniformity /.
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A set U C P (X x X) is a base of some uniformity U if it satisfies (U2), (U3), (U4)
with U replaced by Up and, additionally,

(U1’) If Eq, E2 € Up, then there is E € Up with E C Ey N Es.

In this case, a uniformity is obtained by taking supersets in P (X x X) of the members of
Up.

Let (X,U) be a uniform space. The family of sets U (z) := {Ug(z) : E € U} where
Ug (z) :={2’ € X : (x,2') € E} is a neighborhood system for z € X i.e., it satisfies (T1)
— (T4) of Definiton 19. Similarly, a base of the uniformity generates a neighborhood base
for each x € X. In this way, a uniquely defined topology, called the uniform topology
on X can be generated. If the uniformity is separated, then so is the uniform topology.

The class of separated uniform spaces coincides with the class of completely regular
(Tychonoff) spaces. This result is well-known, [72], Corollary 17, p. 188 or [75], p. 48-50.

Metric spaces, topological groups and hence topological linear spaces can be supplied
with a uniform structure such that the given topology is the corresponding uniform topol-
ogy. For example, let (Y,0,7) be a topological Abelian group and B (#) a neighborhood
base of the neutral element § € Y. Take B € B (¢) and define a subset of Y x Y by

Ep = {(yl,yg)EYxY: yl_lonGB}.

The set {Ep: B € B(6)} is a base for a uniform structure on Y. Of course, if Y is not
commutative one has to distinguish between a ”left” and a "right” uniformity. See the
book of James [64] for this and further related results.

There are other possibilities to generate a uniform structure: via a family of realvalued
pseudometrics or quasimetrics and via an order metric. We shall give the definitions since
they will admit a greater degree of freedom in defining an order relation on X that is an
essential ingredient of minimal element theorems.

The first equivalent description of a uniformity is via a family of pseudometrics. This
notion is standard in textbooks on uniform spaces, compare [72], [75], [21], [64], [16].

Definition 23 Let X be a nonempty set. A function p: X x X — IR is called a pseu-
dometric on X iff for all x,x1,x9 € X the following conditions are satisfied:

(UP1) p(z1,22) > 0 and p(x,x) = 0;

(UP2) p(x1,22) = p (w2, 21);

(UP3) p(x1,22) < p(z1,2) + p(x,22).

Let (A, <) be a directed set. A set {px}\cp of pseudometrics py : X x X — IR satisfying
(UP4) A\, pp € A, X < p implies py (z1,22) < pyu (z1,22) for all 1,29 € X

1s called o family of pseudometrics. If, additionally, the condition

(UP5) If px (z1,22) =0 for all A € A, then x1 = x2.

is satisfied, then the family of pseudometrics is called separating.

The following proposition gives the relationsship between uniformities and pseudometric
spaces. It is a fundamental result on uniform spaces.
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Proposition 32 (i) Let (X,U) be a (separated) uniform space. Then there is a (separat-
ing) family {pr},\cp of pseudometrics on X such that the entity of sets

Eyy i ={(z1,22) € X x X : px(z1,22) <71}, A€A >0, (2.23)

is a base for the uniformity U.
(ii) Let X be a nonempty set and {px}\cp @ (separating) family of pseudometrics on
X. Then the entity of sets given by (2.23) is a base for a (separated) uniformity U on X.

PROOF. The proof is standard in text books on uniform spaces. Compare [72], Metrization
Lemma, Theorems 15, 16. The proof of (i) is essentially based on a metrization procedure,
(ii) can be verified directly checking the properties for bases of uniformities. ]

A family of pseudometrics generates a uniformity and hence a corresponding uniform
topology. More precisely, we have the following result.

Corollary 7 A topological space (X,T) is a (separated) uniform space if and only if its
topology T can be generated by a (separating) family of pseudometrics.

PROOF. If {pr},ca is a family of pseudometrics on X, then the entity of sets
Nyy(x):={a" e X: py(2/,2) <r}, AeA r>0,zeX (2.24)

is a neighborhood base for some topology on X that coincides with the uniform topology
generated by {pr},cp- Conversely, if 7 is a topology on X generated by some uniformity
U on X, then there is a family of pseudometrics yielding a base for U via (2.23) and also
a base for the uniform topology via (2.24). ]

Fang [33] introduced so called F—type topological spaces using families of quasimetrics.
It has been observed in [51] that this is just another way to generate the topology via a
uniformity.

Definition 24 Let X be a nonempty set and (A, <) be a directed set. A set {qr}ycp of
functions g\ : X x X — IR is called a family of quasimetrics on X iff the following
conditions are satisfied:

(UQ1) qx (x1,22) > 0 and gy (z,x) =0 for all X € A and all z, 21,29 € X;

(UQ2) qx (x1,x2) = qx (x2,21) for all X\ € A and all 1,22 € X;

(UQ3) For all X € A there is p € A such that X < p and gy (x1,22) < qu (21, %)+ (@, 22)
for all x, 21,20 € X;

(UQ4) \,pp € A, X < p implies gy (x1,x2) < qu (x1,22) for all 1,29 € X.

If, additionally, the condition

(UQ5) if gx (x1,22) =0 for all X € A, then x1 = xo;

s satisfied, then the family of quasimetrics is called separating.
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Proposition 33 (i) Let (X,U) be a (separated) uniform space. Then there is a (separat-
ing) family {qx}\cp of quasimetrics on X such that the entity of sets

Ey, ={(z1,22) e X x X : qx(z1,22) <71}, A€EA, r>0, (2.25)

s a base for the uniformity U.
(ii) Let X be a nonempty set and {qr} cp @ (separating) family of quasimetrics on X.
Then the entity of sets given by (2.25) is a base for a (separated) uniformity U on X.

ProOF. (i) Apply Proposition 32, (i) to get a family of pseudometric generating the
topology. Since every pseudometric is all the more a quasimetric, the result follows. (ii)
Check the properties for a base of a uniformity for the entity of sets E , in (2.25). m

Corollary 8 A topological space (X,T) is a (separated) uniform space if and only if its
topology T can be generated by a (separating) family of quasimetrics.

PRrROOF. This can been seen by the same arguments as in the proof of Corollary 7. See
also [51], p. 579, Theorem 2.4. m

The next possibility to introduce a uniformity uses functions on X x X to some ordered
topological group Y with properties very close to the properties of a metric in the usual
sense.

Definition 25 Let X be a nonempty set, (Y,0,<,7) a normally ordered topological Abelian
group with neutral element € Y. A function D : X x X — Y is called an order pseu-
dometric iff for all x,x1,22 € X the following conditions are satisfied:

(UM1) 6 < D (x1,22) and D (x,z) =6;

(UM2) D (z1,x2) = D (x2,21);

(UM3) D (x1,22) < D (x1,z) 0 D (x,23).

If, additionally, the condition

(UM4) D (x1,z2) = 6 implies ©1 = xo;

is satisfied, then D is called an order metric!. The pair (X, D) is called an order
(pseudo)metric space.

If Y = IR, i.e. the set of real numbers together with the usual addition, order relation and
topology, the widely used definition of a metric space is obtained.

The above definition can be generalized in different directions. For example, Y can
be assumed to be not a group but an ordered monoid. Compare e. g. [108] for details
and the practical importance of more general structures. Also, some of the axioms can
be relaxed. In the following chapter, a generalization is given in order to obtain as much
freedom as possible to define order relations on uniform space.

"We would prefer simply to speak of (pseudo)metrics. For historical reasons, we keep on using the term
” (pseudo)metric” only in case Y = IR.
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Proposition 34 Let X be a nonempty set, (Y,0,<,7T) a normally ordered topological
Abelian group with neutral element 6 € Y and D : X x X — Y an order pseudometric.
Let B (0) be a neighborhood base of 0 € Y consisting of symmetric neighborhoods. Then,
the entity of sets

Ep:=D'(B)={(z1,22) € X x X : D(x1,23) € B}, BeB(H) (2.26)

is a base of a uniform structure on X. The corresponding uniform topology coincides with
the topology generated by D. If D is an order metric, the uniformity is separated.

PROOF. Denote Up = {Ep: B € B(#)}. First, take E1,E> € Up. Then there are
B1, By € B(0) such that By = D™ (B;), By = D! (By). Since B () is a neighborhood
base of § € Y, there is B € B (6) such that B C By N By. It is easy to see Ep € Up and
Ep C E1N Es.

It remains to show that Up satisfies (U2), (U3) and (U4). (U2) follows from (UM1)
whereas (U3) is a consequence of (UM2) since the elements B € B () are symmetric.

To show (U4), take Ep € Up. Since (Y,0,<,7) is a topological Abelian group, there
is B’ € B(0) such that B’® B’ C B. Set E' = D! (B’) and take (r1,72) € E' o E'. Then
there is 2 € X such that (z1,z), (x,22) € E'. From (UM3) we obtain

D (z1,72) < D (21,2) 0 D (z,29) € B ® B' C B.

Therefore D (z1,22) € B by normality of <. Hence (z1,22) € Fp and E' o F' C Ep as
desired.
The last assertions are obvious. ]

Proposition 35 Let (X,U) be a (separated) uniform space. Then, there is a topological
Abelian group and an order pseudometric (metric) such that D generates the uniform
structure U on X wvia (2.26).

PROOF. Since (X,U) is uniform, there exists a family of pseudometrics {py} ¢, such that
the entity of sets

E)\JAZ:{(‘Tl,fL'Q)GXXXZ p,\(xl,azg)gr}, AeEA r>0

is a base for the uniformity U.

Define y := (ry),cp, € R* =1 Y, r\ € R. With the usual componentwise addition and
y <wyiff ry —r) >0 for all A € A, we obtain a partially ordered Abelian group (Y, +, <)
with neutral element 6 := (0)),c,. It is not hard to see that the sets

Biymy =y €Y : |ra| <t |ra, | <t}

for t >0, n € IN\ {0}, A(n) = {\,...,\n} € A form a neighborhood base of a topology
7 such that (Y,+,<,7) is a normally ordered, topological Abelian group. Defining D :
X x X — Y by

D (x1,z2) := (px (3317352)),\61\
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we may easily verify the axioms (UM1)-(UM4) from (UP1)-(UP4). Moreover, the defini-
tion of D ensures that the uniformity generated by D coincides with ¢/. This completes
the proof. ]

Remark 8 Propositions 34 and 35 show that a space admits a uniformity if and only if
it admits a metric in the sense of Definition 25. This observation is due to [66], but it is
much less standard than the formulation via families of pseudometrics.

Proposition 36 Let X be a nonempty set, (Y,0,<,7T) a normally ordered topological
Abelian group with neutral element 6 € Y and D : X x X — Y an order pseudometric.
The sets

Np(z):={a'€ X: D(z,2") € B}, BeB(0)

form a neighborhood base of x € X. The collection
N:={{Np(z): BeB(#)}: z€ X}

is a neighborhood base on X generating a topology T. If D is an order metric, the (X,7T)
1 a separated topological space.

PRrROOF. It suffices to show that N (x) := {Np (z): B € B(0)} satisfies (T1), (T3) and
(T4) of Definition 19. (T1) is clear from (UMI).

To prove (T3) take By, By € B (). Since B (0) is a neighborhood base of 6 € Y, there is
B € B(0) such that B C By (] Bs. Since for 2’ € Np (z) we have D (z,2') € B C By () B2
we may conclude Np () C Np, () N, (z), hence N (x) satisfies (T3).

To show (T4) take B € B() and 2’ € Np (x). Since B(0) is a neighborhood base of
6 €Y and y := D (z,2') € B there is a neighborhood N (y) C Y such that N (y) C B.
Since {y~'} ® N (y) is a neighborhood of § € Y, there is B’ € B(f) such that B’ C
{y~'} ® N (y). This implies {y} ® B' C N (y) C B. Take u € Np/ (z'). From (UM3) we
get

D (z,u) <D (z,2") o D (2/,u) € {y} ® B' C B.

The normality of < implies D (z,u) € B, hence u € N (z) and therefore Np/ (z') C
Np (x). This completes the proof. m

Note that the group Y in Proposition 34 — 36 can be replaced by a locally convex space
with a normal cone, see [91]. A definition of locally convex spaces is given below. To the
opinion of the author, the choice of a normally ordered topological Abelian group admits
a lucid formulation without to much non—standard technicalities. We refer the reader also
to [27] and the various papers of A. B. Nemeth about so called cone valued metrics.

Thus, if a uniform space is given (say, by a base for the uniformity, i.e. for the system of
entourages), there are at least three further possibilities to generate its uniform structure
as well as the corresponding uniform topology.
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2.3.3 Completeness in uniform spaces

Many topological concepts carry over from the metric to the uniform case. The concepts
of a Cauchy sequence (net) and completeness are of importance for the formulation of
variational principles. Therefore, we shall give the definitions.

Let (X,U) be a uniform space. Let (A, <) be a directed set. A net {z,},cq € X is
called a Cauchy net iff

VEcUJag € A: (a,aa € A, ap < a1 < e = (Tay,Tay) € F).

The net {4}, 4 € X is called convergent to x € X iff

VEcUJag e A: (,€ A, ap <a = (z4,2) € E).

The uniform space (X,U) is called complete iff every Cauchy net converges to some
element x € X. The uniform space (X,U) is called sequentially complete iff every
Cauchy sequence ((A, <) = (IN, <)) converges to some element z € X.

In the above definitions, it suffices to involve elements E € Up for a base Up of the
uniformity #. A base may be generated by a family of pseudometric, of quasimetrics
or by an order pseudometric. Therefore, there are several possibilities to characterize
Cauchy (convergent) nets. For example, if an order pseudometric D : X x X — Y is used,
(Y,0,<,7) being a normally ordered topological Abelian group, the property of being a
Cauchy net can be expressed as follows:

VBeB(#) Jape A: (1,0 € A,ap < a1 <aga = D (24, %a,) € B),

where B (0) is a neighborhood base of § € Y.

2.3.4 The linear case

Linear spaces are special cases of conlinear spaces defined in Section 2.1.2.

Definition 26 Let (X,+) be a linear space supplied with a topology T. Suppose further
that (i) the mapping (x1,x2) — 1 + x2 is a continuous mapping of the Cartesian product
X x X onto X and (ii) the mapping (t,z) — tx is a continuous mapping of R x X onto
X. Then (X,+,T) is called a (real) topological linear space.

A standard reference is the book of Ko6the [75]. Since a topological linear space is especially
a topological Abelian group with respect to addition, it is clear that it can be provided
with a unifom structure in the same way, i.e., the topology of a topological linear space
is uniformizable ([75], §15, (3), p. 150). Hence, Propositions 32 and 7 as well as 34 and
36 remain in force, i.e., the uniform structure as well as the topology of a topological
linear space can be generated by an order pseudometric or by a family of realvalued
pseudometrics.

An important subclass of the class of topological linear spaces is the class of locally
convex spaces. A definition is as follows.
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Definition 27 A topological linear space (X, +,7T) is called locally convex topological
linear space (for short: locally convex space) iff there is a neighborhood base of 6 € X
consisting of convex sets.

Hyers [56], [57] and LaSalle [79] observed that every topological linear space admits a
system of quasinorms generating the topology. The definition is as follows.

Definition 28 Let (X,+) be a real linear space and (A, <) be a directed set. A system
-lIxYaen of functions ||-[|y : X — R is called a family of quasinorms on X iff for all
x, 21,22 € X the following conditions are satisfied:

(NQ1) ||z||, >0 for all X € A;

(NQ2) |[tx||y = |t| |||y for allt € IR and X € A;

(NQ3) For all A € A there is p € A such that A < p and |[z1 + x|\ < [z, + [lz2l],-
(NQ4) A\ € A, X < pimplies ||z[|y < |lz],

If, additionally, the condition

(NQS5) If ||z||, = 0 for all X € A, then x = 0;

1s satisfied, then the family of quasimetrics is called separating.

Given a family of quasinorms {||-||,},c, on the linear space X, the expressions
ax (w1, @2) := [lor — @2y, AEA, 21,32 € X

define a family of quasimetrics on X generating a uniform structure. The corresponding
uniform topology 7 on X can be generated by the sets

By, ={zeX: |z|y,<r}, e A, r>0

forming a neighborhood base of # € X on X. The couple (X,7) is a topological linear
space. The following result is due to Hyers and LaSalle. A concise proof and some more
details can be found in [81].

Proposition 37 A linear space (X, +) is a (separated) topological linear space with respect
to a topology T on X if and only if the topology can be generated by a (separating) family
of quasinorms on X.

PROOF. See [56], [79] or [81], Theorem 1.6. m

Remark 9 If the choice = X is always possible in (NQS3) of Definition 28, the function

Il 4s called a (realvalued) seminorm?

. If the topology of the linear space X can be
generated by a family of seminorms, the resulting topological linear space is a locally convex
space. In this case, the sets By, are convez, hence there is a neighborhood base of 0 € X

consisting of convex sets.

2This term is not consistent with Definition 23. It seems to be preferable to replace the term ”seminorm”
by ”pseudonorm” since every seminorm generates a pseudometric in an obvious way. However, we keep on
using ”seminorm” for historical reasons.



56 Chapter 2. Basic Framework

As it is the case for uniform spaces, the family of quasinorms can be replaced by a single
norm with values in a set with less structure than the set of nonnegative real numbers.

Definition 29 Let (X, +) be a linear space and (V,+, <k) be a quasiordered linear spaces
where K C V is the convex ordering cone. A function N : X x X — V is called an order
quasinorm iff there is a linear mapping T : V — V such that T (K) C K and for all
x,x1,22 € X the following conditions are satisfied:

(N1) 0 <k N (x) where 8 € V is the neutral element of (V,+);

(N2) N (tx) = |t| N (z) for allt € IR;

If, additionally, the condition

(N4) N (z) =0 € V impliesx =0 € X ;

is satisfied, then the order quasinorm N is called separating.

If T is the identity, the function N satisfying (N1) — (N3) is called order seminorm. A
separating order seminorm is called order norm.

The concept of an order norm has been introduced by Kantorovich [69]. It is used in
vector optimization and approximation theory, compare the books of Jahn [62], [63] as
well as [44], for example. Order norms are sometimes called vector-valued or cone-valued
norms.

Order quasinorms with values in topological semifields appeared in [2]. The following
two propositions contain a complete characterization of topological linear spaces using
order quasinorms. For this purpose we use a procedure close to that of [70], Theorem 3
and 4, but avoiding the use of topological semifields explicitly.

Proposition 38 Let (X,+) be a linear space and (V,+,S,<k) be a normally ordered,
locally convez topological linear space with convex ordering cone K. Let S (0) be a neigh-
borhood base of 0 € V' consisting of convex full sets. If N : X — V is an order quasinorm
on X, then the following assertions hold true:

(i) The entity of sets

Bs:={zeX: N(z)e S}, SeS§(0)
form a neighborhood base of 8 € X for some topology T on X; it is the coarsest topology
on X such that (X,+,7T) is a topological linear space and N is continuous at 0 € X;
(ii) The entity of sets
Eg = {(.’L’l,xg) e X xX: N((L‘l—l'g) ES}, SGS(H)
form a base of a uniformity U on X such that T is the uniform topology generated by U.

(iii) If N is separating and (V,S) is separated, then the topology T and the uniformity U
are separated as well.
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PRrROOF. (i) Since V' is normally ordered, there is a neighborhood base S (6) of § € V
satisfying (B), i.e.

VSES(@):UL’UQES, M <gv<gunelS = vels. (2.27)

Define B := {Bg: S € §(0)}. Let us show that B is a neighborhood base of § € X for
some topology 7.

First, let By, By € B, i.e. there are S1,S2 € S (0) such that B; = {x € X : N (z) € S;},
i = 1,2. Since S(#) is a neighborhood base of 6 € V, there is S € S () such that
S CS5 mSQ It follows that Bg C By nBQ.

Next, take B € B, i.e. there is S € S (f) such that B={z € X : N (z) € S}. We are
going to show that there is B” € B such that B” @& B” C B. Since S (6) is a neighborhood
base of § € V, there is S € §(6) such that S’ @ S’ C S. Since T is continuous, there
is S” € §(0) such that T (S”) C S, hence T (S") & T (S”) C S. Take 1,29 € B” :=
{re X : N(x)e S"}. By (N3) of Definition 29 we obtain

N (21 + 39) <g T (N (1) + N (22)) = T (N (21)) + T (N (z)) € T (9") & T (5") € S.

(2.27) implies N (x1 4+ x2) € S, i.e. &1 + x2 € B. Therefore, B” & B” C B as desired.

Take B € B, i.e. B = Bg for some S € S (). We show that there is S € § () such
that tBgs C B whenever [t| < 1. Indeed, since S (6) is a neighborhood base of § € V,
there is S’ € S () such that tS” C S whenever |t| < 1. Take z € By, i.e. N(x) € 5.
Then tx € tBg and by (N2) of Definition 29 it follows

N (tx) = |t| N (z) € |t| S’ C S,

therefore tx € B and consequently tBg: C B.

Finally, we shall show that the sets Bg are absorbing. Take S € S(f) and = € X.
Since S is absorbing, there is ¢t > 0 such that N (z) € tS. (N2) of Definition 29 and the
definition of Bg imply x € tBg as desired.

Concludingly, there is a topology 7 such that the couple (X, 7) is a topological linear
space such that B is a neighborhood base of § € X. Of course, this topology is the coarsest
one making N continuous at # € X.

(ii) Is clear since the topology of a topological linear space is uniformizable.

(iii) Is obvious from (N5) of Definition 29, since z € {r € X : N (z) € S} for all
S € §(0) implies N (Z) € (ges(p) S- Hence N (z) = 0 since (V,S) is separated. m

Remark 10 If the order quasinorm is such that T can be chosen to be the identity, the
resulting topology on X is locally convex since the sets Bs = {x € X : N (x) € S}, S €
S (0) are convexr: Take x1,29 € Bg, t € (0,1). Then N (x1),N (z2) € S. (N3) and (N2)
of Definiton 29 and the convexity of S imply

N(t:l,‘l + (1 —t){L‘Q) <K tN(l‘l) + (1 — t)N(l’g) €S
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The next proposition shows that every topological linear space can be supplied with an
order quasinorm generating the topology.

Proposition 39 Let (X,+,7) be a topological linear space. Then there are a normally
ordered, locally convex space (V,+,S,<k) with convex ordering cone K, an order quasi-
norm N : X — V and a continuous linear operator T : V. — V such that T (K) C K and
(i) For every neighborhood B of § € X there is a S € S(0), S(0) being a neighborhood
base of 0 € V' such that

{reX: N(z)e S} C B;

(ii) For every neighborhood S of 6 € V, there is a neighborhood B of § € X such that
BC{xeX: N(z)eS}.

PROOF. Proposition 37 tells us that there is a family {||-||,},c5 of quasinorms generating
the topology, i.e. the family of sets

{reX: |z|y,<r}, r>0, A€ A

is a neighborhood base of § € X. Consider the locally convex space IR® being normally
ordered by K = IRQ. Define

N (@) = ([zll3) ren -

The space IR® can be identified with the set of all functions mapping A into IR. In this
sense,

N (z) (A) = =[x, A € A
By (N3) of Definition 28, there is a mapping ¢ : A — A such that for each A\ € A

lz1 + 22|, < ||£L“1H¢(,\) + ||$2||¢(A) :

Denoting an element of R* by v = (A)xen» We define a mapping 7 : RA — RA by

T ((vA)ren) = (Uqﬁ(/\)))\eA'

We claim that 7 is linear, positive and continuous at § € IR*. Linearity and positivity are
obvious. To show the continuity, take a neighborhood of § € IR, i.e. choose r1, ... 7 > 0,
A, ..., An € A and consider

S = {UEIRA: oy, <ri, i=1,...,n}.
The set
S = {wEIRA: ‘w(z,()\i)‘ < 1y, izl,...,n}

is also a neighborhood of § € V. Moreover, {v € R v=Tw, we St =T(8) C S,
since v € T (S") means v = T'w for some w € S, hence |v),| = }"%(/\i)‘ <rifori=1,...,n.
This proves the claim.
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The mapping N defined above is an order quasinorm. The conditions (N1), (N2) and
(N3) of Definition 29 are easy to check.
Let us prove (i). It suffices to show that for each

B:={zeX: ||z, <r},r>0, A€ A

there is S € S(0), S C R” such that Bg := {r € X : N (r) € S} C B. This is obvious
for S ={veR": |uy| <r}.
Finally, we show (ii). Take S € S (0), S C RA, i.e.

S:{UEIRA: luy,| < 74, izl,...,n}.

Then

n
{reX: N@)eSt=V{zeX: ||zl <r}.
i=1
The sets {z € X : ||lz|, <ri}, i = 1,...,n, are neighborhoods of § € X. Hence there
is a neighborhood B C {z € X : N (x) € S} of # € X. This completes the proof of the
proposition. H

Remark 11 If (X, +,7) is a locally convex space, the mapping T can be chosen to be the
identity. This is due to the fact that in the proof of Proposition 39 the family of quasinorms
can be replaced by a family of seminorms.

Taking Remark 10 into account, the class of separated locally conver spaces coincides
with that of order normed spaces.

2.3.5 Conlinear spaces via topological constructions

Starting with a topological linear space (V, +,7) we may construct conlinear subspaces of

(73 V), EB) with the help of topological properties. We refer the reader to the thesis [83]
for a far reaching application for the case V = IR".

Example 12 Let (V,+,7) be a topological linear space and denote by F (V') the set of
all closed subsets of V.. The Minkowski sum of two closed sets is not closed in general.
Therefore, we define for Wi, Wy € F (V)

Wl@WQ =cl (W1 D WQ) .

Then (f(V) ) EAB) s a semilinear space, hence also conlinear.

Using the conventions of Proposition 19 we only have to show the law of assoziativity
for &, see (S1) of Definition 10. We show that cl (W1 & Wa) @ W3 C cl (W1 @ Wy & Ws).
Indeed, if w € cl (W1 @ Wa) @ Ws, thenw € (W1 & Wa @ B) @ Ws for each member B of a
neighborhood base of 0 € V. Since @ is associative, this implies w € (W1 @& Wy @ W3) @ B,
hence w € cl (W1 @ Wa @ W3). The opposite inclusion follows by symmetry.

In a similiar way, the set of all closed convex subsets of a topological linear space can
be provided with a semilinear structure.
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Chapter 3

Order Premetrics and their
Regularity

A basic ingredients for results in the spirit of Ekeland’s variational principle is a metric
space and an order relation on the space defined in terms of the metric itself. If a function
is involved that maps not into the reals but into a more general set, for example a linear
space, the metric has to be replaced by an expression mapping into the same set. On the
other hand, not all properties of a metric are really essential for a proof of a variational
principle. This has been already realized in [8]. Therefore, we extend the concept of a
(realvalued) metric to functions into ordered monoids maintaining only a few but not all
properties of a metric. We do not focus on topological structures which may be generated
by such extensions of a metric as it has been done in Section 2.3 with the concept of order
(pseudo)metrics. Of course, an order (pseudo)metric is an example of an order premetric
that is introduced in the next definition.

Definition 30 Let X be a nonempty set and (Y, 0,<) a quasiordered monoid with neutral
element @ € Y. A function ® : X x X — Y is called an order premetric iff the following
conditions are satisfied:

(P1)Vrx € X: 0 = O (z,x);

(P2)Vxi,x9 € X: 0 < O (x1,22);

(P3) Vxi, 9,23 € X: & (x1,23) < P (21,22) 0 P (22, 23).

The condition (P1) is not a true restriction as the following lemma shows.

Lemma 4 Let X, Y be as in Definition 30 and ¥ : X x X — Y be a function satisfying
(P2) and (P3). Then the function ® : X x X — Y defined by

B (21, 29) ::{ ;I’("“"”“”?) iiiiz (3.1)

is an order premetric.
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ProoF. For @, the conditions (P1), (P2), (P3) may be checked straightforward. [

Definition 31 Let (X,U) be a uniform space and (Y,o,<) a quasiordered monoid with
neutral element 0 € Y. A function ® : X x X — 'Y satisfying (P2), (P3) of Definition 30
is called (sequentially) regular with respect to y1,y2 € Y iff it satisfies:

(P4) If {an},en € X and

n
VnelN: yjo Z(I) (Tpt1, i) < Yo,
k=0

then {xp}, oy 8 asymptotic, i.e.
VEcU Ingp e NVn >ng: (xpy1,2,) € E.

Note that, if (X,d) is a metric space, a sequence {z,}, . is asymptotic if and only if
lim,, 00 d (41, 2n) = 0. The definition above applies also to this case.

Let Y be not only a monoid but also a group. Then y; 0 Y ) ® (zg41,2x) < yo for
all n € IN if and only if & < >°7_, ® (2g11,7%) < yp oy, for all n € IN. Hence, it is
enough to assume that the boundedness of above of {} ;o ® (241, xx) : n € IN} implies
that {xn}, cn is asymptotic.

Lemma 5 Let (X,U) be a uniform space, (Y,0,<) a quasiordered monoid and ¥ : X x
X =Y be a function satisfying (P2) and (P3). Then, the order premetric ®, defined via
(3.1) is regular if and only if W is reqular.

ProoF. Clearly, the regularity of ® implies the regularity of W. To show the converse,
assume the regularity of ¥ and take a sequence {z,},.n € X such that

n
VneWN: y10Y & (zpi1,2k) < v
k=0

If 41 = x,, for some n € IN, we may delete x,+1 from the sequence since (41, 2,) € E
for each F € U in this case. Doing this as long as possible, we either obtain only finitly
many elements of the original sequence or a subsequence {y, },.¢ € X such that z,, 11 #
Zp,. In the first case, the original sequence is constant up to finitely many elements and
hence asymptotic. In the second case, we have ® (2,41, n,) = V (2,41, Zp,) for all [ € IN.

This implies
!

VieIN: OZ\I’(ﬂ?nk+1,$nk> < ys.
k=0

JFrom the regularity of ¥ we may deduce that for £ € U and n; € IN sufficiently large,
we have (zp,+1,%n,) € E. This completes the proof. u
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Example 13 In [65], Kada et al. introduced the concept of a w-distance as follows: Let
(X,d) be a metric space and w : X x X — IRy be a function satisfying (i) w (x1,z3) <
w(x1,22) + w(x9,x3) for all x1,x2,23 € X; (i) For each xg € X, the function x —
w (xo, x) is lower semicontinuous; (iii) For each € > 0, there is § > 0 such that w (z,x1) <
0, w(x,x2) < 6 imply d(z1,x2) < €.

We show that a w-distance is a regular premetric with (Y,o0) = (R4, +) and the usual
<-relation for real numbers for y; = 0 and each yo = r € IRy. To this purpose, take a
sequence {Tn}, ey C X such that Y ) _gw (Tpq1,2x) < 7 is true for all n € IN. Since
0 < w(xpy1,n) for all n € IN, this implies 0 = limy,, 0o W (Tp41,2n). Fize > 0. Then
there is n. € IN such that

N

)
Vn > ne s w(xn, Tni1) < 3 < 0, W (Tpp1, Tpt2) <

with 6 > 0 from (iii). By (i), we obtain
W (T, Tng2) < W (Tn, Tpy1) + W (Tpy1, Tng2) < 0.

and therefore from (i) d (py1,Tny2) < € for alln > n.. Hence the sequence {xn}, cn 15
asymptotic.

In [65], a list of examples can be found showing that the set of w-distances contains
the metric d but much more elements. Note that already in Bronstedts paper [8] similar
functions has been used on uniform spaces.

Example 14 A simple example of an ordered monoid is (Y := Ry U {+oo},+,<). Let
(X,d) be a metric space. Then d is a regular order premetric with respect to y; = 0,
yo=1€ Ry ; Y, but not with respect to ya» = 400 € Y, of course.

Example 15 Let (X,d) be a metric space and let (Y,+,7,<k) be a normally ordered
separated locally convexr space with ordering cone K C Y. Take k € K\{0}. Then
O (z1,22) = kd(z1,22) is a regular order premetric in the sense of Definition 30. This
result is presented by Isac, compare Proposition 1 and the proof of Theorem 3 of [59].

Example 16 Let (X,U) be a uniform space and let (Y,o0,<,T) be a normally ordered
topological Abelian group. Then, every order pseudometric D : X x X — Y in the sense
of Definition 25 is an order premetric.
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Chapter 4

Variational Principles on Metric
Spaces

In this chapter, we are dealt with ordered metric spaces. We ask for circumstances en-
suring the existence of minimal elements with respect to the given order relation. The
completeness of the space in connection with a certain regularity assumption of the order
turns out to be the crucial point. We state three equivalent formulations of the main
result and draw a series of corollaries including new results as well as almost all known
theorems that are equivalent to or generalizations of Ekeland’s variational principle on
metric spaces.

4.1 The basic theorem on metric spaces

4.1.1 Preliminaries

Let (X, d) be a metric space provided with a quasiorder <, i.e. a reflexive and transitive
relation. In the following, we simply denote the lower sections S; () = {2’ € X : 2/ <z}
by S (x) for x € X, compare Definiton 12.

A sequence {z,},. € X is said to be decreasing with respect to < iff

VneN: xpi1 2 ap.

The metric space X is said to be <—complete iff every decreasing Cauchy sequence
in X converges to some element of X. Of course, every complete metric space is <—
complete for every quasiordering < while the converse is not true: Take X = [0,1) and
the usual <-relation. A quasiorder < is called lower closed iff for any decreasing sequence
{zn},en © X converging to some z € X

VnelN: z <z,

holds true. A quasiorder is lower closed if and only if the sections S (x) are closed with
respect to decreasing sequences, i.e. if {z,}, v € S () and lim, o0 2, = &, then 2 €

65
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S (z). A quasiorder < on a metric space X is called regular iff every decreasing sequence
{Zn},ew € X is asymptotic, i.e.,

lim d(zp41,2n) =0.
n—oo

Regularity improves the properties of the order as the following proposition shows.
Proposition 40 A regular quasiorder < on a metric space X is antisymmetric.
PROOF. Take z,z’, € X such that 2’ < z as well as x < 2/. Define

{z,} = {a:,:n',a:,x',a:, .. }

being a <—decreasing sequence. The regularity of < implies z = z’. ]

If < is a regular quasiorder on X, Proposition 40 admits to say that £ € X is a minimal
point with respect to < iff {z} = S (7).

4.1.2 The basic theorem

The stage is set for the basic minimal element theorem on metric spaces.

Theorem 16 Let the following assumptions be satisfied:

(M1) (X,d) is a metric space;

(M2) =< is a reflexive and transitive relation on X such that X is <—complete;
(M3) =< is reqular;

(M) =< is lower closed.

Then, for each xg € X, there exists T € X such that

z €S (x) and {z} =S (z).

PROOF. Starting with zo € X, we define a sequence by choosing x, 1 € S (z,,) such that

1
d(zpi1,Tn) > sup d(z,z,) — — if  sup d(z,z,) < +o0
z€S(zn) n x€S(Tn)
or d(Tnt1,7n) > 1if sup,eg(e,) d (7, 2,) = +o0o. There is ng € IN such that the latter
case can not occur for each n > ng. Otherwise, we may obtain a decreasing sequence with
d(xp41,2,) > 1 for all n € IN contradicting the regularity.
The transitivity of < implies z,, € S (z,,) for m > n. From this, we get
1
d(xmvxn) < sup d(x7$n) < d($n+1,$n) + =
2€S(zn) n
for all n € IN, n > ng. Assumption (M3) implies that {z,}, . is a Cauchy sequence,
hence convergent to some z € X. By (M4), we have Z € S (x,,) for all n € IN. Especially,
res (l’o)
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Take 2/ € S (z). Then by transitivity, ' < Z < x,, hence 2’ € S (z,,) for all n € IN.
This implies
1
d (:):’,xn) < sup d(z,xn) < d(Tpt1,Tn) + —.
IES(IW.) n
Concludingly, x,, — 2/, hence 2’ = T and therefore, {Z} = S (Z). This completes the
proof. |

Remark 12 Starting with a relation =<' being only transitive, we can obtain a quasiorder-
g = by defining

<z <= 2 <"z or ==z
If (M3) and (M) are satisfied for =<', then for =<, too. Therefore, the restriction to

quasiorders is not essential. Hence, taking Proposition 40 into account, we may assume
that =< in Theorem 16 is a partial order without loss of generality.

4.1.3 Equivalent formulations of the basic theorem

At an early stage, it has been observed that Ekeland’s variational principle has a number
of equivalent formulations. The papers [24] and [98] by Danes and Penot, respectively,
are the first systematic surveys about this topic. Further results in this direction can be
found e.g. in [38], [3], [96] and [97].

In [118] (Theorem 3.2) and in [67] (Corollary) a fixed point result has been established
as a corollary of the the main result.

In the 1976 paper [9], Caristi observed that his fixed point theorem is an equivalent
formulation of Ekeland’s variational principle. We establish a generalized version and show
the equivalence to Theorem 16. The following result is close to Theorem 3.1 in [22].

We consider a set-valued mapping 7' : X — 73(X ). A point z € X is said to be a
fixed point of T"iff z € T'(Z). A point € X is said to be an invariant point of 7" iff

{z} =T ().

Theorem 17 Let (M1) through (M) of Theorem 16 be in force and, additionally, T :
X—P (X) be a set-valued mapping. If T satisfies

Ve e X, 32 € T (z): 2/ <z, (WC)
then there is & € X such that & € T (Z), i.e. T is a fized point of T. If T satisfies

Vee X, Vo' €T (x): 2/ <z, (SC)
then there is T € X such that {x} =T (Z), i.e. T is an invariant point of T'.
PRrROOF. Each point T satisfying the conclusions of Theorem 16 does the job. ]

Conversely, Theorem 16 can be proven using Theorem 17. To see this, replace X in
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Theorem 17 by S (z¢) of Theorem 16 and consider the map 7' (x) := S (x) that satisfies
(SC).

In their 1993 paper [96], Oettli and Théra proved an equivalent formulation of Eke-
land’s principle. See also [97]. This theorem can be generalized in order to produce a

reformulation of Theorem 16.

Theorem 18 Let (M1) through (M4) of Theorem 16 be in force and, additionally:
(M5) The set M C X satisfies

Vz € S(zo)\M 3J2' € S(x)\{z}.
Then, there exists T € S (xg) N M.

PrOOF. By Theorem 16, there exists Z € S (zg) such that {z} = S (z). By assumption
(M5), T € M, hence T € M NS (x9). m

Conversely, Theorem 16 can be proven using Theorem 18. To see this, let (M1) through
(M4) be in force. Define M = {x € X : {2} =S (x)}. If x ¢ M, then there exists
2’ € X such that 2/ # x, 2/ < x, hence (M5) is satisfied. By Theorem 18, there exists
z € S (xg) N M, hence {z} = S (Z).

Let us note that the equivalence of the Theorems 16, 17 and 18 is understood in the
sense that each of it can be proven using each of the others without any reference to the
induction process that appears in the proof of Theorem 16.

4.1.4 The regularity assumptions

The next proposition shows that under the regularity assumption decreasing sequences
are even Cauchy.

Proposition 41 Let (X,d) be a metric space, quasiordered by <. Then =< is regular if

and only if every decreasing sequence {Tn},c C X is a Cauchy sequence, i.e.
Ve >0,d3pe IN,Vn,m > p: d(zm,x,) <.

PRrROOF. Of course, every Cauchy sequence is asymptotic. Conversely, let < be regular and
{#n},e;v € X a decreasing, hence asymptotic sequence. Assume {z,},py is not Cauchy.
Then there is € > 0 such that

VpeIN,Im >n>p: d(zm,zn) > €.

Set p = 1. Then there are m; > n; > p such that d(zy,,2zn,) > €. Set 2] = xp,
and 2, = xy,,. Set p = my. Then there are my > ny > p such that d(zp,, Tn,) > €.
Set % = p, and ¥ = Tm,. Continue this procedure to obtain a subsequence {z}}, -iv
of {zp},en with d (2o, %, 1) > € for k € IN. This sequence is decreasing, but not
asymptotic contradicting the assumption. ]

Proposition 41 yields: If < is regular, then X is <—complete if and only if every decreasing
sequence in X converges to some element of X.
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Remark 13 The regularity assumption (M3) has been used by Turinici [118] as well as
Dancs, Hegediis and Medvegyev [22]. Theorem 3.1 in [118] has been proved using Zorn’s
Lemma whereas Theorem 3.2 in [22] deals with complete metric spaces.

Several attempts have been made to replace the regularity assumption (M3) by a more
general one. We mention the following conditions:

Ve > 0,Vx € X,3u € S(z): diam S (u) < ¢; (M3-1)
Ve>0,Vee X, Jue S(x): sup d (x', u) <g (M3-2)

z'eS(u)
Ve >0,V € X,Jue S(z): (2" 22’ 2u = d(a/,2") <e). (M3-3)

The following relationships can be established.

Lemma 6 Let (X,d) be a metric space. Then, the conditions (M3-1), (M3-2) and (M3-3)
are mutually equivalent. Moreover, (M3) implies each of (M3-1), (M3-2) and (M3-3).

PrOOF. The implications (M3-1) = (M3-3) = (M3-2) are immediate. Let (M3-2) be
in force. Fix e > 0 and » € X. Take u € S (z) such that sup,cg(,)d(2’',u) < 5. For

2’2" € S (u) we obtain
d (a:', :L‘”) <d (:c',u) +d (u,x") <eg,

hence (M3-1) is satisfied.
Finally, we show that regularity implies (M3-2). Assume the contrary. Then there are
e > 0 and x € X such that
Vue S(z): sup d(z/,u) >e.
z'eS(u)
Starting with 29 = x one may find a sequence such that z,, € S (x) and d (xp41,2,) > €
for all n € IN. This contradicts regularity. ]

By a simple modification of the proof of Theorem 16 one obtains the same conclusions
assuming (MP-i), i = 1,2,3, instead of (M3). However, it is not sure if this is a true
generalization.

Theorem 19 Let the assumptions (M1), (M2) and (M4) of Theorem 16 be in force and
additionally either of (M3-1), (M3-2) and (M3-3). Then, for each xy € X, there exists
z € X such that

z € S (zo) and {z} =S (2).
PrOOF. We use (M3-1) for the proof. Starting with zyp € X, we define a sequence
by choosing @,11 € S (z,) such that diam S (z,) < 1. The transitivity of < implies
Ty € S (zy) for m > n. From this, we get

d (T, ) < diam S (zy,) <

S|

for all n € IN. The remaining part of the proof is the same as that for Theorem 16. g
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4.1.5 Completeness

By several authors, it has been observed that Ekeland’s principle or its reformulations
characterize the completeness of the metric space X. Compare [74], [126], [111], [22] and
[112]. The same is true for Theorem 16. We state the result in the following form.

Theorem 20 Let (X,d) be a metric space. If for all reflexive and transitive relations
being reqular and lower sequentially closed the assertions of Theorem 16 hold true, then
X is complete.

PROOF. Assume that X is not complete. Then there is a sequence X = My 2 My D My D
... of nonempty closed subsets of X such that diam M,, — 0 as n — oo, but N>, M,, = 0.
Define an ordering relation by

S(z): =My U{z} if zeM, and z¢ My

and 2’ < z iff 2’ € S (z). One may check that < is reflexive, transitive (lower sequentially)
closed and regular by assumption. A minimal point Z of < would satisfy {z} = S (z) =
My U{z} for some 7o € IN. This would imply Mz = 0, a contradiction. m

In fact, it is enough that the assumption of Theorem 20 holds true for all ordering relations
generated by uniformly continuous functions f : X — IR, being bounded below, in the
following way:

<z = f(@)+d( )< f(2).

This shows the proof of the theorem of Weston in [126].

4.1.6 Set relation formulation

The variational principle of Ekeland is bound up with so—called minimal point theorems
in procduct spaces. This idea probably goes back to Phelps (compare [102]) and has been
put explicitely in [3].

At this early stage of our development, we shall establish a minimal point theorem
involving order relations on product sets X x Y. The crucial point of the proof is to
generate a suitable order relation defined on X only in order to apply Theorem 16. This
is possible using the set relations introduced in Section 2.2.1.

Note that the set Y is merely assumed to be nonempty. Neither algebraic nor topo-
logical structure concerning Y appears.

We need some notation to formulate the results. Let (X,d) be a metric space and
Y as well as M C X X Y be nonempty sets. For x € X, let us define M (z) :=

(@) €EXXY:a =z (2/,y) e My e P(X xY)and My (z):={y €Y : (z,y) € M} €
P (Y). Let < be a quasiorder on M. Then, ({M (z): z € X},<)aswellas ({M (z): z € X},<)
is quasiordered. Here, the relations < and =< are the extensions of < to subsets of
P (X x Y), compare (2.6), (2.7). Note that M (z') < M (z) if and only if

Vy € My (z), 3y € My (2) : (2,y) = (z,y) (4.1)
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and M (2') X M (z) if and only if
vy € My ('), 3y € My (z): (2',y) = (z,y). (4.2)

Theorem 21 Let the following assumptions be satisfied:

(M1°) (X,d) is a metric space and 'Y as well as M C X XY are nonempty sets;
(M2’) < is a quasiorder, i.e., a reflexive and transitive relation on X X Y;
(M3) If {(2n,Yn) pew © M is a decreasing sequence, i.e.

Vn € IN: (xn+1,yn+1) = (33n73/n)
and {xn}, cn converges to x € X, then there exists y € Y such that (x,y) € M and
VneIN: (z,y) X (zn,Yn);

(M4’) If {(2n, Yn) bemw € M is a decreasing sequence, then lim, .o d (Tyy1,75) = 0.
Then, for each xy € X with My (xq) # 0, there exists T € X such that My (Z) # 0 and

(@) M(2)

M (o)
(i) M (x) r

<
<Mz = z==.
PRrROOF. We define a binary relation on X be setting

¥ Ixz = M) M).

in order to apply Theorem 16. Of course, <y is reflexive and transitive. Let us check the
regularity assumption (M3) of Theorem 16. Take a sequence {,},  decreasing with
respect to <x, i. e.

Vyn € My () Fynt1 € My (Tny1) @ (Tni1, Ynt1) 2 (Tns Yn) - (4.3)

Take yo € My (z9). Find y; € My (z1) via (4.3) such that (z1,y1) =< (xo,y0). Find
y2 € My (z2) via (4.3) such that (z2,y2) =< (x1,y1). Continuing this procedure, one gets a
sequence {(Zn,Yn)} e being decreasing with respect to <. Since < is regular by (M4’),
we obtain lim, 00 d (Tp41,2,) = 0 as desired.

Finally, we show that <x is lower closed. Take a sequence {z,}, .y decreasing with
respect to =x and converging to z € X. We have to show that x <x x,, for each n € IN.
Fix n € IN. By (4.3), one can find y,4+1 € My (zn41) such that (zp41,Ynt1) = (Tn,Yn)
and, as before, gets a sequence {(Zntm,Yntm)}men Deing decreasing with respect to <.
Of course, we still have limy, oo Tptm = . Assumption (M3’) implies the existence of

y € My (z) such that for each m € IN

(2,y) 2 (ZTpgms Yntm) = (TnsYn) -

This procedure is applicable for every n € IN (the corresponding y € My (x) may depend
on n). The lower closedness of <x is proven.
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The final step of the proof is an application of Theorem 16 to the metric space (X, d)
and the relation <x in order to obtain (i) and (ii). This is straightforward. m

Analyzing the proof above, one may see that it is not possible to show the regularity and
lower closedness of the order <x if simply < is replaced by <. The corresponding result
for < reads as follows.

Theorem 22 Let the following assumptions be satisfied:

(M1’) (X,d) is a metric space and'Y as well as M C X XY are nonempty sets;
(M2’) < is a quasiorder, i.e., a reflexive and transitive relation on X X Y;
(M3’) If {(2n,Yn) pew € M is a increasing sequence, i.e.

Vn € IN: (T, Yn) = (Tnits Yns1)
and {xn},cn converges to x € X, then there exists y € Y such that (z,y) € M and
Vn € N: (2n,yn) = (2,9);

(M4?) If {(ZnsYn) pew © M is a increasing sequence, then limy, oo d (Tpy1,2,) = 0.
Then, for each xo € X with My (xo) # 0, there exists & € X such that My (z) # 0 and

() M) % M (@)
(@) M@ ZM@) =— z=z

PROOF. There are at least two proofs possible. The first idea is to reformulate Theorem
16 as a maximal element theorem and proceed as in the proof of Theorem 21. Another
plan is to apply Theorem 21 to a suitable order relation. We shall do the latter. Define a
binary relation <’ on X x Y by

(@) 2" (x,y) = (ry) =2 ().

Of course, < is a quasiorder. Moreover, a sequence {(zy,, Yn) fnemw © X x Y is decreasing
with respect to <’ if and only if it is increasing with respect to <. Hence (M3’) and
(M4’) of Theorem 21 are satisfied for <’ if and only if (M3’) and (M4’) of Theorem 22 are
satisfied for <, respectively. Denote by <’ the relation defined by (4.1) replacing < by =<'.
We can apply Theorem 21 to get an Z € X such that My (Z) # () and

(@) M(z) <" M (x0)
@) Mz)<'ME) = z=2i

Observing that M (2') g’ M (z) if and only if M (z) < M (2') we see that (i') and (i)
are equivalent to (i) and (ii) of Theorem 22, respectively. This completes the proof. m

Remark 14 A special case of Theorem 21 (as well as of Theorem 22) is the case if Y
consists of a single element only. In this case, Theorem 21 reduces to Theorem 16 (as
well as Theorem 22 to a mazimal element reformulation of Theorem 16). On the other
hand, Theorem 21 (as well as Theorem 22) are proven using Theorem 16 without any
reference to the induction process in the proof of Theorem 16. In this sense, the theorems
are equivalent.
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Remark 15 Another special case is M (x) = {(z,y)}, i.e., M (z) is a singleton. In this
case, the set M C X XY defines a function f : X — Y. The relation =X coincides with <
and =<x, and they compare arguments and values of f at the same time:

Yixe e (@) 2@ @).

Remark 16 Assumption (M3’) of the Theorems 21 and 22 coincides with assumption
(H1) in [47] if Y is assumed to be a topological linear space. Thanks to this assumption,
we can get rid of assumptions concerning topological and algebraic properties of Y or the
concrete form of <. On the other hand, it is by no means a trivial task to verify assumption
(M3’) in special cases. Compare the discussion in [47] and [44], Section 3.10. Finally,
note that assumption (2) of the famous Theorem 1 due to Brézis and Browder has a similar

structure, but does not involve product sets.

4.2 Results with functions into ordered monoids

The Theorems 16, 17 and 18 are formulated in such a way that the order relation may
or may not depend on the metric d. The charming character of Ekeland’s variational
principle and related theorems relies on its recursive structure: the order relation is defined
in terms involving the metric itself. Actually, this ensures the topological requirements
such as (M3) and (M4) of Theorem 16. It has already been observed by Brgnsted [8] that
not all properties of a metric are necessary for defining order relations in order to produce
Ekeland type theorems.

To the authors opinion, it should be possible to prove (almost) all Ekeland type the-
orems and its equivalent reformulations on metric spaces by defining a suitable order
relation and applying Theorem 16. To carry out this program, is the main goal of the
remaining part of this chapter.

Results in the spirit of Ekeland’s principle usually involve a function f mapping the
metric space X to a set Y provided with some algebraic, order and topological structure.

The next sections are devoted to such results supplying Y with more and more structure
from step to step. Each of the Theorems 16, 17 and 18 (or even Theorems 21 and 22) may
be chosen as starting points for the these developments. We prefer to use Theorem 16.

The first corollary seems to require less algebraic structure of the image space than any
other result in this direction up to now. It involves functions from a metric space (X, d) to
an ordered monoid. Most of the so called setvalued or vectorvalued variants of Ekeland’s
principle on metric spaces are special cases of the theorems of the next subsection.

4.2.1 Ekeland’s variational principle

The following result is parallel to Ekeland’s variational principle from [30], but for functions
with values in ordered monoids.
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Corollary 9 Let the following assumptions be satisfied:
(A1) (X,d) is a metric space and (Y,0,<) a quasiordered monoid;
(A2) ®: X x X — Y is an order premetric;
(A8) The function f: X —Y and § €Y are such that
(i) g < f(x) forallx € X;
(ii) ® is reqular with respect to g, f (xg) € Y for xg € X;
(iii) if {xn}pen € X is a Cauchy sequence with

VneIN: f(znt1) 0 P (Tny1,zn) < f(zn) (4.4)

then it converges to some x € X;
(A4) If {zn} ey € X converges tox € X and satisfies (4.4), then f (x)o® (z,,x) < f (zn)
for all n € IN.
Then, there exists * € X such that

(4) f(Z) o ®(Z,x0)
(ii)) z€X, f(x)o®(x,7)

< f(=o)
< f(@) = z=12.
PRroOOF. The proof is by checking the assumptions of Theorem 16 for the relation

/

<z = f(@)o®(a 2) < f(x).

The relation = is reflexive since < is reflexive and ® satisfies (P1) of Definition 30. It is
transitive by (P2) of Definition 30 and the transitivity of <. The <-completeness of X
follows from (A3, (iii)). (M4) follows directly from assumption (A4). It remains to check
(M3). Let {zn},cv €© X be such that 2,41 <z, for alln € IN , i.e.

f(@na1) 0 @ (g1, 2n) < f (z0).

The transitivity of < implies

f(@nt1) 0 @ (zpg1,20) 0 @ (Tn, 1) < f (T0) 0 @ (T, 1) < f (T0-1) -

Continuing this process, we obtain for each n € IN

f(@ng1) 0 Y @ (zerr, ) < f (20),

k=0

where the "sum” (}_) is understood with respect to the operation o. Since § < f (z,,) for
each m € IN by (A3, (i)), it follows

n
70 @ (ks 7r) < f (x0).
k=0
Since by (A3, (ii)) ® is regular with respect to 7, f (z9) € Y (see Definition 31), this
implies d (2p+1,2n) — 0 as n — oco. An application of Theorem 16 yields the desired
result. |
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Remark 17 Let ¥ : X x X — Y be a function satisfying (P2) and (P3) of Definition
30. Then ® according to Lemma 4 is a regular order premetric. Getting T from Corollary
9, we have either T = xg or f(Z) o ¥V (Z,x0) < f(x0). Relationship (ii) of the corollary
remains in force substituting ® by V. In the following, we do not mention this possibility,

but work with reqular order premetrics.

Remark 18 We do not need topological structure in Y. Note further, that it is not
necessary to have Y being a group. Thus, Corollary 9 generalizes the result of [93] with
respect to the image space Y. In fact, this generalization makes it possible for dealing with
setvalued maps: Let (Y,0,<) be a quasiordered monoid with neutral element § € Y. Then,

(73 Y),0o, 4) and (73 Y),0o, 4) are quasiordered monoids as well. Hence Corollary 9

can be applied to functions f: X — P (Y). We shall discuss this situation e.g. in Section
4.3.1 obtaining Ekeland type theorems for setvalued maps.

We shall indicate a sufficient condition for (A4) of Corollary 9. A function f: X — Y is
called lower monotone iff for each sequence {z,},. € X converging to some z € X
and satisfying f (zp41) < f (zp) the inequality f(z) < f(z,) holds true for all n € IN.
Compare [93] for this kind of condition.

An order premetric ® : X x X — Y is called lower monotone with respect to the
first variable iff for each 2’ € X and each sequence {x,}, . € X converging to z € X
and y1,y2 € Y the condition

Vn € IN : yloq)(a:n,x/) <o
implies 11 0 @ (z,2") < yo.

Lemma 7 Let (X,d) be a metric space and (Y,o0,<) be an ordered monoid. Let the
function f : X — Y be lower monotone and the order premetric ® : X x X — Y lower
monotone with respect to the first variable. Then, (A4) of Corollary 9 is satisfied.

PRrROOF. Take a sequence {z,}, . € X converging to € X such that

Vn € N: f (20s1) 0 @ (wprtsan) < f (20).

This implies f (z,) © ® (zp,zn) < f(x,) for m > n on the one hand and, since 0 <
(b ('Tn«Ha ZEn),
f(@nt1) < f(@ng1) 0 @ (@ng1, 2n) < f (20)

on the other hand. Therefore f (zp4+1) < f (zy) for all n € IN since < is transitive. The
lower monotonicity of f implies f(z) < f(x,) for all n € IN. For m € IN, m > n we
obtain

f (@) o ® (xm,xn) < f(Tm) 0 @ (Tm, Tn) < f(2n).

The lower monotonicity property of ® yields the result. ]
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4.2.2 Kirk-Caristi fixed point theorem

The next result is a fixed point theorem. The original variant goes back to Caristi and
Kirk, see [9], [74], [127], [26] and [25]. A concise proof, being constructive in some sense,
can be found in [110]. See also [4] for a thorough discussion of the proof as well as several
applications. There are many generalizations and variants, see for example [96] for an
equilibrium version, [73] and [115] for vector valued variants. Most of them are special
cases of the following corollary of Theorem 16.

We consider a set valued mapping T : X — P (X). Recall the definitons of a fixed
point and an invariant point of T" given in Section 1.1.3.

Corollary 10 Let the following assumptions be satisfied:
(A1) (X,d) is a metric space and (Y,0,<) a quasiordered monoid;
(A2) @ : X x X — Y is an order premetric;
(A83) The function f: X —Y and § €Y are such that
(i) g < f(x) forallz € X;
(ii) ® is reqular with respect to g, f (x9) € Y for xg € X;
(iii) if {zn} e € X is a Cauchy sequence with

Vn € IN: f (xn—i-l) o (xn—i-laxn) < f (wn) (4'5>

then it converges to some x € X;
(A4) If {zn}, ey © X converges to x € X and satisfies (4.5), then f (x)o® (zn,x) < f (z4)
for allm € IN.
If, additionally, the mapping T : X — P (X)) satisfies the weak contraction condition

Vee X, I €T (z): f(z')o® (2 2) < f(x), (WC)

then T has a fized point.
If the mapping T : X — P (X) satisfies the strong contraction condition

Vee X, Va' €T (z): f(z)o® (2 2) < f(x), (SC)
then T has an invariant point.

PROOF. By contradiction: Assume there is no fixed point and no stationary point, re-
spectively. By Corollary 9, there is £ € X such that

f(@)o®(z,2) < f(2) = uz=2=.

Hence, 7 is the only point that can satisfy (WC) and (SC), respectively. This proves the
corollary. ]

Conversely, Corollary 9 can be proven using the fixed point result above. Indeed, assume
that (ii) of Corollary 9 does not hold, i.e.

Vee X, 3 #x: f(a/)o® () 2) < f(a).
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Then, the mapping T : X — 73(X ) satisfies (SC) and has no invariant point, i.e., the
assertions of Corollary 10 can not hold. In this sense, the two corollaries are equivalent.
Of course, Corollary 10 is also a direct consequence of Theorem 17.

4.2.3 Takahashi’s existence principle

The following existence principle is, for the real valued case, due to Takahashi [113]. Tt’s
equivalence to Ekeland’s principle has been observed in [96] and [48]. Compare e.g. [97]
and [128] for similiar results.

Corollary 11 Let the following assumptions be satisfied:
(A1) (X,d) is a metric space and (Y, 0,<) a quasiordered monoid;
(A2) @ : X x X =Y is an order premetric;
(A3) The function f: X —Y and § €Y are such that
(i) g < f(x) for all x € X;
(i1) ® is reqular with respect to g, f (o) € Y for zg € X;
(iii) if {xn} e € X is a Cauchy sequence with

Vn e IN: f(zpt1) 0 @ (Tny1,2n) < f (70) (4.6)

then it converges to some x € X;
(A4) If {xn},eny © X converges tox € X and satisfies (4.6), then f (x)o® (z,,x) < f (zn)
for all n € IN.
Assume, additionally, that

r1,79 € X, f(21) < f(22), f(x2) £ f (1)

implies
E|£L‘3 e X: xs3 7& X1, f(xg) od (.%'3,.%1) < f(acl) .

Then, there exists T € X such that f (Z) € min f (X) where f(X) = U,cx {f (2)}
PrOOF. By contradiction: By Corollary 9, there is z € X such that
f@)o®(x,z) < f(Z) = x=1. (4.7)
Let f(Z) ¢ min f (X), i.e.
JueX: f(u) < f(@).f(@)Lf(u).
By assumption, there is 2’ # Z such that
f(z)o® (2, 2) < f(2),

contradicting (4.7). m
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Assume additionally that ® is symmetric, i.e.,
Vo',z e X : @ (2),2) = ® (2,2').

Then, Corollary 9 can be proven using Corollary 11. Indeed, assume that (ii) of Corollary
9 does not hold, i.e.

Vee X, 3 #x: f(af)o® () 2) < f(a).

Take T € X such that f(Z) € min f (X), ie. x € X, f(z) < f(Z) imply f(Z) < f(x).
Such a point does exist by Corollary 11. By assumption, there is also Z’ € X such that

f(@)o@(z,z) < f(z).
JFrom 6 < @ (z/,Z) we obtain
f@)<f@)od (2, z).

The transitivity of < implies f (Z') < f(Z) and therefore the minimality of f (Z) gives
f(Z) < f(Z'). Using this and the symmetry of ®, one may conclude

f@od(Z.z)<f()o@(2,2) < f(z) < f(T).

Since < is antisymmetric (this is due to the regularity of ®, compare Remark 40), 7’ = z,
a contradiction.

4.2.4 The flower petal theorem

In [98], Penot proved a geometric theorem being equivalent to Ekeland’s principle for
extended realvalued functions. It is called the flower petal theorem because of the shape
of certain sets in case X = IR%2. We need the following constructions to formulate a similar
theorem in the present general framework.

Let X, Y be as in the last corollaries. Let ® : X x X — Y be an order premetric and
U: X x X —Y a function satisfying (P1) and (P2) of Definition 30. We call the set

Py (u,v) :={z e X: U(z,v)0®(z,u) <V (u,v)}

the flower petal generated by u,v € X. It is always nonempty since u € Pg (u,v) for
each u € X because ® (u,u) = 6 and < is reflexive. The metric space (X,d) is called
d—complete iff every Cauchy sequence {z,}, . satisfying z,41 € Pg (z,,v) converges
to some x € X.

Corollary 12 Let the following assumptions be satisfied:

(A1) (X,d) is a metric space and (Y, 0,<) a quasiordered monoid; M C X, xo € M and
ve X\M;

(A2) The function ¥ : X x X —'Y satisfies (P1) and (P2) of Definition 30;
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(A3) ® : X x X — Y is a regular order premetric with respect to 0,V (xg,v) € Y for
xg € X such that X is ®—complete;
(A4) If {zp}, e © X converges to x € X and

VneIN: x,41 € Pp (zp,v) N M,

then x € Py (xn,v) N M for all n € IN.
Then, there exists T € M such that

z € Py (xo,v)NM and {z} = Py (Z,v) N M.
PROOF. We check the assumptions of Theorem 16 for the relation
P < = z' € Pp (x,v) N M.

on X' := Py (xg,v)NM. Of course, (X', d) is a metric space. The relation < is reflexive and
transitive since ® is an order premetric. X’ is <-complete since X is ®—complete. (M4)
of Theorem 16 follows directly from (A4). It remains to show the regularity assumption
(M3). Since x,41 =X @, if and only if ¥ (z,41,v) 0 ® (xp41,2n) < ¥ (zy,,v) we obtain for
each n € IN

n—1

U (zp,v) 0 Z D (zp41,2x) < VY (20,0).
k=0
The regularity of ® implies that the sequence {z,, }, 1y is asymptotic, i.e., (M3) is satisfied.
Hence there exists © € S (z9) = Py (zg,v) N M such that {z} = S(z) = Py (z,v).
This completes the proof. ]

The flower petal theorem is also a consequence of Corollary 9. To see this, simply take

f(z):=Y(z,v).

4.2.5 An equilibrium formulation of Ekeland’s principle

The next result deals with a function F': X x X — Y instead of f : X — Y. As far as the
author is aware, for realvalued functions this idea is due to Oettli and Théra [96] causing
several subsequent similiar considerations, see for example [59], [97].

Corollary 13 Let the following assumptions be satisfied:
(A1) (X,d) is a metric space and (Y, 0,<) a quasiordered monoid;
(A2) F: X x X — Y is a function and zo € X, g € Y such that
(i) F (x1,23) < F (21,22) o F (x9,x3) for all x1,x9,23 € X;
(i) g < F (xo,z) for all z € X;
(A3) @ : X x X =Y is a regular order premetric with respect to §,0 € Y;
(A4) If {xn}, ey © X is a Cauchy sequence such that

F(xp,pt1) 0 @ (xpi1,2n) <O whenever xny1 # Tp, (4.8)
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then it converges to some x € X;
(A5) If {zn},ev © X is a sequence satisfying (4.8) and converging to x € X, then
F (zp,x)o®(x,2,) <6 for alln € IN with x # .

Then, there exists T € X such that

(4) F (20,2) 0 @ (2, 20)
(i) r € X, F(z,x)o0®(x,7)

6

<
< 0 = z=r.

PrROOF. We check the assumptions of Theorem 16 for the relation

¥ =< = =z or F(z,2)o®(a,z) <6.

being reflexive and transitive by the properties of ®, F' and <. (M4) of Theorem 16 follows
directly from (A5). It remains to check (M3). Let {z,},c¢ € X be such that z,11 <z,
forall n € IN | i.e.,

Tpe1 =Zp OF F(xp,zpi1) 0@ (Tpy1,x,) <6

for all n € IN. Deleting x,,+1 from the sequence if x,, 11 = z,, we obtain a finite number of
x,’s or a subsequence again denoted by {z,}, - In the first case, the original sequence
is constant up to finitely many elements, hence asymptotic. In the second case, using (A2,
(i)), the properties of ® and the transitivity of < we obtain for n € IN:

n—1

F (:L‘o,ibn) o Z P (l'k-i-lal'k) < 0.
k=0

With the help of assumption (A2, (ii)) we may conclude

n—1

yo Z P (zpt1,28) < 0.
k=0

Therefore, the regularity of ® implies d(2y41,2,) — 0. We can apply Theorem 16 in

order to obtain the desired result. u

Remark 19 We are moving within the setting of Corollary 13. Define a function f :
X—=Y by
f(l‘) ZZF(ZL'(),IL'), reX

and an order relation on X by
¥ <z = =z or f(m')oq)(x',m)gf(m).
being reflexive and transitive. Observe that o' < x implies x’ <y x since by (A2, i)
I (x’) od (:c',x) = F(mo,m') o® (a;’,a:) < F(xg,x) oF(m,x’) od (:c',x) < F(xg,2)

whenever F (x,x') o ® (2/,x) < 6.
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Let the assumptions of Corollary 9 be satisfied for f as defined above. Then we get
x € X such that
(i) f@)o®(z,z0) < f (o)
(i) zeX, f(x)o®(x,2) < f(z) = z=17.
Assuming that F (zg,x0) < 6 we obtain (i) of Corollary 13 from (i’). Moreover, if T
satisfies (ii’), then it satisfies (ii) of Corollary 13 since x’ < x implies ' <y x.
These considerations show that Corollary 13 is a consequence of Corollary 9 in case if
F (z0,x0) < 6 and the function f (x) = F (zo,x) satisfies (A5) of Corollary 9.

4.2.6 Ekeland’s variational principle on groups

We shall consider the case Y being a group separately since it is interesting from a theo-
retical point of view. Especially, Corollary 13 will turn out to be an equivalent formulation
to Corollary 9 in this situation. Besides, in many applications Y is even a linear space.

Nemeth [93] first investigated the case of an ordered topological Abelian group (G, o).
In the following corollary, G is an ordered group not order complete in general. We can
adjoin a largest element y; (as well as a smallest one if necessary) obtaining an ordered
monoid. Note that no topological requirements concerning G do appear in contrast to
Nemeth’s results [93], [94].

Corollary 14 Let the following assumptions be satisfied:

(A1) (X,d) is a metric space and (G,o,<) a quasiordered Abelian group;

(A2) f: X — GUA{y} is a function and § € G such that and § < f(x) for all x € X;
(A3) ® : X x X —Y is a regular order premetric with respect to jjo [f (x0)]”" for zp € G;
(A4) If {zn} ey © X converges to x € X and

Vn € N: f(zp41) 0 @ (zpt1,20) < f (20)
then f () o ® (xp,x) < f(zy) for alln € IN.
Then, there is * € X such that

(4) f(z) o ®(Z,20)
(i) z€X, f(x)o®(x,7)

f (o)

<
< f(z) = z=1.

PROOF. Set Y := GU{y;} and extend o to Y according to Proposition 25. Apply Corollary
9 with the ordered monoid (Y, o, <). u

Remark 20 In the present case, one can define

F(z,a') = f () o [f ()],
where y~* € G denotes the inverse element of y € G with respect to o: yoy ' =y loy =
0 € G. Then, F(xz,2')o® (2/,x) <0 if and only if f(a') o ® (2/,x) < f(x). This means,
the assumptions of Corollary 13 are satisfied if [ satisfies the assumptions of Corollary
14. In this sense, Corollary 14 is a special case of Corollary 13.

On the other hand, it seem to be not possible to obtain Corollary 9 from Corollary 13
since Y s not a group.
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4.3 Ekeland’s principle for set valued maps

The first Ekeland type theorems for set valued maps seems to be the results of Chen and
Huang in [11]. More can be found in [12], [50], [52], [117], [55]. In fact, the appearance
of set valued variants of Ekeland’s principle has been the main motivation to allow the
image space a more general algebraic structure than a linear space or a group. Note that
the results of Nemeth [92], [93], [94] do not cover Ekeland type theorems with set valued
mappings since he assumed the image space of f to be a topological Abelian group.

4.3.1 Power set of ordered monoids

The following two corollaries involve the power set of an ordered monoid (Y, o, <) supplied
with the relation < and =<, respectively.

Corollary 15 Let the following assumptions be satisfied:
(A1) (X,d) is a metric space, (Y,0,<) an ordered monoid and (¥, ®, =) the quasiordered
monoid generated by Y =P (Y);
(A2) ®: X x X — Y is an order premetric;
(A8) The function f: X — Y and M € ) are such that
(i) M < f(x) forallz € X;
(ii) ® is reqular with respect to M, f (xg) € Y for xp € X;
(iii) if {xn}pen € X is a Cauchy sequence with

VneIN: f(zpt1) © P (zpg1,20) < f (20) (4.9)

then it converges to some x € X
(A4) If {zp}, e € X is a sequence converging to x € X and satisfying (4.9), then

VneIN: f(z)©®(z,2p) < f(2n).
Then, there exists * € X such that

(4) f () © @ (Z,20) < f (20)
(1) ze€X, f)od(rr)=<xf(@) = z==.

PrROOF. By Theorem 11, (), ®, <) is an order complete quasiordered monoid. Defining
the relation
<z = f (x/) OX X (w’,x) < f(x)

on X, the assumptions of Corollary 9 are easy to check. Its conclusions yield the desired
result. |

Corollary 16 Let the following assumptions be satisfied:
(A1) (X,d) is a metric space, (Y,0,<) an ordered monoid and (Y, ®,=X) the quasiordered
monoid generated by Y =P (Y);
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(A2) ®: X x X — Y is an order premetric;

(A83) The function f: X — Y and M € ) are such that
(i) M <X f(x) for all z € X;
(i1) ® is reqular with respect to M, f (z9) € Y for o € X;
(iii) if {zn} e € X is a Cauchy sequence with

VnelN: f (anrl) ©P (anrhxn) < f (xn) (4'10)

then it converges to some x € X;
(A4) If {xn},ev © X is a sequence converging to x € X and satisfying (4.10), then

VnelN: f(z) O (z,2,) X f(xn).
Then, there exists T € X such that

(4) f (@) © @ (2,20) X f(20)
(1) z€X, [f(x)Oo®(x,z)Xf

PrOOF. Replace < by < in the proof of Corollary 15. ]

The next results deals with an image space being the power set of a topological linear
space (V,+,7). Let K € P (V) be a cone and a convex element at the same time, i.e., K
is a convex cone in the classical sense containing § € V. It generates the quasiorder <g
by v/ <g v iff v € {v'} & K. We denote by < and < the two quasiorders generated in

~

V:=P (V) by <k.

Corollary 17 Let the following assumptions be satisfied:

(A1) (X,d) is a metric space and (V,+,7T) a topological linear space;

(A2) K €V is a cone and a convex element in (V,®), K® C K\ (—cl K) is a nonempty
convex and sequentially compact set;

(A3) The function f : X — V and the topological bounded set M C V are such that
M <Kk f(z) forallz € X;

(A4) ¢ : X x X — IRy is a regular premetric;

(A5) If {zp}, e € X is a Cauchy sequence with

Vn e IN: f(2n41) ® @ (Tnt1,20) K° <k f (20) (4.11)

then it converges to some x € X;
(A6) If {zn},en © X is a sequence satisfying (4.11) such that {x,}, . converges to
x € X, then

VnelN: f(z) @ (x,20) K* <k f(2n).

Then, for each xg € X with f (xg) # 0, there exists T € X such that

(2) f(@) @ ¢ (T,20) K <k f (20)
(ii) z€X, f(x)Dp(z,7) KOk f(zZ) = z=1.
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Proor. Consider (V,®, <k ) being a quasiordered monoid. We check the assumptions of
Corollary 15 replacing Y by V, ) by V and setting ® := ¢K°. Most of the assumptions
can be checked straightforward, only the regularity of ® requires some extra words. In
fact, ® is regular with respect to M, f (zg) € V. To see this, let

Zq)(xk-&-laxk ] =

k=0

n

® D e (@i, ) 0] <k [ (z0)

k=0

VnelN: Mo

be satisfied. Since KV is a convex subset of a linear space, (t + s) K = sK° @ tK° holds
for all s,¢ > 0. Therefore,

Z @ (Tpy1, T) K ] =

k=0

n

Z O (Tpy1, Tk ] K° <k f(z0)-

k=

VneIN: Mo

Hence, for all v € f (zg) and n € IN there exist @, € M, kY € K° such that

Z‘P(xlwrl;xk)] kn <k v.

k=0
Assume ay, := Y p_o ¢ (Tp41,2%) — 00. Then

iﬁn—{—k?l <K iv & iv—ivn—kzo € K.

n Qi Qn Qi
Since KV is sequentially compact, there exists a subsequence of {n},cn such that KO —
k% € K along this subsequence. Since {v} and M are bounded subsets of V, the above
relationship implies —k° € cl K, a contradiction to assumption (A2). Therefore, the a,’s
remain bounded, hence ¢ (241, 2y) — 0. The regularity of ¢ gives limy,, oo d (Tp41,2n) =
0.

The conclusions of Corollary 15 yield (i) and (ii) of Corollary 17. [

Corollary 17 may be considered as a minimal element theorem in the product space X X
P (V') with respect to the order relation

(', M") <o (x, M) — M & (z,2) K° <x M.

Indeed, let a subset A C X x V be given and define a function (a set valued map)
f: X—=P({V)b

f(z)={veV: (z,v) € A}.
If f (zo) # 0 and assumptions (A3), (A5) of Corollary 17 are satisfied for this f, we obtain
a minimal point (Z, f (Z)) with respect to <o of the set

{(z,f(z)): e X} CX xP (V).

Hence, the question ”authentic” or "not authentic” ([47], [44]) depends on the order rela-
tion. A theorem of the type of Corollary 17 has been called a Minimal Set Theorem in [50].
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Note that more assumptions are necessary to ensure the existence of minimal elements of
a subset A C X x V with respect to order relations in X x V such as

(w’,v') <po (z,v) — Vo (l‘l,l‘) kY <k

where k% € K\ (—cl K). We refer to Sections 4.7 and 7.2.

It follows the counterpart of the last corollary for the relation <g. One may notice
the difference concerning the sets M and K°: They have to be only nonempty. On the
other hand, the set f (xg) must be topological bounded.

Corollary 18 Let the following assumptions be satisfied:

(A1) (X,d) is a metric space and (V,+,7T) a topological linear space;

(A2) K €V is a cone and a convez element in (V,®), K C K\ (—clK) is a nonempty
convex set;

(A3) The function f : X — V and the nonempty set M C V are such that M <k f(x)
forallx € X;

(A4) ¢ : X x X — Ry is a regular premetric;

(A5) If {zpn}, e € X is a Cauchy sequence with

VYneIN: f(xnr1)® @ (Tpt1,Tn) K=k f (zn) (4.12)

then it converges to some x € X ;
(A6) If {zn}, ey © X is a sequence satisfying (4.12) and {z,},c converges to v € X,
then

VneIN: f(z)®o(z,z,) K° L f ().

Then, for each xo with f (o) topological bounded, there exists T € X such that

(2) f (@) @ ¢ (T,20) K R f (20)
(i) z€X, f@)Oer)K Rk f(Z) = z=2.

Proor. We check the assumptions of Corollary 16 replacing (73 (Y),0o, 4) by (V,®, <k)
and setting ® := oK. Again, the regularity of ® is the crucial point to check. Let

VneIN: Mo

Z‘D(%H,M)I =M®

k=0

Zsﬂ(iﬂkJrl’iUk)KO] <k [ (@o)
k=0

be satisfied. As in the proof of Corollary 17, we may conclude

VneIN: Mo

Z@(mkﬂ,xk)] K% =k f(x0)-

k=0

According to the definition of Xy, for all v € M and all k° € KV there is v, € f (x9) such
that
v+ koan <K Un,
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where again «,, := ZZ:o ¢ (Tgy1, ) Assuming a,, — 00, we arrive at the contradiction
k% € —cl K since f(xq) is bounded. This means, ® = oK is a regular order premetric
with respect to M, f (zp). Applying Corollary 16 we obtain the desired result. ]

Of course, Corollary 18 can be considered as a minimal element theorem in the product
space X x P (V) in a similar way as Corollary 17.

4.4 Ekeland’s principle for single valued Functions

It seems to the author that Nemeth [89], [91], [90] proved the first vector valued versions of
Ekeland’s theorem, even for functions on a space X more general than a complete metric
space. Compare also [92]. Related results including a fixed point theorem of Kirk—Caristi
type have been obtained by Khanh [73]

In [84], Proposition 4.2., a variant has been given for functions mapping a real Banach
space into IRP, p € IN, p > 1: The proof is an elementary application of Ekeland’s original
result [30] to a scalarized problem.

Using nonlinear scalarization technique, Tammer [114] established an Ekeland type
theorem for functions mapping a complete metric space into an topological linear space
with an order relation not necessarily generated by a cone.

Related results can be found in [59], [58], [10], [14], [80], [132], [34], [35].

Another approach has been developed by Gopfert, Tammer and Zalinescu by proving
a so—called minimal point theorem in the product space X x Y and deriving from this
Ekeland type theorems. Compare [43], [46], [47] and the book [44].

The next result is a special case of Corollary 17 as well as of Corollary 18. In [47], [44]
it is called a non—authentic minimal point theorem.

We consider an quasiordered linear space (V,+, <g) where the order relation <p is
generated by a convex cone K. Again, a largest element v; can be added to V obtaining
a quasiordered monoid (V U {v;},+).

Corollary 19 Let the following assumptions be satisfied:

(A1) (X,d) is a metric space and (V,+,7) a topological linear space;

(A2) K €V is a cone and a convex element in (V,®) and k° € K\ (—cl K);

(A3) The function f : X — V U{v} and the topological bounded set M C V are such that

Vee X: f(x)e (Mo K)U{y};

(A4) ¢ : X x X — Ry is a reqular premetric;
(A5) If {zn} ey € X ds a Cauchy sequence with

Vn € N: f(2ni1) + @ (@1, 70) K <k f(2n) (4.13)

then it converges to some x € X;
(A6) If {zn}, e € X is a sequence satisfying (4.13) and converging to x € X, then

Ve N : f(2)+ ¢ (@,2) K <k f(2n).
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Then, for each xo with f(xo), there exists T € X such that

(4) £ (@) + ¢ (2,20) k” <k f (20)
(i) z€X, f(@)+e,2)k<kf(@) = z==1

FirsT PROOF. Specialize Corollary 17. ]

SECOND PROOF. Set (Y,o0,<) = (V U{v},+,<k) and apply Corollary 9. m

4.5 Ekeland’s principle for real valued functions

In this section, we prove a series of corollaries of Theorem 16 all being equivalent to
Ekeland’s principle from 1972 for extended real valued functions. This includes results
with a more geometric nature such as the drop theorem, the flower petal theorem and
Phelps’ lemma. We do not focus on the equivalence proofs. They are well-known and can
be found e.g. in [98], [96], [97].

In contrast, our proofs rely on Theorem 16. As in the last section, in each case, we
shall construct an order relation and check the assumptions of Theorem 16. In order
to simplify the exposition we assume (X,d) to be a complete metric space and only use
the metric instead of a real valued premetric. The corresponding generalizations can be
obtained easily parallel to the results in Section 4.2.

The first corollary is due to Dancs, Hegediis, Medvegyev and can be found in [22].
Compare also [4], chapter 6. Therein, the set valued mapping f occuring in the corollary
below is called a dynamical system.

Corollary 20 Let the following assumptions be satisfied:

(A1) (X,d) is a complete metric space and f: X — P (X) a set valued map;

(A2) x € f(x) for allx € X;

(43) o' € f (x) implies | (') C [ (x);

(A4) If {zn},en C X is a sequence such that x,41 € f(xn) for all n € IN, then
limy, 00 d (41, Tn) = 0;

(A5) f (x) is closed for each x € X.

Then, for each xog € X, there is T € X such that

z € f(x0) and {z} = f(2).
PROOF. Define a relation < on X by
¥ <L = ' € f(z)

being reflexive and transitive by (A2) and (A3), respectively. Then S (z) = f(z). As-
sumptions (A4) and (A5) imply (M3) and (M4) of Theorem 16. Its conclusion yields the
result. H

Next, we prove a slightly generalized version of Ekeland’s original theorem [30], [31], [98].
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Corollary 21 Let the following assumptions be satisfied:

(A1) (X,d) is a complete metric space;

(A2) f: X — IR U {400} is bounded from below;

(A3) For each x € X, the set {a’ € X : f(2') +d(2/,2) < f(x)} is closed.
Then, for each xg € X with f (xg) € R, there is T € X such that

(4) f(@) +d(z,20) < f (0)
(1) Vee X\{z}: f(&) < f(z)+d(z,T)

PROOF. Define a partial order by

¥ =<z = f(@)+d(2z) < f(2).
By (A3), the set S (z) is closed for each z € X. We check (M4) of Theorem 16. Take a
sequence {Zn },.n C X such that z,,1 < x,, ie.

f (xn-‘rl) +d (xn—i-l’xn) < f (l'n)

for each n € IN. Since f (xg) € R we have {f (zn)},cy C IR. The sequence is nonincreas-
ing and bounded from below by (A2), hence convergent. This implies lim,, o0 d (41, Tpn) =
0. Applying Theorem 16, we obtain Z € X with properties (i) and (ii). ]

Remark 21 1. Assumption (A3) is weaker than lower semiconituity of f. Consider the
function f: IR — IR defined by f () = Exp(—|z|) if x # 0 and f (0) = 2 not being lower
semicontinuous at x = 0. This example is taken from [[7]. The attempt to weaken the
classical assumptions to f such as lower semicontinuity is due to [37].

2. The above formulation of the conclusions (i), (ii) is probably due to Penot [98].

3. The original formulation of Ekeland is as follows. Start with xo € X ande >0, A >0
such that f (zo) < infyex f(x) + €. Replace d in Corollary 21 by $d. Then (i) implies
that f(z) < f (xo) and

[ (wo) ~ (@] < © |l f@)+e—f(@)| <1,
€ |zeX

hence d (Z,x9) < A. Choosing A = \/e one can ensure that the difference f (2o) — f (Z) is
small as well as the distance d (T, ).

4. Conclusion (ii) can be interpreted as follows: The point T is the unique global minimizer
of the function v — f(x) + d(x,z). This observation, probably due to Clarke, is the
starting point of many applications, e.q. the proof of Clarke’s multiplier rule for nonsmooth
optimization problems as well as the maximum principle for optimal control problems in

[17], [18].

Of course, choosing a special function f yields a special case of Corollary 21. One of
them is the nice geometric result due to Penot [98] called flower petal theorem. Compare
Corollary 12 for a general version. We chose f (z) = d (z,v) for some v € X.
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Let 0 < v <1 and u,v € X be given. The set
Py (u,v) :={r e X: d(z,v) +~d(z,u) <d(u,v)}

is called the flower petal belonging to u and v. Note that P, (z,v) is a closed set.

Corollary 22 Let (X,d) be a complete metric space, M C X, v € X\M and 0 < v < 1.
Then, for each xo € M, there exists * € X such that

z € Py (z9,v) and {z}=P,(z,v).

PROOF. Set X' = M N P, (z9,v) and replace in Corollary 21 (X,d) by (X', vd) as well as
f (z) by d(z,v). m

Remark 22 1. From the proofs of Corollary 21 and Corollary 22 it is clear that the
relation

¥ =<z = 2’ € Py (z,0)

s a partial order.
2. Remarkably, Corollary 22 is not only a special case, but also equivalent to Corollary
21. Compare [98], [38] for a proof.

The next corollary is the original version of Kirk-Caristi’s fixed point theorem, see [9],
[26], [25]. As in the general version (Corollary 10), we give two variants involving fixed
points and stationary points of a setvalued map.

Let T : X — P (X) be a set valued map. Recall that a point z € X is a fixed point
of T iff z € T'(z) and an invariant point of T iff {z} = T ().

Corollary 23 Let the following assumptions be satisfied:

(A1) (X,d) is a complete metric space;

(A2) There exists a function f: X — IR U {400} not being identical +0c0 and satisfying
(A2), (A3) of Corollary 21.

If T: X — P (X) satisfies the weak contraction condition

Vee X, I €T (z): f(a/)+d(a,2) < f(a), (WC)

then it has a fived point.
If T : X — P (X) satisfies the strong contraction condition

Ve e X, Vo' €T (z): f(2)+d(a/,2) < f(a), (SC)

then it has an invariant point.
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PROOF. Define a partial order by
=<z = f(@)+d(2,2) < f(2).

Theorem 16 (or Corollary 21) implies the existence of Z € X such that S (z) = {z}. Then
(WC) implies z € T'(z). If (SC) is satisfied we even have {z} = T (). m

Ekeland’s principle admits a reformulation as an existence principle for minimizers. This
observation is due to Takahashi [113]. Compare also [96] and [48] as well as [128] for
further applications of this idea.

Corollary 24 Let the following assumptions be satisfied:

(A1) (X,d) is a complete metric space;

(A2) f: X — IR U {400} is bounded from below;

(A3) For each x € X, the set {a’ € X : f(2') +d(a',2) < f(2)} is closed;
(A4) For each x € X with inf,cx f (u) < f (x) there exists ' € X such that

z#2 and f(2)+d(«,2) < f(z).

Then, there exists T € X such that f (z) = infuex f (u).
PROOF. By assumption (A1), (A2), (A3) and Corollary 21, there exists z € X such that

Ve#z: f(z) < f(z)+d(x,2).
This contradicts (A4) if Z is not a minimizer of f. m

In the spirit of Corollary 13, we state an equilibrium version of Ekeland’s principle. This
idea originates from [96].

Corollary 25 Let the following assumptions be satisfied:
(A1) (X,d) is a complete metric space;
(A2) F : X x X — IRU {400} is a function and o € X, r € R such that
(i) F(z1,23) < F(x1,22) + F (x2,23) for all z1,x2,23 € X and F (x,z) = 0 for all
r e X;
(ii) r < F (zg,x) for all x € X;
(iii) The function x — F (xg,x) is lower semicontinuous.
Then, there exists * € X such that

PrROOF. We check the assumptions of Corollary 21 for the function f(z) := F (xg,x).
(A1) and (A2) are obvious. (A3) follows from the lower semicontinuity of F'(xo,-). By



4.6. Geometric variational principles in Banach spaces 91

Corollary 21 we get some point z € X such that f () +d (zo,Z) = F (x0,Z) + d (z0,7) <
F (z0,x0) = 0 satisfying

reXx#T = f(z)< f(z)+d(z,T). (4.14)

Assume that F (z,z) + d (z,z) < 0 for some z € X, x # Z. Then we obtain from (4.14)
and (A2, (i)

[ (@) =F(v0,7) < F(w0,7) + F (z,2) +d(z,7) < F (20,7),
a contradiction. Hence 7 satisfies (ii). m

Another proof is possible using the order relation
r#2 and F (a;’,a:) +d (:c,x’) <0.

and applying Theorem 16. Also, one may specialize Corollary 13 to the case Y = R U
{+o0}, ® =d.

Note that Corollary 25 is in fact an equivalent reformulation of Corollary 21 in the
following sense. Setting F' (z1,z2) := f (x2) — f (z1) we obtain the assertions of Corollary
21 from those of Corollary 25.

4.6 Geometric variational principles in Banach spaces

The ”grandfather” (Ekeland 1979) of all Ekeland type theorems is Lemma 1 in the paper
[5] by Bishop and Phelps. Its proof already contains some essentials for the proof of
Theorem 16 and its corollaries. A more general version in topological linear spaces can be
found in [101]. Therefore, we formulate linear - Banach space - variants of the corollaries
of the last section.

Throughout this section, (V,||-||) is a Banach space with topological dual (V*,|-|[,).
The expressions v* (v) = (v*,v) denote the value of the linear continuous functional v* €
V*at v € V. We start with the Bishop—Phelps lemma. Actually, it is a minimal element
theorem, i.e., an existence theorem for minimal points with respect to an order relation
generated by a cone of P (V).

4.6.1 Results in Banach spaces

Corollary 26 Let the following assumptions be satisfied:

(A1) (V,||-I) is a Banach space and M C V is a nonempty and closed subset;
(A2) B CV is nonempty, closed, bounded, convex such that 0 ¢ B;

(A3) K :=TR,B=1{t-b: t>0, be B};

(A4) vo € M such that M N ({vg} ® K) is bounded.

Then, there exists v € V' such that

vteMN{v}eK) and {v}=Mn {1} K).
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PRrROOF. Define V! = M N ({vo} ® K). Then, by (A1), (A2), (A3), (V',|]-|]) is a complete
metric space. We introduce an order relation on V' by

v < = veMn({v}®K).

Since the cone K contains 0 € V' and is convex by construction, = is reflexive and tran-
sitive. The sets S (x) = {v' e V': v/ v} = V' N ({v} & K) are closed, i.e., assumption
(M3) of Theorem 16 is satisfied. To check (M4), take {v,},c € V' such that v,11 < v,
for all n € IN. This especially means v, — v,+1 € K, hence there exist ¢, > 0 and b, € B
such that v, — vp41 = thbn.

Applying a separation theorem to B and {0}, we can find v* € V*, r € IR such that

0<r<inf{v*(b): be B}.

Hence
Tty < thv™ (by) = v* (vy — Upt1)

for all n € IN. Adding up these inequalities from n =0 to n = m — 1 we obtain

The set of numbers {v* (vi)},,cn is bounded since vy, € V/ and V' is a bounded subset
of V. This implies ¢, — 0 for n — oo. Therefore,

an - Un+l|| = th : bn” =1tn anH

tends to zero for n — oo since B is a bounded subset of V. Hence assumption (M4)
of Theorem 16 is satisfied. Applying this theorem, we arrive at the conclusions of the
corollary. H

The equivalence of Corollary 26 and Ekeland’s principle (Corollary 21, V' a Banach
space) has been established in [38] and [3]. Especially, it is easy to prove that Corol-
lary 26 implies a Banach space version of Corollary 21 replacing V by V x IR and setting
M = epif, K = {(z,7r) e VxIR: r+|z|| <0}. The set B can be identified with
{(v,r) e VxIR: r+|v| = -1}

This observation gave rise to ask if this procedure can be generalized to product spaces
X xY, X being a complete metric space, Y a topological linear (locally convex) space.
Results in this direction have been obtained by Gopfert, Tammer and Zalinescu, compare
[43], [46], [47] and also the book [44]. Even Theorem 16 implies results of this type
involving the set relations < and < in P (Y). Compare the remarks after Corollary 17
and 18, respectively.

The so called drop theorem, established by J. Danes in 1972 [23], is another important
result being an equivalent formulation of Ekeland’s principle. Moreover, the drop theorem
itself is a reformulation of a renorming theorem due to Zabreiko and Krasnosel’skii from
1971, compare [131]. This observation can also be found in [23].
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Let B C V be closed convex set. The drop D (v, B) generated by v € V\B and B is
defined to be the set

D (v,B) :=co{{v},B}={tv+(1—-t)b: be B,t€[0,1]}.
We give a proof of the drop theorem using Theorem 16.

Corollary 27 Let the following assumptions be satisfied:

(A1) (V,||-Il) is a Banach space and M C V is a nonempty and closed subset;
(A2) B CV is a nonempty closed convex and bounded subset of V' ;

(A3) It holds

0<r:=dist(B,M):=inf{||b—=z|: be B,z € M}.
Then, for each vy € M there exists v € V' such that
veMnND(vy,B) and {v}=MnND(v,B).

PRrROOF. Define V! = M N D (vg, B). Since B is closed, D (vg, B) is closed by construction
and (V',]|-||) is a complete metric space. We define a relation < on V'’ by

v < = v e MND(v,B).

Of course, = is reflexive. It is also transitive. To see this, take vs € D (ve, B), ve €
D (v1, B). Then there are t1,ty € [0,1] and by, by € B such that v3 = tava + (1 — t2) by and
vy = t1v1 + (1 — tl) b1. This gives

vy = 19 [twl + (1 — tl) bl] + (1 — tQ) b
ty(1—t1),  (1—ta)
= 1t 1—tt b b
1tav1 + ( 1t2) 1— tit 1+1—t1t22

Since 2=t + (1—t2)

1—t1t2 1—t1t2
element of b, hence v3 € D (v1, B) which proves the transitivity of <.

= 1, this implies that vg is a convex combination of v; and an

Next, we show the regularity of <. Let {v,},cn C V' be a decreasing sequence, i.e.,
VneIN: v € MND (v, B).
This means, for all n € IN there are t,, € [0, 1], b, € B such that
Unt1 = tpop + (1 —ty,) by, (4.15)
Then, for all b € B and n € IN, we have

(1 —tn) ([1b = vnll + [[bn — b]])

lvnt1 — vall = (1 = tn) |bn — vl <
< (l_tn)<Hb_UnH+diamB)'
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Define dp (z) := infpep ||b — v||. Then, dp is convex since B is a convex set. From the
latter inequality chain, we obtain
lvnt1 — vl < (1 —t,) (dp (vn) + diam B) . (4.16)
On the other hand, the convexity of dp implies
0 <dp (Uny1) =dp (tpvn + (1 —tn) by) < tndp (vy).

Therefore, t, > %. Invoking (4.16) we obtain

dp (Vny1)
dp (vn)

— (dB (Un) —dp (Un—I—l)) +

lons1 —vnl| < <1 - ) (dp (vy,) + diam B)

dB (Un) - dB (Un-‘rl)
dp (vy)

diam B

dp (vn) >

Since 0 < r < dp (v) for all v € M by assumption, this implies

diam B

= (dp (o) — dp (0n1)) (1 T

diam B
o1 = vnll < (4 1n) i (oni)) |1+ P22 .
Setting o' := 1 + % and adding the above inequalities from n = 0 to m — 1, we
obtain for m =1,2,...
m—1
dp (om) + @ Y lons1 = vnll < di (v0)
n=0

implying lim,, o ||Un4+1 — v || = 0 which proves the regularity of <.
The conclusions of the corollary are obtained by applying Theorem 16. ]

Corollary 27 that is an equivalent formulation of the original drop theorem of [23] has
been proven by J. Danes in [24]. Besides the more or less straightforward application of
Theorem 16, the proof above contains the essentials of Lemma 1 and Lemma GKZ of [24].

4.6.2 Results in locally complete locally convex spaces

Several attempts have been made to give a formulation of the drop theorem on locally
convex spaces. The first one seems to be [86], in which Mizoguchi proved variational
principles on complete uniform spaces among them the drop theorem in locally convex
spaces. In [15] and [53] proofs for the drop theorem in sequentially complete, locally convex
spaces are given which seem to be not complete. Results of Qiu [103], [104] show that it
is more appropriated to assume local completeness rather than sequential completeness.
Using this concept, we present the drop theorem as well as Phelps’ lemma in locally
complete, locally convex spaces using an idea of [53] in order to apply the Banach space
versions of the corresponding theorems as the essential tool for the proof.
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The following definitions as well as many results on local completeness can be found
in [100]. Let (V,+,7) be a separated, locally convex space. A bounded and absolutely
convex subset D C V is called a disc. We denote by pp the Minkowski gauge of D, i.e.,

pp (v):=inf{t >0: vetD}, wveV.

The linear subspace of V' spanned by D is denoted by Vp. (Vp,pp) is a normed space. A
disc D C V is called a Banach disc if (Vp,pp) is a Banach space. A sequence {vn},
is called a locally Cauchy (locally convergent) sequence iff it is Cauchy (convergent)
in (Vp,pp) for some disc D.

The space (V,+,7) is called locally complete iff every locally Cauchy sequence
converges locally in V. It is well-known that every sequentially complete separated locally
convex space is locally complete, but the converse is not true in general, compare [100],
Corollary 5.1.8 and Example 5.1.12. The crucial result for the following proofs is the fact
that a separated locally convex space is locally complete if and only if every bounded set
is contained in a Banach disc, see [100], Proposition 5.1.6.

A subset M C V is called locally closed iff for a {v,}, .y © M converging locally to
v €V we have v € M.

Corollary 28 Let the following assumptions be satisfied:

(A1) (V,+,7T) is a locally complete, separated locally convex space and M C 'V is a
nonempty and locally closed subset;

(A2) B C 'V is nonempty, locally closed, bounded, convex such that 0 ¢ B;

(A3) K :=TRyB=1{t-b: t>0,be B);

(A4) vo € M such that M N ({vo} @ K) is bounded.

Then, there exists v € V' such that

veMN{w}tdK) and {o}=Mn{r}dK).

PRrOOF. Define the set
By :=BU {Uo} .

Since B is bounded, so is By. Since V is locally complete, there is a Banach disc D C V
such that By C D and hence vo € Vp, K CVp, M N ({vo} ® K) C Vp.

In order to apply Corollary 26 in (Vp,pp) we have to check its assumptions. First,
we check (Al): The set M N Vp is closed in (Vp,pp). To see this, take a sequence
{vnthemw © M N Vp converging to v with respect to pp. Especially, this means {v,}
converges locally to v € V. Then v € Vp since Vp is Banach. Since M is locally closed,
v € M is also true, hence v € M N Vp.

Assumption (A2) of Corollary 26 is satisfied since obviously B as a subset of Vp has
the desired properties. (A3) is clear by construction.

It remains to check (A4): Denote M’ := M N ({vo} & K) C Vp. We shall show
M’ C {v} @& sB for some fixed s > 0. This implies the boundedness of M’ in (Vp,pp)
since B C D.
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Assume the contrary, i.e., there are sequences {vn}, v © M/, {tn},cn € R\ {0},
{bn},en € B such that lim, .o t,, = +00 and v, = vg + t,b,. This implies

Vn €N : :—”—:—O:bneB.

n n

Letting n — oo we obtain 0 € B, a contradiction. This follows since M’ is bounded in V/,

In 5 0inVaswellas® —-0in V if n — oo.

hence
tn in
Applying Corollary 26 to M" in (Vp,pp) we get a point © € M N ({vo} ® K) such that

{v} = Mn{v}®K). Since M N ({v} & K) C Vp, this implies the desired result. ]

The same idea is used to establish the drop theorem in locally convex spaces. The definition
of a drop as given above applies also in this case.

Corollary 29 Let the following assumptions be satisfied:

(A1) (V,+,7T) is a locally complete, separated locally convex space and M C V is a
nonempty and locally closed subset;

(A2) B C 'V is nonempty, locally closed, bounded, convex;

(A3) If N (0) be a neighborhood base of € V' for T, then there is N € N (0) such that
MN(B®N)=0.

Then, there exists v € V' such that

veMnND(vy,B) and {v}=MnND(v,B).

PROOF. Define the set
By:=BU {1}0} .

Since B is bounded, so is By. Since V is locally complete, there is a Banach disc D C V
such that By C D and hence vy € Vp. Define the set Mp = M N Vp in order to apply
Corollary 27 in Vp. The assumptions (A1) and (A2) of Corollary 27 can be verified with
similar arguments as used in the proof of Corollary 28. It remains to check (A3) for B, Mp.
We must have pp (b—v) >r >0 for all b € B, v € Mp. This is equivalent to b — v & rD
for all b € B, v € Mp. Assume the contrary, i.e., there are sequences {v,}, . € Mp,
{tn}enw € Ry, {bn},env € B such that lim, .o t,, = 0 and

VYneIN: b, —v, €t,D.

Take N € N (6). Since D is bounded in V, there is ¢ > 0 such that tD C N. Hence there
is ny € IN such that b, — v, € N for all n > ny. Since N is arbitrary in N (), this
contradicts (A3) of the present corollary.

We may apply Corollary 27 to obtain the desired result. ]

Although the space V' is not a Banach space (or a complete metric) in the last two
corollaries, their proofs rely essentially on the Banach space versions presented before.
Therefore, the latter results are included in this chapter.



4.7. Minimal elements on product spaces 97

4.7 Minimal elements on product spaces

As mentioned before, Bishop and Phelps [5], [102] as well as Ekeland [30] already observed
that the so called variational principle is nothing else than a minimal element theorem for
orders on X X IR defined by

(«',7") = (z,7) = r'+d(d ) <r

for (z/,7'),(xz,r) € X x IR. Applied to epigraphs of functions f : X — IR, this relation
generates an order on X simply by setting

¥ <xx = f(@)+d(2,z) < fz).

The question arises if it is possible to obtain minimal element theorems on product spaces
X x V where the set in question can not necessarily be interpretated as the epigraph of a
function f: X — V. Gopfert, Tammer and Zalinescu established results in this direction
in a series of papers [43], [45], [46], [47]. Compare also the book [44], Section 3.10. A
subsequent paper is [55] and more general results can be found in [50], [51].

In this section, we state a minimal element theorem on a product space X x V where
X is a complete metric space and V is a Banach space. The method of proof is again an
application of Theorem 16. For a more general setting, compare the following chapters.

Corollary 30 Let the following assumptions be satisfied:
(A1) (X,d) is a complete metric space and (V. ||-||) a Banach space;
(A2) K CV is a closed convex set and a cone in P (V') generating the quasiorder < on
V and k' € K\ — K;
(A3) The nonempty closed set A C X x V' and the topological bounded set M C V are
such that

(z,v)eA = veMaKk;

(A4) ]f{(mnavn>}n€ﬂ\] Q A satisﬁes
Vn € IN: vpp1 + k% (2ni1, 2n) <k Un, (4.17)

and {xn},cn € X ds convergent, then {v,},cn €V is asymptotic.
Then, for each (vo,vg) € A, there exists (T,0) € A such that

(Z) v+ k0d (i’, Uo) <K g
(i1) (z,v) € A, v+kd(2,2)<gv = (2,v)=(2,0).

PROOF. Define a relation on the complete metric space A C X x V by
("E/avl) = (z,v) — v +d (:c’,:r) KO <k .

Invoking the properties of d, we can see that =< is reflexive and transitive. To prove
regularity, take a <-decreasing sequence {(zn,vn)}, ey € 4, i.e., it satisfies (4.17). Take
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v* € KT :={v*€V*: Yve K: v*(v) >0} such that v* (k%) = 1. Such a v* does exist
according to classical separation arguments (see [133], Theorem 1.1.5). We obtain

Vn € IN: v* (vp41) + d(Tpt1, 2n) < 0™ (V) -

From (A3) we obtain that v* is bounded below on {v € V': Jx € X : (z,v) € M}. There-
fore, the above relation implies that the sequence {x,}, iy is Cauchy, hence convergent to
some & € X. Assumption (A4) ensures that {v,}, is asymptotic. Therefore, assump-
tion (M3) of Theorem 16 is satisfied for <.

To check the lower closedness, i.e., assumption (M3) of Theorem 16, take a <-decreasing
sequence {(Tn,vn)},cpn contained in S (vp,vp) and converging to some (z,v) € X x V.
The triangle inequality for d, (4.17) and the definition of < imply

VneIN,Vm>n: vn—vm—kogo(xm,wn)eK.
Since K is closed, we obtain via m — oo
VnelN: v, —v— k% (z,z,) € K.

The transitivity of < implies (z,v) € S (vo, vg) as desired.
We may apply Theorem 16 to obtain the result of the corollary. ]

Remark 23 1. Corollary 30 is an example of an minimal element theorem on a product
space being itself a complete metric space. More general theorems of this type, denoted
as "authentic minimal point theorems”, have been proven in [47] and [44] using different
techniques. Compare also Section 7.1.

2. The assumptions used in Corollary 30 are strongly related to the assumptions used
in the cited references. For example, the conclusions of the corollary remain true if the

set M is replaced by {0}, 0 € V and assumption (A4) by (SP4) of [44], p. 97, namely
(A4") Every <jy-decreasing sequence being bounded from below is asymptotic.

3. It is possible to weaken the assumptions even in the setting of uniform spaces. This
requires different methods for the proofs, namely a scalarization technique. See Section
7.1..

Using different order relations, further results can be obtained immediately. One example
is the following corollary, a generalization of Theorem 8 of [61].

Corollary 31 Let the following assumptions be satisfied:
(A1) (X,d) is a complete metric space and (V,||-||) e Banach space;
(A2) K CV is a closed convex set and a cone in P (V') generating the quasiorder < on
V and k° € K\ — K;
(A8) The nonempty closed set A C X x V' and the topological bounded set M C 'V are
such that

(z,v) eA =— wveMaK;
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Then, for each (vo,vo) € A, there exists (Z,v) € A such that

(i) b+ K (d (@, 20) + |7 — woll) <ic o
(ii) (z,v) € M, v+ k' (d(z,2)+ v +70|) <k ¥ = (z,v) = (7,0).

PRrROOF. The assumptions of Theorem 16 are checked for the relation
(2,0") = (2, v) = v+ k0 (d (2, 2) + |[v" —v]|) <k v

defined on the complete metric space (A,d(-,-)+ - —-||). Reflexivity is obvious and
transitivity can be checked straightforward.
To show regularity, take a <-decreasing sequence {(z,vn)},cns i-€-,

VneIN: vyp1 + K [d (zng1s 2n) + |Ung1 — vnll] <k Un.

The transitivity of < yields

m—1
Vm e IN: vy — vy — k° Z (d(xnt1,Tn) + ||Uns1 — vnl|) € K.
n=0
Assume that ay, = Z;”;OI (d(Xpt1,Tn) + ||vne1 — vpl|]) — +o00. Then, for sufficiently
large m,
1

1 1
—vo—koe—vm@Kg—M@K.

Qm Qm Qm
Letting m — oo, the contradiction —k? € K is obtained since M is bounded.
Finally, the lower closedness of =< follows from the closedness of K and A.
We may apply Theorem 16 to get the desired result. ]

The preceding corollary generalizes Theorem 8 of [61] in different directions. At first,
X is assumed to be a complete metric space rather than a Banach space. At second,
the set M does not consist necessarily of a single element and K is not assumed to be
pointed. However, one may check that, under our assumptions, if (X, ||-||) is assumed to
be a Banach space too, the set

{(@v) € X x Vi v+ & (Jlaf| + [lv]]) € K}

is a closed convex pointed cone, actually generating the relation =< in this case.

Under the assumptions of Corollary 30, it is also possible to use order relations involving
functionals v* € K explicitely. Compare Theorem 3.10.7. of [44] and Theorem 4 of [47].
We establish similar results in Chapter 7 on uniform spaces.
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Chapter 5

Partial Minimal Element
Theorems on Metric Spaces

5.1 The basic theorem on metric spaces

Let (X,d) be a complete metric space and Y a nonempty set. The goal is to extend
Theorem 16 to order relations on X x Y. Let us note that the assumptions to X and
Y, respectively, are completely different. This is the main feature of the results of this
chapter in contrast to Corollary 30 and 31. The difference to Theorem 21 and 22 is the
order relation: Here we use a relation on X x Y directly, not one on X X P (Y).

Theorem 23 Let the following assumptions be satisfied:

(MP1) (X,d) is a complete metric space, Y a nonempty set and M C X XY a nonempty
set;

(MP2) < is a reflexive and transitive relation on X x Y.

(MP3) If {(xn,yn) } ey © M is a decreasing sequence with respect to <, i.e.

Vn € N : (Znt1, Ynt+1) = (Tn, Yn)

then lim, o d (p4+1, 2n) = 0.
(MP4) If {(xn, yn)}perw © M is a decreasing sequence and {xyn},  converges to v € X,

then there exists y € Y such that (z,y) € M and
VneIN: (x,y) <X (n,Yn) -

Then, for each (xo,yo) € M, there exists (T,y) € M such that

)

)
(4) (Z,9) = (z0,%0)
(1) (z,y) e M, (v,y) 2 (2,5) = ==1.

PROOF. We may assume that d is bounded. Otherwise, it can be replaced by d' = Toa
observing that (MP3), (MP4) remain in force for d’. For (z,y) € X x Y, we set

Sx (z,y) :== {x’ ceX: Iey: (x',y') e M, (ac’,y') < (m,y)}.

101
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Note that always z € Sx (z,y) whenever (x,y) € M. Starting with (xo,y0) € M, a
sequence {(Zn,Yn)} ey © M can be defined as follows: Choose x,,41 € Sx (2n,yn) such

that 1
d(l‘TH*l,xTL) > sup d(l’,l‘n) -

TESX (mnvyn)

3

and yp4+1 € Y such that (z,41,Ynt+1) = (T, yn) as well as (41, Ynt+1) € M.
The transitivity of < and the definition of Sx (z, yy) imply x,,, € Sx (zn, yn) whenever
m > n. Moreover,

1
d(Tm,Ty) < sup  d(z,2n) < d(Tpi1,20) + .
.Z‘GSX($7L7yn) n
Therefore, by (MP3), {2y}, is Cauchy and hence convergent to z € X. By (MP4),
there is § € Y such that (z,y) € M and

Vn S IN : (f,g) j (xnvyn)a

especially (Z,9) < (o, yo)-
Assume, there is (2/,y’) € M such that (2’,y') =< (z,7). Then by transitivity, (z/,y") =<
(T, yn) for all n € IN implying 2’ € Sx (25, yn). This gives

1

d (x’,xn) < sup  d(z,xy) < d(zpi1,mn) + —

€8x (Tn,yn) n
Since the right hand side of the last expression tends to 0, we may conclude z,, — z’.
Since the limit in complete metric spaces is unique, we obtain 2/ = z. This proves the
theorem. ]

Theorem 23 for a separated locally convex space Y and special order relations = is called
"non authentic minimal point theorem” in [47] and [44, Section 3.10] since conclusion (ii)
of the theorem only involves the x-variable and not a true minimal element of M with
respect to <.

Theorem 16 happens to be a special case of Theorem 23. To see this, take M = X x{ys}
where ys; € Y is a fixed single element. In this case, the quasiorder < on X X Y generates
a quasiorder <x on X by

o <x — (2',ys) 2x (z,ys) -

Therefore, (MP3) for < is (M3) of Theorem 16 for <x. The sets Sx (z,ys) coincide with
the section of <x at x. This means, (MP4) passes into (M4). Of course, the conclusions
of Theorem 23 specialize to those of Theorem 16.

Conversely, it seems to be not possible to derive Theorem 23 directly from Theorem
16 without an additional induction argument with respect to the y -variable like in the
above proof of Theorem 23.

Roughly speaking, assumption (MP4) can be understood as partial lower closedness
of the sections of <. It is a generalization of condition (H1) of [47] and [44, Section 3.10],
playing in locally convex spaces Y. In [47], [44], also sufficient condition for (H1) are given.
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Remark 24 Assumption (MP3) of Theorem 23 ensures partial antisymmetry of the re-
lation = in the sense of Definition 13. To see this, follow the arguments of Remark 40: If
(x,y) 2 (2',y) as well as (2',y") < (z,y), define a sequence by

{@,9), (. y), (x9), (@ y),...}
being decreasing with respect to <. (MP3) implies d (z,z") = 0.

In the following sections we provide Y with more algebraic and topological structure from
step to step in order to obtain new as well as several known existence results for partial
minimal elements of product sets.

Finally, we remark that (X, d) has not to be complete. This assumption can be slightly
relaxed similar to the last chapter. However, the completeness is assumed in this chapter
to make the presentation more clearly.

5.2 Results involving ordered monoids

First, we assume (Y, 0, <) to be a quasiordered monoid.

Corollary 32 Let the following assumptions be satisfied:
(A1) (X,d) is a complete metric space and (Y, 0, <) a quasiordered monoid;
(A2) The nonempty set M C X XY, (xg,y0) € M and y € Y are such that

(r,y)eM = y<uy;

(A3) @ : X x X — Y is a regular order premetric with respect to y,yo € Y;
(A4) If {(zn, yn) } e © M is a sequence such that

Vn e IN: ypi1 0P (Tps1,2n) < Yn
and {xn}, cn converges to x € X, then there exists y € Y such that (z,y) € M and
VneIN: yo®(x,z,) < yp.
Then, there exists (T,y) € M such that

(Z) go(b(jvx())gyo
(i) (my) €M, yod(nr)<g =— w=7

PROOF. Define a relation relation
(2", y) =2 (z,p) = Y od(az)<y

on X x Y and check the assumptions of Theorem 23. (MP2) is obvious. (A4) implies
(MP4) directly. To check (MP3), take a decreasing sequence {(Zn,¥n) e € M, ice.

Yn+1 © ® (mn+17 mn) S Yn
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for all n € IN. This implies (compare the proof of Theorem 9)

n

goy ®(zrr1,ar) < o
k=0

The regularity of ® ensures (MP4). The conclusions of Theorem 23 yield (i), (ii). m

Remark 25 Corollary 9 is a special case of Corollary 32. To see this, take
M={(z,f(x)) e XxY:zeX}.

One can easily check the assumptions of Corollary 32. Its conclusions passes into those of
Corollary 9. Rougly speaking, this shows that a partial minimal element theorem suffices
to derive a corresponding Ekeland type theorem. For special cases, this connection has
been observed in [47].

5.3 Results involving power sets of ordered monoids

The set valued situation deserves special attention. Again, we consider the two order
relations introduced in Section 2.2.1.

Corollary 33 Let the following assumptions be satisfied:

(A1) (X,d) is a complete metric space, (Y,0,<) an ordered monoid and (Y,®, <) the
quasiordered monoid generated by Y := P (Y);

(A2) The nonempty set M C X x Y, (xo, My) € M and W € Y are such that

(x,M)e M = W =M,

(A3) ®: X x X — Y is a regular order premetric with respect to W, My € Y;
(A4) If {(zn, Mp)},eny © M is a sequence satisfying

VneIN: M1 ©P (l‘n+1axn) < M,

such that {x,}, .y converges to x € X, then there exists M € Y such that (z, M) € M
and
VnelN: Mo (x,x,) < M,.

Then, there exists (E,M) € M such that

(2) MQ(I)(£>$O) < My
(ii) (x,M)eM, MO®(z,z)xM = x==1.

PROOF. Define a reflexive and transitive relation on X x Y by

(2/,M") 2 (z,M) = Moo (2, z) < M.
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(MP1) and (MP2) of Theorem 23 are obviously satisfied. (MP3) follows from (A4). The
regularity of ® and (A2) ensure (MP4). The result follows from the conclusions of Theorem
23. u

Of course, Corollary 33 is a special case of Corollary 32. The counterpart for the relation
=< reads as follows.

Corollary 34 Let the assumptions (A1) — (A4) of Corollary 33 be satisfied with < re-
placed by <. Then, there exists (:Z',M) € M such that

(l) M@@(E,xo) =< My

(ii) (x,M)eM, MO®(z,z2) XM = x=7.
PROOF. Define a reflexive and transitive relation on X x Y by

(m',M/)j(x,M) = M/®<I>(:c',$)4M.

(MP1) and (MP2) of Theorem 23 are obviously satisfied. (MP4) follows from (A4). The
regularity of ® and (A2) ensure (MP3). The result follows from the conclusions of Theorem
23. u

5.4 Results involving linear spaces

This section contains special cases of the results of the last one whereas Y is replaced by
a topological linear space V' and the power set of such a space, respectivly. The following
two corollaries deal with P (V') involving the relations < and =<, respectively.

Corollary 35 Let the following assumptions be satisfied:
(A1) (X,d) is a complete metric space and (V,+) a separated topological linear space;

(A2) K C V is a convex set containing 0 € X and a cone in (V = 73(V),69), K% C
K\ (—cl K) is a nonempty conver and sequentially compact set;
(A8) The nonempty set M C X x V and the topological bounded set W € V are such that

(2, M) e M = W <M;

(A4) ¢ : X x X — IRy is a regular premetric;
(A5) If {(xn, Mp)},ew © M is a sequence satisfying
VneIN: M,y @ So(xn—i-l’xn) K° < M,

such that {z,}, . converges to x € X, then there exists M € V such that (z, M) € M
and
VnelN: M p(z,z,) K° < M,.

Then, for each (xg, My) € M with My # 0, there exists (:E,M) € M such that

(4) M@ ¢ (2,20) K < Mo
(ii) (x,M)eM, Moz, z)K'xM = x==z.
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PROOF. Defining the relation
(«/,M") < (z, M) = M & (2 2) K* < M,

on can eagsily see from the properties of < and ¢ that =< is reflexive and transitive on
X x V. Clearly, (A5) is (MP4) for this order relation. We are going to check (MP3). If
for all n € IN

Myi1 ® ¢ (Tpi1,20) K < My,

we can add ¢ (7, 2,_1) K° to both sides of this equality obtaining
MnJrl @ (l'nJrl, xn) KO ® e (-Tna $nfl) KO XM, ® 2 (xna l'nfl) KO < Mp—1.

Since KV is a convex subset of the linear space V, it is a convex element of V, therefore
sKO®tK" = (s +t) K whenever s,t > 0. This fact and the transitivity of < imply

M1 @ (¢ (a1, Tn) + @ (Tn, Tno1)) K < My,

Continuing this process if necessary we arrive at

n—1

Mpi1 @ (Zip(ﬂUkH,JCk)) K%< My

k=0
for all n € IN. Assumption (A2) implies

n—1

YnelN: W& <Z‘P(xk+17$k)> K° < M.
k=0

Define a,, := Zz;é ¢ (xg+1,xK). Take my € My being nonempty by assumption. The
definition of < implies

Vn € IN: Jw, € W, kgeKO: mo—(wn+k‘2an)€K.

Assume «a;, — +00. Then

1 w
— - " -k eK
On  On

for all n € IN sufficiently large. Since K is sequentially compact, there is a subsequence
of {kg}nem converging to some k” € K. Since W is bounded, iwn — 0 €V as well as
imo — 0 € V. Hence —k° € cl K contradicting assumption (A2). Therefore, the a,’s
remain bounded and ¢ (zp41,2,) — 0. Hence d (2,41, 2,) — 0 by regularity of . This
shows that (MP3) is satisfied. The conclusions of Theorem 23 yield the conclusions the
present theorem. ]

As before (compare Corollary 17 and 18, respectively), the assumptions involving the set
K9 My and W are different if < is replaced by <.
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Corollary 36 Let the following assumptions be satisfied:
(A1) (X,d) is a complete metric space and (V,+) a separated topological linear space;

(A2) K C V is a convex set containing 6 € V and a cone in <V = 73(V) ,EB), K° C
K\ (—clK) is a nonempty convex set;
(A8) The nonempty set M C X xV and the nonempty set W € V are such that

(z,M)eM = W ZM;

(A4) ¢ : X x X — R4 is a regular premetric;
(A5) If {(2n, W) } ey © M s a sequence satisfying

VneIN: My @ go(:z:nJrl,xn)KO < M,

such that {x,}, . converges to x € X, then there exists M € V such that (x,M) € M
and

VneIN: M&p(z,z,) R M,.

Then, for each (xg, My) € M such that My C V is nonempty and topological bounded,
there exists (iz,M) € M such that

(1) M @ o (z,20) K Z My
(ii) (x,M)eM, M®p(z,2)K°X M = z=1z.

PrROOF. Theorem 23 should be applied to the order relation
(m’,M’)j(w,M) = M/@QO($/,$)K04M.

Again, only (MP3) calls for a proof. By similar considerations as in the proof of Corollary

35, we arrive at

n—1
W e (Z(p(mk+1,xk)> KY = My
k=0
for all n € IN. Define o, = Y.p—g ¢ (Th41,7%). Choose w € W and k° € K° which
is possible by (A2), (A3). According to the definition of <, for each n € IN, there is
(mg),, € My such that
(mo),, —w — ank® € K.

Assume that a,, — +o0o. Then we may conclude k' € clK, a contradiction. Hence
limy, 400 ¢ (Tn+1,2,) = 0. The regularity of ¢ ensures that (MP3) is satisfied. Applying
Theorem 23 gives the desired result. ]

The next corollary involves a subset M C X x V rather than M C X x P (V). However, it
is still more general than Theorem 1 of [47]. This is due to the sets W, K° not necessarily
containing just a single point.
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Corollary 37 Let the following assumptions be satisfied:
(A1) (X,d) is a complete metric space and (V,+) a topological linear space;
(A2) K CV is a convex set containing 0 € V and a cone in <V =P (V) ,69) generating

the quasiorder <x on V and k° € K\ (—cl K);
(A8) The nonempty set M C X x V and the topological bounded set W C 'V are such that

(x,v)eM = veWaK,

(A4) ¢ : X x X — IRy is a reqular premetric;
(AS5) If {(zn,vn) }pew € M is a sequence satisfying

Vn € IN: w1 + k20 (Zni1, 20) <k vn
such that {x,}, oy converges to x € X, then there exists v € V such that (x,v) € M and
VneN: v+ kogo(:r:,:nn) <p Up.
Then, for each (zo,vo) € M, there exists (Z,v) € M such that

(4) ¥+ k% (7, 20) <k v0
(ii) (z,v) €M, v+Kk¢(2,7)<xkv = z=27.

PROOF. Setting M := {(z,{v}) : (z,v) € M}, K® = {k"} and observing that {v'} < {v}
if and only if v/ <y v for v € V one can see that Corollary 37 is a special case of Corollary
35 (as well as of Corollary 36). u

Of course, using the relation
(x’, v/) = (z,v) <= v+ K (95/, :1:) <K v

one can also prove Corollary 37 by an application of Theorem 23.

The results of this subsection are essentially due to Hamel and Lohne [50], [52]. Let
us note that Corollary 32 can be applied especially to conlinear subspaces of P (V'), where
(V,+,7) is a topological linear space. Possible candidates are for example the set of all
closed sets or the set of all closed convex sets with suitable addition. Compare Example
12.



Chapter 6

Variational Principles on
Complete Uniform Spaces

This chapter is devoted to variational principles on complete uniform spaces. The main
difference to the metric case is the appearance of a transfinite induction argument such as
Zorn’s lemma. Without additional assumptions, i.e., simply transforming Theorem 16 into
the context of uniform spaces we are not able to avoid such an argument. The situation
completely changes if a scalarization functional is present or can be constructed. This is
the theme of the next chapter.

Minimal element theorem on uniform spaces are a common generalization of Phelps’
lemma (Lemma 1 in [101] from 1963) on the one hand and Ekeland’s variational principle
from 1972 ([28], [30]) on the other hand. The former is in toplogical linear spaces, the
latter in metric spaces, both classes of spaces belong to the class of uniform spaces. The
first result in this direction is Theorem 1 in [8] due to Brgnstedt. A very general result
has been given by Vélyi in the 1985 paper [124]. Besides, he proved also the first so called
vector valued version of Ekeland’s principle on uniform spaces (Theorem 5 of [124]).

6.1 The basic theorem on complete uniform spaces

6.1.1 Preliminaries

Let (X,U) be a uniform space with uniformity 4 C P (X x X).

Let < be a quasiorder on X, i.e., a reflexive and transitive relation. As before, we
denote the lower sections S; (z) = {2’ € X : 2/ <z} by S (z) for z € X, compare Definiton
12.

Let (A, ) be a directed set (compare [72], p. 65). A net {z} .4 € X is said to be
decreasing with respect to < iff

Va,B €A, a=B: xq 2 28.

In this chapter, (X, i) is assumed to be complete. We note that the results can be modified
in order to replace the completeness by <—completeness as in Chapter 4.

109
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A quasiorder = is called regular iff every decreasing sequence {x,}, .y C X is asymp-
totic, i.e.,
VE €U, Ing e N, Vn >ng: (xpi1,2,) € E.

As in the case of a metric space, regularity forces antisymmetry.

Proposition 42 A regular quasiorder < on a separated uniform space X is antisymmet-
Tic.

Proor. Take x,2’ € X such that < 2’ < z. Then, the sequence {z,z',z,2',...} is
decreasing. Regularity implies

VD elU : (ac,x') , (x',x) e FE.
Hence x = 2’ since X is separated. u

A quasiorder < is called lower closed iff for any decreasing net {z4},c4 € X converging
to some x € X
VaecA: z <z,

holds true. A quasiorder is lower closed if and only if the sections S (x) are closed with
respect to decreasing nets, i.e. if {za},cq C S (2) and limy x4 = @, then z € S ().
6.1.2 The basic theorem

The following theorem is parallel to Theorem 16. A theorem of this type has been estab-

lished by Vélyi in [124].

Theorem 24 Let the following assumptions be satisfied:
(M1) (X,U) is a complete uniform space;

(M2) =< is a reflexzive and transitive relation on X ;

(M3) < is regular;

(M4) < is lower closed.

Then, for each xg € X there exists T € X such that

z € S (zo) and {z} =5 (2).

PrOOF. Consider the set S (zg) := {xr € X: x Zx9}. Let Sy C S(z9) be a totally
ordered subset of S (zg). Consider Sp to be a decreasing net,

So = {Ta}aca> Ta SXTo for a>-ao

for some index set A, directed by . We claim that {z,},c, is Cauchy. Assume the
contrary. Then there exist £ € U and {2}, cn € {Ta}aca € So such that

(Tnt1,2n) ¢ E for ne€IN.
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Indeed, if {24}, 4 is not Cauchy, there is £ € U such that
Va € Adag > a1 > a: (o, Zay) € E.

Hence we can find aj,as € A such that as > «; and (24,,%a,) € E. Set x1 := 24,
T9 1= Tq,. Similiarly, as, aq € A can be found such that ay > ag > a2 and (za,, Ta,) € E.
Set x3 := Tq,, T4 1= Ta, and continue this procedure. A decreasing sequence {z,}, v is
obtained being not asymptotic. This contradicts (M3).

Since X is complete, {xq},c4 converges to some To € X. From (M3) we obtain that
Zo € S (zq) for each o € A, especially Zg € S (xg). Hence Zy < z, for each o € A, i.e., Ty
is a lower bound of Sj.

By Zorn’s lemma, there exists a minimal element Z in S (o). Moreover, {z} = S (7)
because if x # Z, x < T we obtain by transitivity x < < xg contradicting the minimality
of Z in S (z). m

Remark 26 The uniform structure U on X can be equivalently generated by a family of
pseudometrics {pr} cp according to Definition 23. This means, each E € U contains a
set of the form

Ey, = {(x,x/) 2 dy, (:U,x') < r}, AeA r>0.

The sets Ex,, X € A, v > 0 form a base of the uniform structure U on X. Hence, a
sequence {Zn},cn C X is asymptotic if and only if

Vr >0, VA€ A, Inyn € IN, V> np 0 pa (Tpg1,2n) <7

Similarly, the property of being asymptotic can be described by quasimetrics (see Definition
23) or an order metric (see Definition 25).

6.1.3 Equivalent formulations of the basic theorem

Without serious difficulties it is possible to transform the equivalent formulations of the
basic minimal element theorem for metric spaces to the case of uniform spaces. We shall
give the statements and refer for the details of the proofs to Section 4.1.3.

Theorem 25 Let (M1) through (M) of Theorem 24 be in force and, additionally, T :
X — P(X) be a set-valued mapping. If T satisfies

Vee X, I €T (z): 2 Lu, (WC)
then there is & € X such that & € T' (Z), i.e. T is a fized point of T. If T satisfies

Vo e X, Vo' €T (z): 2/ <z, (SC)
then there is & € X such that {z} =T (Z), i.e. T is an invariant point of T

PrOOF. Each point ¥ satisfying the conclusions of Theorem 24 does the job. ]
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Theorem 26 Let (M1) through (M4) of Theorem 24 be in force and, additionally:
(M5) The set M C X satisfies

Vo € S (zo)\M 32’ € S(x)\{x}.
Then, there exists T € S (x9) N M.

PrOOF. By Theorem 24, there exists Z € S (zg) such that {z} = S (z). By assumption
(M5), z € M, hence £ € M NS (x). m

Theorem 24 can be derived from Theorem 25 and Theorem 26 in the same way as Theorem
16 from Theorem 17 and Theorem 18, respectively.

6.1.4 Set relation formulation

In this section, the analogues to the Theorems 21 and 22 shall be established.

Let (X,U) be a uniform space and Y as well as M C X x Y be nonempty sets.
For # € X, let us define M (z) := {(z/,y) e X xY : o' =z, («/,y) € M} € P(X x Y)
and My (z) == {yeY: (z,y) € M} € P (Y). Let =< be a quasiorder on M. Then,
{M(z): z€ X},<) as well as ({M (z): x € X},=X) is quasiordered. As in Section
4.1.6 we have M (z') < M (z) if and only if

Yy € My (z), 3y’ € My (2') = (a',y/) = (z,y) (6.1)
and M (2) X M (z) if and only if
vy € My ('), 3y € My (z): («/,¢) = (z,y). (6.2)

Theorem 27 Let the following assumptions be satisfied:

(M1°) (X,U) is a uniform space and X, Y as well as M C X XY are nonempty sets;
(M2’) < is a quasiorder, i.e. a reflexive and transitive relation on X x Y

(M3’) If {M (x4)},c 4 5 a decreasing net with respect to <, i.e.

O[,ﬂ € A? Q- 6 — vyﬁ € MY (xﬁ)a ElyOé S MY (xa) : (xouya) j (‘Tﬁﬂyﬁ)
and the net {xq},c 4 converges to x € X, then
Vaoe A: M(x) X M (zq);

(M4’) If {(Zn,Yn) e © M is a decreasing sequence with respect to X, then {xn}, o 18
asymptotic.
Then, for each xo € X with My (o) # 0, there exists T € X such that My (T) # 0 and
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ProOOF. We define a binary relation on X be setting
¥ Ixz = M) M).

in order to apply Theorem 24. With the help of (6.1), one can see that <x is reflexive
and transitive. (MP3) gives the lower closedness of <x. It remains to show the regularity.
This can be done in the same way as the regularity for < in the proof of Theorem 21.
Finally, a straightforward application of Theorem 24 yields (i) and (ii). ]

Note that the closedness assumption (M3’) can not be formulated merely in terms of the
order relation on X x Y whereas the regularity assumption (M4’) can. This is due to
the fact that closedness in uniform spaces requires nets whereas regularity involves only
sequences. Compare the proof of Theorem 21.

The corresponding result for < reads as follows.

Theorem 28 Let the following assumptions be satisfied:

(M1°) (X,U) is a uniform space and X, Y as well as M C X xY are nonempty sets;
(M2’) < is a quasiorder, i.e., a reflexive and transitive relation on X X Y;

(M3°) If {M (x4)}oca © M is an increasing net with respect to <, i.e.

a,ﬁ S A, a - ﬁ — vyﬁ € M(xﬂ) Elya € M(xa) : ($B7yﬁ) = (xaaya)
and the net {xq},c 4 converges to v € X, then
VaeA: M (xq) X M (x);

(M3?) If {(Zn, Yn) tnew © M is a increasing sequence with respect to =<, then {xn},cn 5
asymptotic.
Then, for each xy € X with My (xg) # 0, there exists T € X such that My (Z) # 0 and

(t) M (zo) 2 M (Z)

PRrROOF. The proof is an application of Theorem 27 using the same arguments as in the
proof of Theorem 22 applying Theorem 21. ]

Remark 27 Asin the metric case, one can consider the special Y = {ys}, a singleton. In
this case, Theorem 27 reduces to Theorem 24 (as well as Theorem 28 to a mazimal element
reformulation of Theorem 24). On the other hand, Theorem 27 (as well as Theorem 28)
are proven using Theorem 24 without any reference to the constructions in the proof of
Theorem 24, especially not to Zorn’s lemma. In this sense, the theorems are equivalent.
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6.1.5 Special cases of Theorem 24

In this section, we shall show that the fundamental lemma of Phelps (Lemma 1 of [101])
as well as its generalizations of Bronsted (Theorem 1 of [8]) and Mizoguchi (the lemma in
[86]) are special cases of Theorem 24.

To begin with, we reformulate Brgnsted’s theorem.

Corollary 38 Let the following assumptions be satisfied:
(A1) (X,U) is a complete uniform space;
(A2) < is a quasiorder on X with lower closed section S (x) = {2’ € X : 2’ < x};
(A3) The function f: X — IR U{+o0} is bounded below and monotone with respect to <,
i.e.,
2w = f(z1) < f(22);
(A4) For each E € U, there is § > 0 such that x1 = x2 and f(z2) — f (x1) < § implies

(xl, 5132) € F.
Then, for each xo € X with f (x¢) € R, there is & € X such that

z € S(xg) and {z}=S5().

ProOF. It suffices to verify the regularity of < in order to apply Theorem 24. Take a
decreasing sequence {xn}, . i-€.

VneIN: 11 X xp.

Fix E € U and take § > 0 from assumption (A4). Since f is monotone and bounded
below, the sequence {f (z5)},c is convergent. Hence, there is ns € IN such that

Vn>ns: f(zn) — f(zpe1) <0.

Assumption (A4) implies (zn, 2n41) € E for alln > ns, hence {x, }, .y is asymptotic. This
proves the regularity of <. The assertions of the theorem follow from those of Theorem
24. ]

The original lemma of Phelps (Lemma 1 in [101]) is a consequence of Corollary 38. The
details are not repeated here and can be found in [8].

Corollary 39 Let the following assumptions be satisfied:

(A1) (X,U) is a uniform space and {pr} cp a family of pseudometrics generating the
uniformity;

(A2) < is a quasiorder on X with lower closed section S (z) = {2’ € X : o’ < x};

(A3) {fa}ren is a family of functions fy: X — IR such that each fy is bounded below on
X and monotone with respect to <, i.e.

VAeEA: (r1 2xe = fin(z1) < fia(22));
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(A4) For each X € A and each ¢ > 0, there is 65 > 0 such that ©1 < z2 and fy (z2) —
Ia (1) < 8y implies py (w1, 22) < €.
Then, for each o € X, there is ¥ € X such that

z€S(xy) and {z}=5(7).

PROOF. Again, it suffices to verify the regularity of < in order to apply Theorem 24. Let
{Zn}, e be a decreasing sequence with respect to <. Repeating the arguments from the
proof of Corollary 38 with f replaced by fy, we obtain

YAEA: Iny: Vn>ny: pr(Tpt1,2n) < €.
Since the sets
Ey\. = {(:v,x/) eEXXX: px (:U,x') <€}, AeNe>0

form a base of the uniformity, the sequence {z,},  is asymptotic. Hence Theorem 24
can be applied to finish the proof. ]

In view of Proposition 33, the above corollary can be formulated replacing the family of
pseudometrics by a family of quasimetrics. Finally, we give a formulation with a function
f:X =Y, (Y,<,0) a normally ordered, topological Abelian group. If X is separated
uniform, such a group exists and additionally an order metric D : X x X — Y generating
the uniform structure and the topology on X, cf. Section 2.2.3.

To formulate the result, an additional condition is needed. Let X, Y as above such
that the following condition is satisfied:

(R) Every sequence {yn},cn, that is decreasing with respect to < and bounded from
below, is asymptotic, i.e.,

VB e B(#),Ing € N,¥n>np: yno (yny1) " € B,
where B (6) is a neighborhood base of § € Y consisting of full sets.

Corollary 40 Let the following assumptions be satisfied:

(A1) (X,U) is a complete uniform space, (Y,0,<) is a normally ordered, topological
Abelian group satisfying condition (R) above;

(A2) < is a quasiorder on X with lower closed sections S () = {2’ € X : 2’ < x};

(A3) The function f: X — Y is bounded below and monotone with respect to =<, i.e.,

v 2wy = f(21) < f(22);
(A4) For all E € U there is B € B(0) such that
w1 2wy, f(w)o(f(m) " €B = (v1,22) € E,
Then, for each xog € X, there is T € X such that

z€S(xg) and {z}=5(2).
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PROOF. Again, the only thing te check is the regularity of <. Take a decreasing sequence
{Zn} e+ Then, the sequence {f (z,)},cy € Y is decreasing with respect to <. Take
E € U and consider B € B(0) from (A4). There is np € IN such that

Vn>np: Tns1 < @, f(zn)o (f (Tas1))” " € B,

since {f (zn)},en 1S asymptotic according to (R). (A4) implies (2, 7n41) € E for all
n > np. Hence {x,}, is asymptotic as desired and we may apply Theorem 24 to
obtain the assertions of the corollary. ]

Of course, Corollary 40 is a generalization of Corollary 38. A related result is Theorem 5
of [124].

6.2 Results with functions into ordered monoids

6.2.1 Ekeland’s principle over quasiordered monoids

It is possible to give a uniform space formulation of all results of Section4.2. We pick out
three main theorems to show the principal procedure at work, namely Ekeland’s principle
and its equilibrium version as well as Caristi’s fixed point theorem.

We start with Ekeland’s principle for functions mapping a uniform space into a qua-
siordered monoid. The first result of this type for extended real valued function on uniform
spaces can be found in [8]. Therein, Brgnsted proved a common generalization of Eke-
land’s theorem [30], Theorem 1.1, and Lemma 1 of [101] due to Phelps playing in linear
topological spaces. Mizoguchi [86] gave a slight generalization of Brgnsted’s results as well
as a fixed point theorem of Kirk—Caristi type for uniform spaces and a drop theorem in
locally convex spaces. Moreover, she established the equivalence of these results. In sev-
eral papers [89], [91], [90], [92], [93], Nemeth generalized Ekeland’s principle to functions
mapping a uniform space into an ordered topological Abelian group. Also, Khanh [73]
dealt with functions mapping so called L-spaces into ordered linear spaces. Finally, in
[51] set valued variants of Ekeland’s principle and fixed point theorems for uniform spaces
have been proven.

The following results involve order premetrics on uniform spaces in the sense of Defi-
nition 30.

Corollary 41 Let the following assumptions be satisfied:
(A1) (X,U) is a complete uniform space and (Y, 0,<) a quasiordered monoid;
(A2) ®: X x X — Y is an order premetric;
(A3) The function f: X —Y andy €Y, g € X are such that
(i) g < f(x) forall x € X;
(ii) ® is reqular with respect to g, f (xg) € Y;
(A4) If the net {xq},cq © X converges to x € X and

Va,Be A, axB: f(zq)o® (za,28) < f(25),
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then f(z) o @ (zq,2) < f(xq) for all a € A.
Then, there is x € X such that

(1) f(z)o®(Z,20)
(i) f(z)o® (2,7)

PrOOF. The proof is by checking the assumptions of Theorem 24 for the relation

IN A

f(z) = xz=1.

¥ <z = f(@)o® (2, 2) < f(x).

The relation < is reflexive since < is reflexive and (P1) of Definition 30 holds. It is
transitive by (P2) and the transitivity of <. (M4) follows directly from assumption (A4).
It remains to check the regularity of <. Let {xn}nelN C X be such that z,11 < x, for all
n € N, i.e.,

f(@ni1) 0 @ (wnt1,20) < f(T0).

The transitivity of < implies
f (JUn-‘,-l) o® ($n+1a$n) o® (xnvxn—l) <f (xn) o® (l‘naxn—l) <f (xn—l) .

Continuing this process, we obtain for each n € IN

n
f(xns1 OZCP Try1,7k) < f (w0) -
k=0

Since § < f (z,) for each m € IN by (A2), it follows

n

goy ®(xpg1,2x) < f (o).
k=0

Since by (A3) ® is regular with respect to ¢, f (2¢), the sequence {x,}, .y is asymptotic.
Applying Theorem 24 yields the desired result. ]

We consider a set valued mapping T : X — P (X)) in order to prove a fixed point theorem
of Kirk—Caristi type.

Corollary 42 Let the following assumptions be satisfied:
Let (A1) to (A4) of Corollary 41 be in force. If the mapping T : X — P (X) satisfies the

weak contraction condition
VeeX, I €T (x): f(z')o® (a,2) < f(x), (WCQC)

then T' has a fized point, i.e., there is T € X such that T € T (Z).
If the mapping T : X — P (X) satisfies the strong contraction condition

Ve e X, Vo' €T (z): f(2))o®(2,2) < f(x), (SC)

then T' has an invariant point, i.e., there is T € X such that {z} =T (Z).
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Proor. Use Corollary 41 instead of Corollary 9 in the proof of Corollary 10. ]

Conversely, Corollary 41 can be proven using the fixed point result above. To see this,
one has to proceed along the same lines as in the metric case. Compare the remarks after
Corollary 10.

The Theorems 6 and 8 of [124] are also fixed point theorems of Kirk—Caristi type
on uniform spaces. They involve real valued functions and a family of pseudometrics
generating the uniformity, respectively.

The next result deals with a function F': X x X — Y instead of f: X — Y.

Corollary 43 Let the following assumptions be satisfied:
(A1) (X,U) is a complete uniform space and (Y, 0,<) a quasiordered monoid;
(A2) The function F: X x X =Y, g €Y and xog € X are such that

(i) F (x1,23) < F (z1,22) o F (x2,23) for all x1,x2,23 € X;

(ii) § < F (zo,x) for allx € X;
(A2) ®: X x X =Y is a reqular order premetric with respect to 4,0 € Y;
(A4) If the net {xq},cq € X converges to x € X and

Va,B €A, o= f: F(xq,28) 0P (28,24) <0,

then F (zq,x) 0 ® (x,24) < 0 for all a € A.
Then, there exists T € X such that

0
0 — x=1I.

(l) F (330, .’f) od (ZE, .To)

<
(ii) F(z,x)0®(x,7) <

FirsT PROOF. We check the assumptions of Theorem 16 for the relation

<z = =z or F(x,:z’)o@(:r’,:n)ﬁ@.

being reflexive and transitive by the properties of ®, F' and <. (M4) follows directly from
assumption (A4). The regularity of < can be seen in the same way as in the proof of
Corollary 13. Therefore, we may apply Theorem 24 obtaining the desired result. ]

We shall indicate a sufficient condition for (A4) of Corollary 41. A function f: X — Y
is called lower monotone iff for each net {zq},.4 € X converging to some xz € X and
satisfying o =< xg for a > [ the inequality f(z) < f(xq) holds true for all a € A.
Compare [93] for this kind of condition. It can be interpreted as a generalization of lower
semicontinuity.

Moreover, an order premetric ® : X x X — Y is called lower monotone with respect
to the first variable iff for each net {z,},c4 € X converging to x € X and satisfying
zo = xg for a = [ we have for all 2/ € X

Y1,2 €Y, VYa€A: y1o®(zq4,2') <ys = y10®(z,2') <yo.
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Lemma 8 Let X, Y be as in Corollary 41, the function f: X — Y be lower monotone
and the order premetric ® be lower monotone with respect to the first variable. Then (A4)
of Corollary 41 is satisfied.

PROOF. Take a net {z4},.4 € X converging to x € X such that
Va,B€ A, a>F: f(zq)o®(zq,25) < f(xp).
Then, since § < @ (24, 23),
f(@a) < f(xa) 0 @ (20, 25) < f (2p)

and therefore f (z,) < f(23) for all a = 3 since < is transitive. The lower monotonicity
of f implies f (x) < f (zq) for all « € A. For o, 5 € A, a > 3 we obtain

f(2)o®(xa,28) < f(2a) 0 P (20, 28) < f(25).
Since @ is lower monotone with respect to the first variable, this implies
f(x)o®(x,25) < f(xp)

as desired. ]

6.2.2 Power sets of quasiordered monoids

This subsection contains results parallel to those of Section 1.3.1.

Corollary 44 Let the following assumptions be satisfied:

(A1) (X,U) is a complete uniform space, (Y,o0,<) an ordered monoid and (¥,®,<) the
ordered monoid generated by Y := P (Y);

(A2) The function f: X — Y and W € Y are such that

Vee X : W< f(x);

(A3) ®: X x X — Y is a regqular order premetric with respect to W, f (xo) € YV;
(A4) If the net {za},cq € X converges tox € X and

Va,Be A, axB: f(za)o® (za,28) < [ (25),

then f(x) o ® (zq,x) X f (24) for all a € A.
Then, there exists T € X such that

(4) f(@) ©®(z,20)
(1) z€X, f(x)O®(z,7T)

(zo)

< fl(x
Xfz) = z==.
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PROOF. By Theorem 11, (73 (Y), o, 4) is a quasiordered monoid. Defining the relation
=<z = f@)oe (2 z) < f(2)

on X, the assumptions of Corollary 41 are easy to check. Its conclusions yield the desired
result. ]

Corollary 45 Let the assumptions of Corollary 44 be satisfied with < replaced by <.
Then, there exists T € X such that

(4) f(Z)©®(z,20) 2 f (20)
(i) z€X, f(z)Oo®(x,z)=Xf

ProOOF. Replace < by < in the proof of Corollary 44. ]

6.2.3 Single valued functions

We show that Nemeth’s results in [93] follow from Theorem 24. They involve a function
f mapping a uniform space into a toplogical Abelian group. Compare Corollary 46.

In the following corollary, Y is an ordered group not order complete in general. As
usual, we can adjoin a largest element g; obtaining an ordered monoid.

Corollary 46 Let the following assumptions be satisfied: (A1) (X,U) is a complete uni-
form space and (Y, o0, <) an ordered topological Abelian group;

(A2) The function f: X —Y U{y;} and § €Y are such that § < f (x) for all x € X;
(A3) ®: X x X — Y is a reqular order premetric with respect to gy, f (xg) for zop € X;
(A4) If the net {xa},cq © X converges to x € X and

Vo, B €A, ax B f(za)o®(2a,28) < f(z5),

then f(x) o @ (z,x4) < f(x4) for all a € A.
Then, there is & € X such that

(1) [ (2)o®(z,0)
(i) f(x)o® (z,7)

Proor. Apply Corollary 41 to (Y U {y;},0,<). m

< f
< f

Taking Y = V a topological linear space and corresponding order premetrics we are led to
further results parallel to those of Section 4.3, 4.4 and 4.5. The results of Section 4.7 also
have counterparts for a uniform space X. Let us mention that Theorem 1 of Brgnsted in
[8] is also a special case of Corollary 46.

Similar results with a family of quasimetrics instead of an order premetric can be found
in [49].
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6.3 A partial minimal element theorem on complete uni-
form spaces

Let (X,U) be a complete uniform space and Y a nonempty set. The goal is to extend
Theorem 24 to order relations on X x Y. The result is parallel to Theorem 23. Let < be

a quasiordering on X x Y. A net {(Za,¥a)}qea © X X Y is said to be decreasing iff

\V/Oé,ﬂ € Aa a - ﬂ: (l‘aaya) = ($,67y,@) .

A quasiorder on X x Y is called regular on M C X x Y iff for each decreasing sequence
{(@n,yn) tnemw € M the sequence {z,}, . is asymptotic, i.e.,

VE cU, Ing € N, Vn >ng: (xpt1,2,) € E.

Remark 28 Let (X,U) be a uniform space andY a nonempty set. A regular quasiordering
=< on X XY is partially antisymmetric. To see this, proceed as in Remark 2.

We state a result for complete uniform spaces parallel to Theorem 23.

Theorem 29 Let the following assumptions be satisfied:

(MP1) (X,U) is a complete uniform space, Y and M C X XY are nonempty sets;
(MP2) < is a quasiorder on X X Y;

(MP3) The quasiorder = is reqular on M;

(MPY)If {(Ta,Ya)toea © M is a decreasing net such that {xa},c, converges to v € X,
then there exists y € Y such that (x,y) € M and

Va e A: (2,y) 2 (Ta,Ya) -
Then, for each (xo,yo) € M, there exists (z,y) € M such that

(4) (Z,9) 2 (z0,90)
(i) (z,y) e M, (z,y)=(z,§) = z=1I.

PRrOOF. Counsider the section S (zo,v0) := {(x,y) € M : (z,y) = (zo,y0)}. Let Sy C
S (x0,%0) be a totally ordered subset of S (g, yo), namely a decreasing net {(Za,¥a)}aca
with some directed index set A. Then {z},c4 is a Cauchy net by (MP3). To see this,
one can argue in the same way as in the proof of Theorem 23. By completeness, {Za} ¢4
is convergent to some & € X, hence there is § € Y such that

Va € A: (i‘,?)) = ($aaya)-

This shows that Sy is bounded below in S (z¢,yo). Zorn’s lemma, applied to the partially
antisymmetric quasiorder =, ensures the existence of a partial minimal point (Z,y) €
S (20, Yyo). This completes the proof. ]

Using Theorem 29 we may obtain results which are the analogues to those of Chapter
5 in complete uniform space. We do not go into the details, but switch to the case of
sequentially complete uniform spaces.
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Chapter 7

Variational Principles on
Sequentially Complete Uniform
Spaces

Two observations gave rise to the developments of this chapter. First, there are two
proofs for the central result in Brensted’s paper [8], the first one involves Zorn’s lemma,
the second one does not, but only a countable induction argument. The question arises,
in which cases the countable induction argument is sufficient. Secondly, minimal element
theorems on sequentially complete uniform spaces have been established by A. Loéehne
and the author in [51] using a scalarization technique and the Brézis—Browder theorem
[6]. The proof of the latter involves a countable induction argument only. Again, the
question is under which assumptions this is sufficient. The results of this chapter show
that in presence of a monotone real valued function with suitable porperties linking the
order and the uniform structure it is not necessary to use full versions of Zorn’s lemma.
Since only sequences are involved, the completeness assumption of the last chapter can be
weakend to sequential completeness.

7.1 The basic theorem with sequential completeness

7.1.1 Preliminaries

Let (X,U) be uniform space. The quasiorder < on X is called sequentially lower closed
iff the section S (z) = {2/ € X : 2’ < x} is sequentially lower closed, i.e., if {zn},cn C
S (x) is decreasing with respect to < and convergent to = € X, then z € S ().

7.1.2 The basic theorem

Theorem 30 Let the following assumptions be satisfied:
(M1) (X,U) is a separated, sequentially complete uniform space;
(M2) < is a quasiorder on X ;

123
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(M3) The function f : X — IRU{+o0} is proper, bounded from below on X and monotone
with respect to =<, i.e.

r1 2z = f(21) < f(22),

moreover, for each B € U, there is 6 > 0 such that
1 2w, f(x2) — f(21) <6 = (21,22) € E;

(M}) The quasiorder < is sequentially lower closed.
Then, for each xo € dom f there exists T € dom f such that

z € S (zo) and {z} =S5 (2).
PrROOF. Starting with zg we choose a sequence according to

1
n+1 €5 (2n), nt1) < inf —.
bt €8(n),  flonn) € inf @)+
The monotonicity of f implies f (zp+1) < f(x,) for all n € IN. Since f is bounded from
below, the sequence {f (7,)},c converges to some r € IR.
Take E € U and choose ng € IN such that f(z,,) <+ 0 with § from (M3). This

implies for n > ng

f(@ng)— fzp) <r+d—r=>4

Hence, for all m > n > ng

f(@m) = f(xn) <6

holds true implying (v, 2m) € E. Therefore, {z,}, is a Cauchy sequence. Since X
is sequentially complete, it converges to some = € X and by (M4), z € S (z,) for each
n € IN. Especially, = € S (z¢) holds true.

Let x < 7, © # Z. Since f is monotone, the yields f (z) < f(Z). On the other hand,
the transitivity of < implies < & < «,, for each n € IN. The rules for the choice of x,41
yield

F@) < (o) < )+
This yields f(z) < r < f(x), hence f () =r = f(x).

Again, take an arbitrary E' € Y. Since {f (zn)}, ey converges to f (x), thereis ng € IN

such that

Yn>ng: f(x)—f(z,) <9

This implies (z,,x) € E. Since (X,U) is separated, we can conclude = = 7. ]
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7.1.3 Equivalent formulations of the basic theorem

Without serious difficulties it is possible to transform the equivalent formulations of the
basic minimal element theorem for metric spaces to the case of sequentially complete
uniform spaces. We shall give the statements and refer for the details of the proofs to
Section 4.1.3 and 7.1.3.

Theorem 31 Let (M1) through (M) of Theorem 30 be in force and, additionally, T :
X — P(X) be a set-valued mapping. If T satisfies

Vee X, 32’ €T (x): 2/ <«z, (WC)
then there is & € X such that & € T' (Z), i.e., T is a fized point of T. If T satisfies

Vo e X, Vo' €T (z): 2/ < x, (SC)
then there is & € X such that {x} =T (Z), i.e., T is an invariant point of T'.

ProoF. Each point Z satisfying the conclusions of Theorem 30 does the job. ]

Theorem 32 Let (M1) through (M4) of Theorem 30 be in force and, additionally:
(M5) The set M C X satisfies

Vo € S(zo)\M 3F2' € S(x)\{z}.
Then, there exists T € S (xg) N M.

PROOF. By Theorem 30, there exists T € S (z9) such that {z} = S (z). By assumption
(M5), & € M, hence z € M NS (). m

Again, Theorem 30 can be derived from Theorem 31 and Theorem 32 in the same way as
Theorem 16 from Theorem 17 and Theorem 18, respectively.

7.1.4 Set relation ordering principle

In this section, the analogues to Theorems 21 and 22 shall be established.

Let X, Y as well as M C X x Y be nonempty sets. Again, we define as in Sec-
tion 4.1.6, M (z) :== {(z/,y) e X x Y : o' ==z, (2/,y) € M} € P(X xY) and My (z) :=
{yeY: (z,y) e M} e P(Y) for z € X.

Let < be a quasiorder on M. Then, ({M (z): z € X},<)aswellas ({M (z) : z € X},X)
is quasiordered, compare Section 4.1.6.

Theorem 33 Let the following assumptions be satisfied:

(M1’) (X,U) is a separated, sequentially complete uniform space and 'Y as well as M C
X XY are nonempty sets;

(M2’) < is a quasiorder on X x Y;
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(M3’) The function g : Y — IR U {400} is proper, bounded from below on'Y and satisfies
the monotonicity condition

(z1,71) 2 (22,92) = g(n1) <g(y2),

moreover, for each E € U, there is 6 > 0 such that

(x1,91) 2 (22,92), 9(y2) =g (1) <6 = (z1,22) € E;

(M4’) If {(Zn, Yn) }new € M is a decreasing sequence with respect to < such that {z,}, .
is converges to x € X, then there is y € Y such that (z,y) € M and

Vn € IN: (1:73/) = (xnayn) .

Then, for each o € X with My (xo)Ndom g # 0, there exists T € X such that My (z) # ()
and
(1)  M(z)< M (z0)

PROOF. Define a binary relation on X be setting
¢ <xx <= M) M).
in order to apply Theorem 30. From the definition of <, one can see that <x is reflexive
and transitive.
To check (M3) of Theorem 30, define a function f: X — IR U {400} by

fla):= inf 9@

Then f is proper and bounded below on X since g is proper and bounded below on

Y. Moreover, (z,y) € M, y € domg implies z € dom f. Assume that x; <x z9, i.e.,
M (z1) X M (z2). The definition of < and the monotonicity property of g yield

Vya € My (z2) Jy1 € My (z1) : g (y1) < g (y2)

implying f (1) < f(z2), i.e., f is monotone with respect to <x. Fix E € U and take
0 > 0 from (M3’). Then there is yo € My (x2) such that g (y2) < f (z2) + % according to
the definition of f. Since for each y; € My (z1) we have f (z1) < g (y1), this implies

g() — g () < f(22) — F (21) + g

Hence from x1 <x w2, f(x2) — f (z1) < g we may conclude (z1,z9) € E.

It remains to show the sequential lower closedness of <x. This is straightforward by
taking a <x-decreasing and converging sequence and construct a <-decreasing sequence in
the same way as in the proof of Theorem 21. Then (M4’) is sufficient for (M4) of Theorem
30.

Finally, an application of the latter theorem yields the desired results. ]

Again, the corresponding result for < has to be formulated as a maximal element result
for the same reasons as Theorem 22.
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Theorem 34 Let the following assumptions be satisfied:

(M1°) (X,U) is a separated, sequentially complete uniform space and 'Y as well as M C
X XY are nonempty sets;

(M2’) < is a quasiorder on X xY;

(M3’) The function g : Y — IR U {400} is proper, bounded from below on'Y and satisfies
the monotonicity condition

(z1,11) 2 (22,92) =  g(y1) >9(y2),

moreover, for each B € U, there is 6 > 0 such that

(z1,91) 2 (22,92), 9(y1) —g(y2) <6 = (z1,22) € E;

(M3?) If {(Zn, Yn) fnew € M is a increasing sequence with respect to < such that {zy}, o
is converges to x € X, then there is y € Y such that (z,y) € M and

Vn e IN: (xnyyn) = (xay) :

Then, for each xy € X with My (xo)Ndom g # 0, there exists T € X such that My (Z) # 0

and
() M (o)< M (@)

PROOF. The proof is an application of Theorem 33 using the same arguments as in the
proof of Theorem 22 applying Theorem 21. Thus, the relation <" and <’ are defined by

(x1,91) = (22,92) = (x2,12) = (x1,11)

and
M(%l) 4/ M(wg) <= M(J:‘g) = M(acl),

respectively. Assumption (M3) of Theorem 33 is satisfied for g and <’. For more details
compare the proof of Theorem 22. ]

Of course, assumption (M3’) of Theorem 34 can be formulated using a function g : ¥ —

IR U {—00} being bounded from above and satisfying

(z1,91) 2 (22,92) =  g(y1) < g(v2).

Then, one has to define ¢’ :== —g using (—1) (—o00) = +00 in order to apply Theorem 33.

7.2 The basic theorem on a product space

As in Chapter 5 for the case of a metric space X we establish a partial minimal element
theorem for subsets M C X x Y.
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Theorem 35 Let the following assumptions be satisfied:

(A1) (X,U) is a sequentially complete, separated uniform space; Y is a nonempty set and
M C X xY is also nonempty;

(A2) = is a quasiorder on X XY ;

(A83) The function f:Y — IR U{+o0} is bounded from below on

Yy={yeY:xeX: (z,y) € M}
and monotone with respect to =<, i.e.,

(r1,91) = (22,92) = [(n1) < f(y2),

moreover, for each B € U, there is 6 > 0 such that

(z1,91) 2 (22,92), f(y2) — f(y) <6 = (21,22) € E;

(A4) If the sequence {(Tn,Yn)}tpew S M is decreasing with respect to = and {Tp}, o
converges to some x € X, then there is y € Y such that (z,y) € M and (z,y) < (Tn,Yn)
for each n € IN.

Then, for each (zo,yo0) € M with f (yo) € R, there exists (Z,y) € M such that

(4) (Z,9) = (z0,y0)

If, additionally, the assumption

(A5) (z1,31) = (w2, 92), y1 # Y2 implies f (y1) < f (y2);
holds true, then (Z,y) can be chosen to be a minimal point of M with respect to =<, i.e.,

{(@,9)} = 5@y nM.

PROOF. Starting with (zg,yo) we choose a sequence according to

nrl,Jn S ny In ﬂM, n < inf —.
(Tnt1,Yn+1) € S (Tn, Yn) I (Yn+1) (xvy)esgmyn)mf(y) +

The monotonicity of f implies f (yn+1) < f (yn) for all n € IN. Since f is bounded from
below on Y}y, the sequence {f (yn)}, e converges to some 7 € IR.
Take E € U and choose ng € IN such that f (yn,) < 7+ with ¢ from (A3). This
implies for n > ng
fWng) = [ yn) <r+d—1r=24.

Hence, for all m > n > ng

f(ym) _f(yn) <4

holds true implying (zn,2m,) € E. Therefore, {z,},y is a Cauchy sequence converging
to some T € X by completeness. By (A4), there is § € Y such that (z,y) € M and

VneIN: (z,9) =2 (Tn, yn) -
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Let (z,y) = (Z,y). The monotonicity property of f implies f (y) < f (7). On the other
hand, the transitivity of < implies (z,y) = (Z,y) =< (zn,yn) for each n € IN. The rules for
the choice of y,41 gives

F@) < f i) < f )+ %

This yields f () <r < f(y), hence f (y) =r = f (y).
Again, take an arbitrary £ € U. Since {f (yn)},, e converges to f (y), thereis ngp € IN
such that

Vnzng: f(y)—fyn) <6

implying (x,,z) € E. Since (X,U) is separated, we may conclude z = Z. Since f (y) =
f(y), (z,y) € M is minimal with repect to < if (A5) is satisfied. This completes the proof
of the theorem. ]

Before investigating some special cases of Theorem 35, we mention a version where the
order relation is defined in terms involving the function f. Consider X, Y, M, <, f as in
Theorem 35 and define an order relation by

(xhyl) = (1'2792) or

(z1,91) 2f (22,92) = { (z1,1y1) = (z2,y2) and f (y1) < f (y2).

Obviously, (x1,y1) =f (2,y2) implies (z1,y1) = (x2,y2). Therefore, it is easily seen that
the assumptions (Al) to (A5) of Theorem 35 are satisfied for <y if (Al) to (A4) are
satisfied for <. This is the idea of the proof of the following theorem.

Theorem 36 Let the assumptions (A1) through (A4) of Theorem 35 be in force. Then,
for each (xo,y0) € M with yo € dom [ there exists (z,y) € M such that

(4) (z,9) =5 (z0,y0)
(i) (z,y) e M, (v,y) 2f(2,9) = (z,9)=(2,9),

i.e., (Z,9y) is a minimal point of M with respect to <.
PRrROOF. According to the remarks above, an obvious application of Theorem 35. ]

Next, we produce a series of corollaries from Theorem 35 by special choices of Y and
the order relation <. Thereby, many recent results can be proven, e.g. minimal point
theorems from [47] and [44] as well as results from [51] and [50].

The first case involves a locally convex space Y and f is replaced by a continuous linear
functional.

Corollary 47 Let the following assumptions be satisfied:

(A1) (X,U) is a sequentially complete, separated uniform space and {px},cp a family of
pseudometrics generating the uniformity; Y is a locally convex space and M C X XY is
a nonempty set;
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(A2) <k is a quasiorder on Y with K C'Y being a conver set containing § € Y and a
cone in P(Y), further, let k € K\ — cl K; a relation < on X XY is defined via

(@1,91) 2 (22,92) = VAEA: y1+pa(21,22) bk <k yo;
(A3) There is a bounded set W C'Y such that
Yy ={yeY: JreX: (z,y) e M} C W K,

(A4) If the sequence {(Tn,Yn)}tpew € M is decreasing with respect to = and {rn},
converges to some x € X, then there is y € Yas such that (x,y) = (2, yn) for each n € IN.
Then, for each (zo,y0) € M there exists (Z,y) € M such that

(4) (z,7)

=
(i) (z,y)eM, (z,y) 2 (z,5) = xz=2.

If, additionally,
(A5) Kt :={y* € Y*: Yy € K\{0}: y*(y) >0} #0;

is satisfied, then (Z,y) can be chosen to be a minimal point of M with respect to =<, i.e.
{(z,9)} =Sy nM.

PrOOF. Of course, < is a quasiorder. A standard separation argument, applied to {—k}
and K yields a continuous linear functional y* € Y* such that y* (k) = 1 and

Vy e K: y*(y) > 0.

We set f (y) := y* (y) and check assumption (M3) of Theorem 35. Since W is bounded
and f nonnegative on K, f is bounded below on W & K and all the more on Yj;. Take
E € U. Then there are r > 0, A € A such that

E,y ={(z1,22) e X x X : px(z1,22) <r} CE

since the sets E, ) form a base of the uniformity U. If (z1,y1) = (22,y2) and f (y2) —
f(y1) <r, then

y* (Y1) +pa (21, 22) = y* (y1 + kpa (21, 22)) < y* (2)

since f is linear and nonnegative on K. Therefore

pa(z1,22) <y (y2) =y (1) < f(y2) — f(y1) <,

hence (z1,22) € E, y» C E as desired.

Since assumption (A4) coincides with assumption (M4) of Theorem 35 we can apply
the latter to get (i) and (ii). If, additionally, K+ # ), then simply take y* € KT to ensure
(M5). This completes the proof. m
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Corollary 47 is a generalization of Theorem 1 in [47] and Theorem 3.10.4 of [44]. Replacing
the relation < by =<,« in the sense of Theorem 36, we obtain generalizations of Theorem
4 in [47] and Theorem 3.10.7 of [44].

The generalizations mainly concern the space X and the boundedness assumption:
We deal with sequentially complete uniform spaces instead of complete metric spaces.
Moreover, a single element ¥ is replaced by a bounded set W in assumption (A2).

Note that Corollary 47 has a counterpart using quasimetrics instead of pseudometrics.
Also, a formulation with an order metric is possible.

The reach of Corollary 47 is limited by the appearence of a nontrivial continuous linear
functional on Y, i.e., as a rule, Y has to be a locally convex space. Moreover, it has been
observed in [47], [44] as well as in [51] and [50] that the boundedness assumption can be
relaxed by a weaker one. In the following corollary, a sublinear functional on a linear
space being linear only on a one dimensional subspace is used as a substitute for the
continuous linear functional in Corollary 47. This allows to deal with merely linear spaces
and to replace the boundedness assumption by a weaker one. Functionals of this type has
been introduced and investigated by C. Tammer and P. Weidner in [39], [40], [41] and
extensively in [125]. Compare also Theorem 2.3.1. in [44].

Corollary 48 Let the following assumptions be satisfied:

(A1) (X,U) is a sequentially complete, separated uniform space and {pr} cp a family
of pseudometrics generating the uniformity; Y is a linear space and M C X XY is a
nonempty set;

(A2) <k is a quasiorder on'Y with K CY being a convex set containing 0 € Y and a
cone in P (Y), further, let k € K\ — K ; a relation < on X xY is defined via

(21,91) X (22,92) = VAEA: y1 +px(v1,22) k <k Y23

(A3) There exist § € Y and t € IR such that
{yeY: JweX: (x,y) e Myn({§—th} @ (-K)) = 0;

(A4) If the sequence {(xn,Yn) } e 18 decreasing with respect to X and {xy}, o converges
to some x € X, then there is y € Y such that (x,y) € M and (z,y) = (xn,yn) for each
n € IN.

Then, for each (xo,yo) € M with yo € R{k} & (—K) there exists (Z,y) € M such that

(4) (Z,9) = (w0, v0)
(“) (.ZL‘,y)GM, (%?J)j(i’,?}) = I =21x.

PROOF. We are going to apply Theorem 35. Of course, (M1) and (M2) of this theorem
are satisfied. We check (M3) using the function

fly)=inf{teR: y—ye{thk}®(—K)}.
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Since the function ¢ (y) := inf{t e R: y € {tk} ® (—K)} is monotone with respect to
<k and subadditive, f is monotone as well. Note that ¢ satisfies

VseR, yeY: p(y+sk)=0p(y) +s.

This property is called translation property, see [44], Section 2.3. Further, f is bounded
below on Yy, :={y €Y : dJx € X : (z,y) € M}. To see this, assume the contrary, i.e.,
there is a § € Yjs such that f(7) < —t and hence there is £ € IR, { < —¢ such that
§— 7 €t{k} ® (—K). This implies

jel{y+th}o (-K)={g-tk} o {(t+t)k} & (-K) C {§—thk} & (-K)

contradicting (A3). Hence f is bounded below on Y};.
Take E € U and r > 0, A € A such that £,y C E. Assuming (z1,y1) = (22,y2) and
f (y2) = f (y1) < r we obtain by monotonicity and the translation property of ¢

pa(1,22) S (Y2 —9) = (2 —9) = f(y2) — f (n1) <71,

hence (z1,22) € E, \ C E. Therefore, the assumptions of Theorem 35 are satisfied. Note
that yo € R{k} & (—K) implies f (yo) € R.
The conclusions (i) and (ii) of Theorem 35 yield (i) and (ii) above. m

Corollary 48 produces a generalization of Corollary 47: Y can be replaced by a linear
space and the boundedness assumption can be weakened.

Note that within the setting of Corollary 48 it is difficult to give a sufficient condition
for (A5) of Theorem 35, i.e., for the existence of a minimal point with respect to =.
Usually, topological properties are used as in part (g) of Theorem 2.3.1. in [44]. Note also
that f(y) = f(y) can be added in (ii) of Corollary 48.

The set Y in Theorem 35 is arbitrary, hence the possibility of choosing Y C P (V),
V' being a quasiordered linear space, is not excluded. We turn to this case in order to
derive results similar to those of [50]. Since sets are compared, the order relations < and
=< appear.

Corollary 49 Let the following assumptions be satisfied:

(A1) (X,U) is a sequentially complete, separated uniform space and {px}ycp a family of
pseudometrics generating the uniformity; V is a linear space and M C X X ﬁ(V) s a
nonempty set;

(A2) < is a quasiorder on V with K CV being a convex set containing 0 € V and a cone
inP (V) and k € K\ — K; a relation =< is defined via

(1, W1) =2 (22, Wa) <= VIeEA: Wl@{p)\ (1, x2) k} < Wo;
(A3) There exist 0 € V and t € IR such that

U W |N{7-tk} e (-K)) =0

(z,W)eM
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(A4) If the sequence {(xn, Wn)},ey © M is decreasing with respect to < and {Tn},cn
converges to some x € X, then, there is W € P (V) such that (x, W) € M and (z, W) <
(Tn, Wh) for each n € IN.

Then, for each (zo, Wo) € M with R {k} ® {0} N (Wo ® K) # 0 there exists (z,W) € M

such that ~
(4) (2, W) = (w0, W)
(i1) (z,W)eM, (z,W)=(z,W) = z==z.

PROOF. Again, we wish to apply Theorem 35. It is not hard to verify that (M1) and
(M2) of this theorem are matched as well as (M4). To verify (M3), we define a function
f:P(V)—RU{£oo} by
fW)=inf{teR: tk+veWaK}.
Using this definition, the monotonicity property of f and the translation property
YW eP(V),VseR: f(Wd {sk})=f(W)+s
can be proven straighforward. Let us show that f is bounded below on

{Weﬁ(V): dr e X : (a:,W)EM}.

Assume the contrary. Then there is (z, W) € M such that f (W) < —t. Hence there is
seR, s< t such that
sk+veWa K.

Especially, W # (). Take w € W. Then
weED+sk®(—K)=0+ (s+t)k—th® (—K) Cv—tha® (-K)

contradicting (A3). The last part of assumption (M3) can be proven as in the proof of
Corollary 48. We may apply Theorem 35 to obtain (i) and (ii) above from its conclusions.

Corollary 50 Let (A1) and (A2) of Corollar49 be satisfied with < replaced by <. More-
over, assume:

(A3) There exist v € V and t € R such that
(z,W)eM = Wg{i-tk}a(-K)

(A4) If the sequence {(zn, Wn)},ew € M is decreasing with respect to = and {Tn},cn
converges to some x € X, then there is W € P (V) such that (z, W) € M and (z, W) <
(Tn, Wy) for each n € IN.

Then, for each (xo, Wy) € M with Wy C {tok + v} @ (—K) for some ty € IR, there exists
(E, W) € M such that

(4) W)
(ii) (2, W)eM, (z,W)

—

(z0, Wo)

=
< (z,W) = z==&.
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PROOF. As in the proof of Corollary 50, the only problem is to verify (M3) of Theorem
35 involving the function f: P (V) — IR U {£oo} defined by

fW):=inf{teR: W C{tk+v}®(—K)}.
Using this definition, the monotonicity property of f and the translation property
YW eP(V),VseR: f(Wd{sk})=f(W)+s
can be proven straighforward. Let us show that f is bounded below on
{Weﬁ(V); Jre X (a;,W)eM}.

Assume the contrary. Then there is (z, W) € M such that f (W) < —t. Hence there is
seR, s< t such that

W C{sk+v}e (-K)={(s+t)k—th+7} & (-K) C {-th+7} & (-K)

contradicting (A3). The last part of assumption (M3) of Theorem 35 can be proven as in
the proof of Corollary 48. We may apply Theorem 35 to obtain (i) and (ii) above from its
conclusions. ]

Both of Corollary 49 and Corollary 50 imply Corollary 48 by setting
M ={(z,{v}): (x,v) € M}.

Note the complete symmetry of the constructions in Corollary 49 and 50, respectively.
Again, a sufficient condition for (A5) is a difficult task and requires additional topological
assumptions such as compactness. We refer to [52].
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