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Solution, Extensions and Applications of the
Schauder’s 54th Problem in Scottish Book
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ABSTRACT. This paper presents the Axiom of Infinite Choice: Given
any set P, there exist at least countable choice functions or there exist
at least finite choice functions. The author continues herein with the
further study of two papers of the Axiom of Choice in order by E. Zer-
melo [Neuer Beweis fiir die Mdglichkeit einer Wohlordung, Math. An-
nalen, 65 (1908), 107-128; translated in van Heijenoort 1967, 183-198],
and by M. Taskovié¢ [The aziom of choice, fized point theorems, and
inductive ordered sets, Proc. Amer. Math. Soc., 116 (1992), 897-904].
Fredholm and Leray-Schauder alternatives are two direct consequences
of the Axiom of Infinite Choice! This paper presents applications of
the Axiom of Infinite Choice to the Fredholm and Leray-Schauder the-
ory. In this sense, I give a solution and some extensions of Schauder’s
problem (in Scottish book, problem 54). This paper presents some new
mathematical n-person games. In the theory of n-person games, there
have been some further developments in the direction of transversal
games and mathematical alternative theory.

1. HISTORY AND ORIGINS

We shall first discuss an assumption that appears to be independent of,
and yet consistent with, the usual logical assumptions regarding classes and
correspondences, but whose absolute validity has been seriously questioned
by many authors. This is the so-called Axiom of Choice, which has excited
more controversy than any other axiom of set theory since its formulation
by Ernst Zermelo in 1908. In this sense, many results are known in the set
theory.
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In 1904, Zermelo® stated a principle of choice similar to: If D is a family
of nonempty sets, there is a function f such that f(A) € A for every A € D;
and proved that it implied the well-ordering theorem. In 1908 Zermelo pro-
posed main version of the Axiom of Choice. This is the connection and with
a conversations with Erhard Schmidt.

Bertrand Russell in 1906 gave a principle analogous to preceding. He an-
nounced this principle as a possible substitute for Zermelo’s but he believed
that it was weaker. Zermelo, in 1908 stated and, proved that Russell’s and
his formulations of the axiom of choice are equivalent. The name "axiom of
choice” is due to Zermelo in 1904.

Apparently, the first specific reference to the axiom of choice was given in
a paper by G. Peano? in 1890. In proving an existence theorem for ordinary
differential equations, he ran across a situation in which such a statement is
needed. In 1886 Peano published a new demonstration of the theorem, due
to A. Cauchy, that the differential equation

v = f(z,y), ylxo)=to,

has a unique solution. Here Peano weakened Cauchy’s hypotheses to require
only that f(x,y) be continuous. Four years later Peano returned to this
theorem and generalized his proof to finite systems of first-order equations.

Beppo Levi in 1902, while discussing the statement that the union of
a disjoint set S of nonempty sets has a cardinal number greater than or
equal to the cardinal number of S, remarked that its proof depended on
the possibility of selecting a single member from each element of S. Others,
including Georg Cantor, had used the principle earlier, but did not mention
it specifically.

In 1892 R. Bettazzi, who had just become Peano’s colleague at the Mili-
tary Academy in Turin, published an article on discontinuous real functions
— with terminology of infinite many arbitrary choices.

In this time, the Axiom of Choice asserts that for every set S there is
a function f which associates each nonempty subset A of S with a unique
member f(A) of A. From a psychological perspectie, one might express
the Axiom by saying that on element is "chosen" from each subset A of S.
However, if S is infinite, it is difficult to conceive how to make such choices
— unless a rule is available to specify an element in each A.

1Before 1904, when Zermelo published his proof that the axiom of choice implies the
well-ordering theorem, the well-ordering theorem was considered as self-evident. Cantor
and the others used it without hesitation.

2Giuseppe Peano: "But as one cannot apply infinitely many times an arbitrary
rule by which one assigns to a class A an individual of this class, a determinate rule is
stated here".
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David Hilbert, in 1926, once wrote that Zermelo’s Axiom of Choice® was
the axiom "most attacked up to the present in the mathematical literatu-
re..."; to this, Abraham Fraenkel later added that "the axiom of choice is
probably the most interesting and, in spite of its late appearance, the most
discussed axiom of mathematics, second only to Euclid’s axiom of parallels
which was introduced more than two thousand years ago".

The equivalence of the axiom of choice and the trichotomy was given by
Hartogs in 1915. As in the case of the well-ordering theorem, the trichotomy
was considered self-evident and was used without hesitation before 1915.

As mathematics developed futher there also developed a need for anot-
her non-constructive proposition; a principle, which Kuratowski, Hausdorff,
Zorn, and others, used to replace transfinite induction and the well-ordering
theorem. It appears, at first glance, unrelated to the axiom of choice, but
actually is equivalent to it.

This principle and principles similar to it are often referred to as forms of
Zorn’s lemma. In 1933 Artin and Chevalley first referred to the principle as
Zorn’s lemma.

The history of maximal principles is quite tangled. The earliest reference
to a maximal principle in the literature is in 1907 from Hausdorff.

In 1910 independently Janiszewski, Mazurkiewicz and Zoretti published
a special case Hausdorff’s principle in the form of a theorem in topology. In
1905 Lindelof, in 1911 Brouwer, and in 1920 Sierpinski derivated some more
general topological theorems from the well-ordering theorem.

In 1922 Kuratowski derived minimal principles equivalent to the prece-
ding principles from the well-ordering theorem. Kuratowski in 1922 used
a minimal principle to prove a theorem in analysis, as and R. L. Moore in
1932.

In set theory, we notice that, all of the usual mathematical concepts can
be reduced to the notion of set.*

3Zermelo’s Reply to His Critics. During the summer of 1907 Zermelo took
stock of the criticisms directed against both his Axiom and his proof of the well-ordering
theorem. One in 1908 was a reply to his critics, and the other also in 1908 contained
the first axiomatization of set theory. Zermelo’s first article in 1908 began with a new
demonstration of the well-ordering theorem.

From them he developed the properties of his -chains, which generalized Dedekind’s
earlier concept of chain. Zermelo corresponded with Jourdain in 1907, but apparently
their letters focused on a generalization of Konig’s theorem.

Although he had read Borel’s article and the published correspondence between:
Baire, Borel, Hadamard, and Lebesgue, he concetrated on refuting Peano
with whom he had previously feuded over the equivalence theorem.

During 1906 he corresponded with Poincaré regarding his proof and his axiomati-
zation of set theory. A letter, as well as three others from Poincaré, is kept in Zermelo’s
Nachlass at the University of Freiburg in Breisgau. De facto, Zermelo emerged as a
realist in much situations, perhaps a Platonist!?

‘Fixed Point Problem. I have to admit that the Axiom of Infinite Choice is the main
source, i.e., to say the very beginning of a fixed point theory. It is an open question whether
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Within the Cantorian tradition, one can view Zermelo’s axiomatization as answering the ques-
tion: What is a set?! This question has served as a theme in the development of set theory, but
one not often discussed openly.

In the meanthime, there has developed a concept of the set-theory dama-
ged school child, so we must ensure that this paradise remains a blooming
garden and does not turn into rocky ground and thorny scrub. In this sen-
se, our admission, for this problem in this paper, give a new paradise for
set-theory.

We notice that the Axiom of Infinite Choice is main spring (origin) for
the fixed point theory. In this sense, the fixed point problem for a given
mapping f|P is very easy to formulate: the question is whether some £ € P
satisfies f(§) = & Many problems are reducible to the existence of fixpoints
of certain mappings. The question remains whether some statement (of
the axiom of choice type) could be equivalently expressed in the fixpoint
language as well. The answer is affirmative. In this sense, the equation for
x € P in the following form

(Eq) sup{z, f(x)} =z (or sup{e, f2(x)} = )

for a given map f|P and for a nonempty partially ordered set P is a key
object for new equivalents of the Axiom of Infinite Choice.

In this paper we prove some new equivalents of the Axiom of Infinite
Choice in connection with (Eq). These statements are of fixed point type
theorems and fixed apex type theorems. Applications in fixed point theory
are considered.

Call a poset (=partially ordered set) P inductive (chain complete) when
every nonempty chain in P has an upper bound (least upper bound, i.e.,
supremum) in P. Also, call a poset P quasi-inductive (quasi-chain com-
plete) when every nonempty well ordered chain has an upper bound (supre-
mum) in P.

Also, we consider the concept of fized apices for the mapping f of a poset
P into itself. A map f of a partially ordered set P to itself has a fixed apex
u € P if for v € P there is v € P such that f(u) = v and f(v) = u.

an affirmation of the Axiom of Infinite Choice form might be presented equivalently by
words, defining fixed points. The answer to this question is positive. In this sense, for
z € P the equation of the form z = f(z) or

sup{z, f(z)} ==z (or inf{z, f(z)} = m)

for a given mapping f|P and for a nonempty partially ordered set P: is the key objects in
this case, both for new equivalents of the Axiom of Infinite Choice and for further work
on the Fixed point theory.

Otherwise, the first dynamic examples from the Fixed Point Theory go back to 1700
B.C-. the time when Moses, together with the Israelites, fleeing from Egypt, crossed
the river Jordan, as well as from 650 B.C. when this river was crossed by St. Ilija and
his disciple Jelisej; see: the Old Testament.
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Fixed points are clearly fixed apices and the set of all fixed points can be
a proper subset of the set of fixed apices.

On the other hand, f has a fized apex if and only if f? := f(f) has a fized
point. Indeed, for if f has a fixed apex u € P, then u = f(v) and v = f(u),
so f? has a fixed point. If the equation z = f2(z) has a solution & = f2(¢)
for some ¢ € P, then f has fixed apices &, f(£) € P because £ = f2(¢) and
1) = (9.

An important class of sets is the class of countable sets. More precisely we
say that a set X is countable if and only if there is a one-to-one mapping
of N (:={1,2,...,n,...}) onto X. A set which is not countable is said to
be uncountable.’

2. THE LEMMA OF INFINITE MAXIMALITY

By the "Axiom of Infinte Choice" we mean a statement in the following
form as: Given any set S, there exist at least countable choice functions or
there exist at least finite choice functions. In this sense we prove some new
equivalents of the Axiom of Infinite Choice. But perhaps the most statement
equivalent to the Axiom of Infinite Choice is the following statement.

Theorem 2.1. (Lemma of Infinite Maximality). Let P be an inductivve
partially ordered set with ordering <, then P has at least countable mazimal
elements or P has at least finite mazimal elements.

Proof. (Application of the Aziom of Infinite Choice). Let card P = m
and card B(m) = «, where B(m) is denoted the set of all ordinal numbers
a such that @ < m. For an indirect proof suppose that for every y > x the
set {z € P :y < z} is nonempty. Define the transfinite sequences {y§}5<a
for £ € N in the following form as

(1) k= the upper bound of {xﬁ}y<ﬁ, if it exist,
A x otherwise

for £ € N and define the transfinte sequences {x’é} B<a by
(2) o= fr({z€X: yj<2}), forkeN,
where fi, : (P(P)\{@}) — P for k € N are choice functions. Clearly, by
(1), z < yg for every 8 < « and k € N so that the set occurring in (2) is

nonempty. So the sequences {x’é} B<a are well defined.
These sequences are increasing. To show this consider the propositional
formula A(B) for f < « meaning: if v < £ < [ then x,’j =< x]g for k € N.

5Georg Cantor: [ think of a set as a precipice. On the other hand, Leopold
Kronecker brief: Cantor is the corruptor of youth. Richard Dedekind: "I think
of a set as a closed sack which contains certain specified objects which one doesn’t see".
David Hilbert in 1925: "No one should ever drive us from the paradise which Cantor
created for us". Bertrand Russel: "Thus mathematics may defined as the subject in
which we never know that we are talking about, nor whether what we are saying is true".
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If A(y) for v < 3, then {l‘lg}5</3 are chains, and consequently xlg < yg for
0 < B and k € N. Hence, also xlg < xg for 0 < fand k € N, i.e., A(B) holds.
By Principle of Transfinite Induction we have A(3) for all § < a. Now put

M = U{xlg} for k € N,
B<a

then we have M C P, whence Card(M) < Card(P) = m, whereas Card(M) >
m. This shows that for some § < o we must have {z € P : yg <z} =2,

ie., yg (k € N) are maximal elements in P, and clearly = < yg (for k € N).
The proof is complete.

Theorem 2.2. Let P be a partially ordered set, then there exist at least
countable functions fi (for k € N) or finite functions fy, (fork=1,...,m
and a fized number m € N) such that for each nonempty subset A of P is
fe(A) € A for ke N or fr(A) € A fork=1,...,m and a fited m € N.

Proof. (Application of the Lemma of Infinite Mazimality). Let A be any
collection of nonempty sets, and put M = UA. Let P be the family of those
sets F' C M for which the intersection F'N A contains at most one point for
every A € A. The set P is an ordered set with inclusion C and @ € P. If
L C Pis a chain, then UL € P. In fact, if UL N A for an A € A contains
two different elements, say = and y, then there exist sets D, D, € £ such
that x € D,NA and y € Dy, N A. But since £ is a chain, one of the sets D,,
D, is contained in the other say D, C D,. But then z,y € D, and D, N A
contains more than one point.

By Theorem 2.1 there exist in P maximal elements Ry (for k € N). We
will show that RN A # & for every A € A and k € N. If we had RN Ay for
an Ag € A and k € N, then for zy € Ay we might define a set R* = R U{zo}
for k € N. Clearly, R* € P and R* is larger than Ry (for k£ € N), which is
impossible, since Ry (for £ € N) are maximal elements in P. Thus Ry N A
(for k € N) is a singleton for every A € A and k € N, and we can define
functions fr : A - M (for k € N) by fr(4) = AN Ry, for k € N. The
functions fi, (for £ € N) are choice functions.

In the second case, by Theorem 2.1, there exist in P a finite number

maximal elements Ro, Ry, ..., R, (for a fixed m € N). We can define func-
tions fr : A — M (for k=1,...,m) by fr(A) = ANRy for k=1,...,m.
Then the functions fi (for K =1,...,m) are chioice functions. The proof is
complete.

3. GEOMETRY OF THE AXIOM OF INFINITE CHOICE

The first specific reference to the Axiom of Choice was given in a paper by
G. Peano in 1890. In 1892 R. Bettazzi published an article on discontinuous
real functions with terminology of infinite many arbitrary choices.
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In this sense, we give a demonstration that the equation (Eq) has at least
countable solutions or has at least finite solutions. For this see the following
Figures:

A4

Y,

N

I
|
1
u 0

u=f(v),0=f(u)

<

also, as an example, the equation sinxz = 0 or the equation, in an equivalent
form, 4+ sinz = z. As two statements on the equation (Eq) we obtain the
following two results.

Zorn’s lemma is an immediate consequence of the Lemma of Infinite Max-
imality, too.

As two direct consequences of the Axiom of Infinite Choice we have the
following two essential results in sets theory:

1) Every isotone map of complete lattice into itself has at least countable
or finite fized points, and

2) Every antitone map of complete lattice into itself has at least countable
or finite fized apices!

Theorem 3.1. (Axiom of Infinite Choice for Points). Let P be a set par-
tially ordered by an ordering relation <. Then the following statements are
equivalent:

(a) (Lemma of Infinite Maximality). Let P be an inductive partially or-
dered set. Then P has at least countable or finite mazximal elements.

(b) Let P be an inductive partially ordered set and f a mapping from P
wto P such that

(M) x g sup{z, f(z)} for all x € Sub f(P),

then the function ¢(x) := sup{z, f(x)} has at least countable or finite fized
points. If for all a,b € P the following condition holds in the form as

(A) sup{a,b} = a implies a =10,
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then the mapping f has at least countable or finite fized points. (Also, the
dually statement of this statement holds).

(c) Let P be an inductive partially ordered set and f a mapping from P
into P such that

(N) x = f(x) forall x € Subf(P),

then f has at least countable or finite fixed points. (Also, the dually statement
of this statement holds).

Theorem 3.2. (Axiom of Infinite Choice for Apices). Let P be a set par-
tially ordered by an ordering relation <. Then the following statements are
equivalent:

(a) (Lemma of Infinite Maximality).® Let P be an inductive partially
ordered set. Then P has at least countable or finite mazimal elements.

(b) Let P be an inductive partially ordered set and f a mapping from P
into P such that

(R) x < sup{x, f2(x)} for all x € Sub f(P),

then the function () := sup{x, f2(x)} has at least countable or finite fized
points. If condition (A) holds, then the mapping f has at least countable or
finite fived apices. (Also, the dually statement of this statement holds).

(c) Let P be an inductive partially ordered set and f a mapping from P
into P such that

(T) x < f2(x) forall x € Subf(P),

then f has at least countable or finite fived apices. (Also, the dually statement
of this statement holds).

The proofs of these statements are very similar with the preceding proofs.
Thus the proofs of this statements we omit. Also and for the next statement!

Essential Facts. We notice that Fredholm and Leray-Schauder alterna-
tives are direct consequences of the Axiom of Infinite Choice. Also, Schauder
and Brouwer theorem of fixed point (as well as Fized Point Theory) are di-
rect consequences of the Axiom of Infinite Choice.

In connection with the Axiom of Infinite Choice I have the following direct
result as an extension of the Schauder problem (Theorem 7.1).

6What were the beginnings of Zorn’s principle? According to his later remi-
niscences, he first formulated it at Hamburg in 1933, where Claude Chevalley and Emil
Artin then took it up as well. Indeed, when Zorn applied it to obtain representatives
from certain equivalence classes on a group, Artinrecognized that Zorn’s principle yields
the Axiom of Choice. By late in 1934, Zorn’s principle had found users in the United
States who dubbed in Zorn’s lemma. In October, when Zorn lectured on his principle to
the American Mathematical Society in New York, Solomon Lefschetz recomended
that Zorn publish his result. The paper appeared, the following year, in 1935.
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Theorem 3.3. Let C' be a nonempty convex compact subset of a linear
topological space X and suppose T : C'— C' is a continuous mapping. Then
T has at least countable fixed points or T has at least finite fixed points.

Open problem. We notice that in 1963 P. J. Cohen proved that the
Axiom of Choice is independent of the remaining Axioms of the Sets Theory.
In this sense is the Axiom of Infinite Choice is independent of the remaining
Axioms of the Sets Theory? (I think that the answer is yes!?)

Also, in connection with this, I have the following direct result as an
extension of the Recursion Theorem.

Theorem 3.4. If £ is an element of a set X, and if f is a function from X
into X, then there exist at least countable functions fy, (for k € N) or there
exist at least finite functions fi, (fork =1,...,m and a fized number m € N)
from N into X such that fi,(0) = & and such that fr(n U {n}) = f(fr(n))
for all n € N.

4. FORKED POINTS ON TOPOLOGICAL SPACES

Let X be an arbitrary nonempty set, 7" be a mapping from X into X,
and P := (P, <) a nonempty partially ordered set. A mapping f: X — P
(or f: X — X) has a forked point (or furcate point) p € X if the following
equality holds in the form

(Ra) f(p) = f(Tp) for some pe X;

frequently, we say that in this case (Ra), the mapping f : X — P has a pair
(p, T'p) of bifurcation points, or that T': X — X has a forks point p € X.

We notice that many problems in nonlinear functional analysis (as and
in the fixed point theory) are reducible to the ezistence of forked points of
certain mappings.

Further, let P := (P, <) be a partially ordered set with a minimum (or
with the property that every nonempty subset in P has an infimum) such
that every decreasing sequence {x, }nen in P has a limit in P, denoted by
limy, o0 Tn -

In connection with this, we shall introduce the concept of lower ordered
RBS-convergence in a topological space X for B : X — P, i.e., a topolog-
ical space X satisfies the condition of lower ordered RBS-convergence
iff {an(x)}nen is an arbitrary sequence in X with arbitrary z € X and if
B(an(z)) = b=10b(z) € P (n — oo) implies that {a,(x)},en has a conver-
gent subsequence {a,,(x)()}reny Which converges to § € X, where

B(¢) < inf lim B(an(k)(m)).

z€X k—o0
In this part of the paper, we apply the technics of maximal elements to the

equations of the forks theory. As an immediate consequence of the Lemma
of Infinite Maximality we obtain the following ordered principle.
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In this sense, let X be a topological space, Define a relation <, on X
by the following conditions:

{ x Zork y if and only if B(z) < B(y),

(fk) T =o y if and only if B(x) = B(y),

where B : X — P is a function with the given conditions.

It is verify that <, is a partial ordering (asymmetric and transitive
relation) in X. The poset X together with this partial ordering, is denoted
by KXork-

Theorem 4.1. (Ordering Principle). Let X be a topological space with the
poset Xork- If X satisfies the condition of lower ordered RBS-convergence,
then X, has at least countable or finite minimal elements zi € Xopp with
2k <ork T for given x € Xopk.

Sketck proof. Let C be a chain in X,,; and now let ¢ € C be given.
Denote by « := inf{B(x) : x € C}. Then the set M(z,n) of all y € C
with 2 <ok ¥ and a < B(y) < oy, (a, — «) is nonempty for each n € N
and x € C. Let I be a choice function for the family of all nonempty
subsets of C. Then, by the recursion theorem, there is a sequence {zy, }nen
in C such that oy = t and z,41 = [(M(2p,n)) for n € N. This implies
(from lower ordered RBS-convergence) that there exists £ € X, such that
B(&) < -+ < B(zy,) for n € N. Now let x € C. Then we can find an i € N
such that B(§) < B(x;) < a; < B(z). Since z and z; are in the chain C, we
obtain £ <.t «. This shows that ¢ is a minorant of C'. By the nature of C
(by Lemma of Infinite Maximality) it follows that there is at least countable
or finite z; € X, which are minimal in X,,.

We notice that the proof of this statement is totally an analogy with the
former proofs of ordered principles.

As an immediate consequence of Theorem 4.1 (Ordering Principle) we
obtain the following result in the forks theory.

Theorem 4.2. (Forked points existence, Taskovi¢ [2005]). Let T' be a map-
ping of a topological space X into itself, where X satisfies the condition of
lower ordered RBS-convergence. If

(Bu) B(Tzx) < B(z) for every z€ X,
then for T there exist at least countable or finite forked points & € X, i.e.,
then the following equalities hold in the form

(Ri) B(T&) = B(&) = ay, := inf lim B(bﬁ(x))

r€X n—oo

for some sequences {bF(x)}nen in X which converges to the forked points
& e X.

A brief proof of a variant of this statement based on some elementary facts may be found in
Taskovié [2005]. For this, also see Taskovié [2001].
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Proof of Theorem 4.2. Consider the partially ordered set X, and
let & be minimal elements. Using (Bu), it also following from (fk) that
Tr Sork « for all z € X and T&, <ok & in X,rp and, because & are
minimal it follows that T¢, =1 £x. The proof is complete.

In this sense, we shall introduce the concept of lower BCS-convergence in
a topological space X for B : X — Ri, i.e., a topological space X satisfies
the condition of lower BCS-convergence (orbital lower BCS-convergence)
if {an(x) }nen is an arbitrary sequence (an arbitrary iteration sequence) in X
with arbitrary z € X and if B(a,(z)) — b= b(z) > 0 (n — oo) implies that
{an(7) }nen has a convergent subsequence {ay,(x)(z)}xen Which converges to
¢ € X, where

(Bi) B(€) < inf lim infB(an(k) (x)).

zeX k—oo
Theorem 4.3. (Monotone Principle of Forked Points). Let T be a mapping

of a topological space X into itself, where X satisfies the condition of orbital
lower BCS-convergence. If

(B) B(Tz) < B(z) for every z€ X,

then for T there exist at least countable or finite forked points & € X, i.e.,
then the following equalities hold in the form

(M) B(T€,) = B(&) = ay == inf lim B(b;(;p))

xeX n—oo

for some sequence {bt (x)}nen in X which converges to &. In this case,
the point & € X is a minimal element of the set Xp;q with the property

& =B.id T

Annotations. A fine illustration for Theorem 4.3 is a well known statement in 1936 which
was given by Freudenthal and Hurewicz in the following form: If (X,p) is a compact
metric space and if T is a mapping of X into itself such that

3) p[T@), 7)) < plw,] forall wye X (z#y),

then the mapping T has a unique fized point £ € X.

Indeed, first, since X is a compact space it follows that the condition of lower (orbital) BCS-
convergence holds. Second, let B(z) := p(x,Tz), thus applying Theorem 4.3 we have that there
exists £ € X such that (M). But, from (3) for £ # T¢ we obtain

B() = B(TE) = p|T(€), T2(©)] < pl, T(&)] = B),

i.e., we obtain a contradiction. This means that £ = T¢ for some £ € X. The uniqueness follows
immediately from (3). The proof is complete.

In connection with this statement of Freudenthal-Hurewicz [1936] there exist more
extensions. An extension of this statement to give Edelstein [1962] to change the compactness
with the following weak condition in the form: if {T"(z)}nen s an arbitrary iteration sequence
in X with arbitrary x € X, then he has at least one convergent subsequence in X.

On the other hand we notice that this result of Freudenthal and Hurewicz in 1936 appeared,
also, at the same year independently by Niemytzki [1936].

These facts are direct examples for the preceding Theorem 4.3. Also, this facts can be great
for further considerations and in the fixed point theory.
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Annotation. We notice that in Theorem 4.3 the condition (B) we can change with a sectional
condition in the following sense, that there exists z € X such that

(B’) B(Tz) < B(z) for every =z € O(z),

where O(z) is an orbit of the point z € X for the mapping T" of a topological space X into itself.
The proofs in this case are almost one and the same thing.

As an immediate consequence of Theorem 4.3 we obtain the following
direct generalization of Caristi’s fixed point theorem (=Theorem 4.4 in the
case k = 0).

Theorem 4.4. Let T be a self-map on a complete metric space (X, p). Sup-
pose that there exists a lower semicontinuous function G : X — Rg and an
arbitrary fized integer k > 0 such that

(Tk)  pl,T2] < G(z) — G(Tx) + - + G(T*2) — G(T**'z)

and G(T?**x) < G(T?z) fori=0,1,...,k and for every x € X. Then T
has at least countable or finite fized points & in X.

As an immediate consequence of the preceding result of Theorem 4.4 we
obtain the following statement of a fixed point.

Theorem 4.5. Let T be a self-map on a complete metric space (X, p). Sup-
pose that there exists a lower semicontinuous function G : X — R(j_ such
that

“+o00

(Tm) plx, Tz] < Z (G(TQix) _ G(T2z‘+1$))
1=0

and G(T**tz) < G(T?%x) fori € NU{0} and for everyx € X. Then T has
at least countable or finite fived points & in X.

Further interpretations on the forks theorems. We notice, in this section, that for the
preceding main statements we can give their following explanations via the BCS-completeness
and the lower BCS-continuous in the following sense.

In connection with this, we shall introduce the concept of BCS-completeness in a space X for a
function B : X — R, i.e., a topological space X is called BCS-complete (orbital BCS-complete)
iff {an(z)}nen is an arbitrary sequence (an arbitrary iteration sequence) in X with arbitrary
z € X and if B(an(z)) — b = b(z) € RU {£oo} as n — oo implies that {an(z)}nen has a
convergent subsequence in X.

On the other hand, a function B : X — R is lower BCS-continuous (orbital lower BCS-
continuous) at p € X iff {an(z)}nen is an arbitrary sequence (an arbitrary iteration sequence) in
X with arbitrary x € X and if an(z) — p (n — oo) implies that is

B(p) < inf liminf B (an (a:))
reX n—oo
We are now in a position to formulate the following explanations of the preceding theorems as
corresponding equivalent forms:

Theorem 4.3a. Let T" be a mapping of a topological space X into itself and let X be orbital
BCS-complete. If (B) holds and if B : X — Rg is an orbital lower BCS-continuous functional,
then there exist at least countable or finite furcate points & € X.

The proof of this statement is totally analogous with the proof of Theorem 4.3 which is
equivalent, in the booking, to the Theorem 4.3a.
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Open problem. Let T be a mapping of a topological space X into itself, where X satisfies the
condition of orbital lower BCS-convergence. If it is supposed that there exist a lower semicon-
tinuous function G : X — ]Rg_, a function Ap : X X X — Rg_ (for p € R), and an arbitrary fized
integer k > 0 such that

() Ap(3,T2) < G(z) — G(Tx) + - + G(Tz) — G(T*+1g)
and G(T?**1z) < G(T?<z) fori=0,1,...,k and for every x € X, does T have at least one fived
point in the topological space X ?

In connection with this problem, we notice that in a special case of this open problem, if
X := (X, p) is a complete metric space, if Ap(x,Tz) = (plz, Tz])?P, and if k =1 in (E), i.e., if

(plz, Tz])P < G(x) — G(Tz) for every z € X

and p € R, then the open problem of Kirk [1976] is settled in the negative if 0 < p < 1, and
positive if p > 1 (see: Bae-Park [1983]). Another counter example (for p < 1) is given in
Khamsi-Misane [1995].

Open problem. We notice that the preceding proof of Theorem 4.5 is given without direct
application of some of maximal principles as well as without Zorn’s lemma and Lemma of Infinite
Maximality. Can a new proof of Theorem 4.5 be given elementary without Axiom of Infinite
Choice?

Further, we notice that the preceding monotone principle of forked point appears before the
monotone principle of fixed point which in 1985 for the first time appeared from Taskovié
[1985]. For the next appearence of this monotone principle see Taskovié [1990].

In this sense, let X be a topological space, T : X — X, and let A :
X x X = RY :=[0,400). A topological space X satisfies the condition of
TCS-convergence iff x € X and if A(T"x, T""'z) — 0 (n — o0o) implies
that the iterates sequence {T"x},cn has a convergent subsequence in X.

For ¢ € X, o(x,00) := {z,Tx,T?x,...} is called the orbit of X. A
function f mapping X into the reals is f-orbital lower semicontinuous at
p € X if {x,}nen is a sequence in o(x,00) and z, — p (n — oo) implies
that f(p) < liminf,, o f(xy). The following fact holds.

Lemma 4.1. (Taskovi¢, [1978]). Let the mapping ¢ : R%. — RY have the
following properties

(Ip) (‘v’t e R4 := (0, —i—oo)) (go(t) <t and hzgtsilg) o(z) < t) :

If the sequence (xy,) of real numbers satisfies the condition x,11 < p(xy)
for every n € N, then it converges to zero.

Theorem 4.6. (Monotone Principle of Fixed Point).” Let T' be a mapping
of a topological space X into itself, where X satisfies the condition of TCS-
convergence. Suppose that there exists a mapping @ : ]RS)r — ]RS)r such that

(Ip) and
(MP) ATz, Ty) < o(A(z,y)) fordl xz,yeX,

TWe notice that DjuroKurepa in 1971, first version of my Monotone Principle
of Fixed Point, has been sent to Professor JeanLeray (Paris) for the opinion. Some
of Leray’s ideas I am to realize in several published papers. In general form for the first
time, fundamental elements of Monotone Principle I give in: Proc. Amer. Math. Soc., 94
(1985), 427-432. For later facts on this see: Taskovié [1990].
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where A: X x X — RY, x v A(z, Tx) is T-orbital lower semicontinuous or
T is orbital continuous, and A(a,b) =0 implies a =b. Then T has a unique
fized point £ € X and T"x — & for each x € X.

Proof. (Application of Theorem 4.3). Let B(x) := A(x,Tx) which is lower
semicontinuous on X, then B(Tx) < B(x) for every x € X, i.e., (B) in The-
orem 4.3. Since X satisfies the condition of orbital lower BCS-convergence
(because from Lemma 4.1 it follows that A(T"z, 7" 'z) — 0 as n — oo
and thus, by TCS-convergence, {T"(z)},en has a convergent subsequence
{T™®) (2)}gen to & € X and (Bi) holds by lower semicontinuous of B), ap-
plying Theorem 4.3 we obtain B(T¢) = B(§) = A(&,T€) := «. Thus from
(MP) for a # 0 we have

a=A(TET%) < p(A(E, TE)) < A(6,T€) = a

for some ¢ € X. This is a contradiction, thus a = 0, i.e., & = T¢ for
some ¢ € X. The uniqueness follows immediately from (MP). The proof is
complete.

Further, let X be a topological space, let T' : X — X, and let B :
X = R(jr be a given function. In connection with the preceding, in 1985
we investigated the concept of local TCS-convergence in a space X, i.e., a
topological space X satisfies the condition of local TCS-convergence
iff © € X and if B(T"z) — 0 (n — oo) implies that the iterates sequence
{T"x}nen has a convergent subsequence in X.

We notice that the condition of TCS-convergence is to set task for the
function (z,y) — A(z,y), till the condition of local TCS-convergence is to
set task for the function x — B(z).

Facts on TCS-convergence. For the first time in 1985 I introduced the conditions of TCS-
convergence and local TCS-convergence with the intention to transmit it to the properties of
Cauchy sequence from metric spaces on topological spaces, see Taskovié¢ [1985].

We can briefly say, in connection with this, that the results of forked points are based on
RBS-convergence and BCS-convergence. It is a new viewpoint which is an extension of the TCS-
convergence.

At the interval of the next seven years more authors have considered appearance of TCS-
convergence as a special case od the property TCS-convergence, precisely, in this way, d-comple-
teness of topological spaces, see: Hicks [1992], Hicks-Rhoades [1992], Saliga [1996], and
Popa [2002].

Recently, 10 years next appeared Monotone Principle in 1985, in connection with this Jachym-
ski, Matkowski, and Swiatkowski [Journal of Applied Analysis, 1 (1995), 125-134, Theorem
1, p. 130] proved a very special case of Monotone Principle of Fixed Point on Hausdorff spaces.
For the same also see: Aamri-Moutawakil [2003].

As a further application of Theorem 4.3 (Monotone principle of forked
points) we obtain the following well-known result in the fixed point theory
by Taskovié¢ [1985].
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8

Theorem 4.7. (Localization Monotone Principle).® Let T be a mapping
of a topological space X into itself, where X satisfies the condition of local
TCS-convergence. Suppose that there exists a mapping ¢ : RS)F — RS)F such
that (Ip) and

(Lm) B(Tz) < ¢(B(x)) for every xz€ X,

where B : X — Rg_ is T-orbital lower semicontinuous or T is orbital contin-
uous, and B(x) = 0 implies Tx = x. Then T has at least countable or finite
fixed points & € X.

A brief proof of this statement based on Ordering Principle (Theorem 4.1) may be found in
Taskovié [1988]. The first proof which is elementary may be found in Taskovié¢ [1985].
We notice that this result was generalized by Turinici [1993] as a further localization. The
following proof is an application of Monotone Principle of Forked Point.

The localization of monotone principle of a fixed point is a common generalization of results of:
Banach [1922], Browder [1968], Boyd-Wong [1969], Dugundji-Granas [1978], Kras-
noselskij et al. [1973], Caristi [1976]|, Kirk [1976], Matkowski [1975], Hicks-Rhoades
[1979], Fisher [1976], and many others.

Recently, 15 years later appeared Localization Monotone Principle in 1985, in connection with
this Suzuki [J. Math. Anal. Appl. 253 (2001), 440-458, Theorem 1, p. 451] which proved a
very special case of Localization Monotone Principle of Fixed Point.

Proof of Theorem 4.7. (Application of Theorem 4.3). Let x be an
arbitrary point in X. The function B : X — Rg is lower semicontinuous
and satisfies, by (Ip), B(Tx) < B(zx) for every z € X, i.e., the inequality
(B) in former Theorem 4.3.

Applying Lemma 4.1 to the sequence { B(T"z) } ,en we obtain that B(T"z) —
0 (n — o0), and thus X satisfies the condition of orbital lower BCS-
convergence with the inequality (Bi). Applying Theorem 4.3 we have B(T¢;) =
B(&) = oy for some & € X. Also, from (Ip), for a; # 0 we have

ar = B(&) = B(T&) < ¢(B(&)) < B(&) = o

for some & € X. This is a contradiction, which means that oy = 0, i.e.,
& = T¢&; for some & € X. The proof is complete.

An wmportant event. We notice that the preceding facts and conse-
quences are an affirmation that Monotone Principle of Forked Points is a
natural extension of the Monotone Principle of Fized Point, and Localization
Monotone Principle of Fized Points.

Some new geometric theorems. As further applications of the pre-
ceding Theorem 4.3, on forked points, we obtain the following geometric
statements of fixed points on complete metric spaces.

8For monotone principles, specially for Localization Monotone Principle of Fixed Point,
James Dugundji, in the letter for me of October 5 in 1984, briefly among the rest
writes, that he is convinced of the role of Localization Monotone Principle in the fixed
point theory (and nonlinear functional analysis). This opinion of J. Dugundji has been
confirmed many a time, via various phenomena, as one can see from many results proven
in this book.
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Theorem 4.8. Let T be a self-map on a complete metric space (X, p). Sup-
pose that there exists a lower semicontinuous function G : X — [a, +00) for
some a > 0 such that
1 1
z,Tr]| < ————— —— forevery zeX,
then T has at least countable or finite fized points & in X. (This result is
an analogy with Caristi’s theorem).

The proof of this statement (without utilizing Axiom of Infinite Choice) is analogous to the
proof of based on Theorem 4.3.

As a direct extension of Theorem 4.8, from Theorem 4.3, we obtain the following result of a
fixed point on complete metric spaces.

Theorem 4.9. Let T be a self-map on a complete metric space (X, p). Sup-
pose that there exists a lower semicontinuous function G : X — [a, +00) for
some a > 0 and an arbitrary fized integer k > 0 such that

1 1 1 1
Rk Tr] < ——— — ——— _
Rl TS ey e Y aare) T G
and G(T**z) < G(T?%x) fori=0,1,...,k and for every x € X. Then T
has at least countable or finite fized points & in X.

We notice that for £ = 0 in Theorem 4.9 we have Theorem 4.8. Proof of
this statement is based on Theorem 4.2.

In connection with the preceding, as a direct consequence of Theorem 4.9,
we obtain the following statement of fixed point on complete metric spaces.

Theorem 4.10. Let T be a self-map on a complete metric space (X, p).
Suppose that there exists a lower semicontinuous function G : X — [a,+00)
for some a > 0 such that

400 1 1
plz, Tz] < ZZ:; (G(TZH'lfL‘) N G(TZix)>

and G(T?**z) < G(T%z) fori € NU{0} and for every x € X. Then T
has at least countable or finite fized points & in X.

The proof of this statement is totally analogous with the proof of Theorem
4.5. Precisely, from the Theorem 4.10, we obtain directly Theorem 4.9 as a
consequence.

5. FUNCTIONS OF A-VARIATION

Let X be a nonempty set, let T': X — X, andlet A : X x X — R(jr
be a given function. Further, a function 7T satisfies the condition of A-
variation iff there exists a function A: X x X — R(jr such that

(4) iA(Ti(x),TM(x)) < too
=0
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for every x € X. If (X, p) is a metric space and A := p, in the preceding case
(4), then we say that T' is a bounded variation mapping or p-variation

mapping.

Proposition 5.1. (Taskovié¢ in 1993). Let X be a nonempty set, let T :
X—>X,andlet A: X x X — R(}r be a given mapping. Then the following
facts are equivalent:

(V) T is a mapping of A-variation on the nonempty set X in attitude
toward a given mapping A : X x X — ]RS)F.

(F) There ezists a function G : X — RS’F such that the following inequality
holds in the form that is

A(z,Tx) < G(z) — G(Tx) forall z € X.

(S) There exists a sequence of nonnegative real functions x — Cp(z,Tx)
such that the following inequality holds in the form

A(T”x,T"Hz) < Cp(x,Tx) forall xe€ X,

and for all n € NU {0}, where the series of the form > 7 Cp(x,Tx) con-
verges for all x € X.

A brief proof of this statement may be found in: Taskovié [1993, p. 407] and Taskovi¢
[1998]. Also see: Eisenfeld-Lakshmikantham [1977]. On the other hand, the following fact
holds. Namely, if X is a nonempty set, 7: X — X, and if A: X x X — Rg_ is a given mapping,
then the following facts are equivalent: (V), (F), (S) and:

(R) There exists a function G : X — Ri and an arbitrary fixed integer £ > 0 such that the
following inequality holds in the form that is

Az, Tz) < G(z) — G(Tz) + - + G(T?z) — G(T?***1x)

and G(T?t1z) < G(T?x) for i = 0,1,...,k and for every x € X. (The proof of this statement
is totally analogous with the proof of Proposition 5.1).

We are now in a position to formulate our next consequence of Theorem
4.1 or Theorem 4.2. This statement is characteristic for the A-variation
mappings from Taskovié¢ [1993].

Theorem 5.1. (A-variation Principle). Let T be an A-variation map-
ping of topological space X into itself, where X satisfies the condition of
TCS-convergence. If x — A(x,Tx) is T-orbital lower semicontinuous and
A(a,b) = 0 implies a = b, then T has at least countable or finite fixed points.

Proof. The condition (F) implies condition (B) of Theorem 4.3. Thus,
applying Theorem 4.3 we obtain this statement.

Two immediate and direct corollaries of the preceding main statement are
the following two statements which is characteristic for metric spaces.

Theorem 5.2. Let T be a self-map of an orbital complete metric space
(X, p). If T is orbital continuous and an p-variation mapping, then T has
at least countable or finite fized points.
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Theorem 5.3. Let (X, p) be a complete metric space, and T : X — X a
bounded variation mapping, i.e., an p-variation mapping. If T is a continu-
ous mapping, then T has at least countable or finite fixed points.

Proof of Theorem 5.2. Since X satisfies the condition of TCS-convergence
(X is orbital complete metric space and T is p-variation), from the preceding
facts, applying Theorem 5.1 gives T, = & for some &, € X.

Corollary 5.1. (Banach Contraction Principle, Banach [1922]). Let (X, p)
be a complete metric space and T : X — X 1is a contractive mapping. Then
T has a unique fized point £ € X, and T"x — £ (n — o00) for each x € X.

Proof. From the condition of contraction, it is easy to see that T" is bounded
variation, i.e., p-variation. Precisely, every contraction mapping is bounded
variation and continuous. Hence, it follows from the Theorem 5.1 that T
has a unique fixed point.

On the other hand, we notice from Theorems 5.1, 5.2 and 5.3 that our central idea is, that
every continuous, bounded variation mapping of complete metric space into itself has at least
countable or finite fized points by Taskovié [1993], is essential. In this sense, directly, we have
the preceding Banach’s contraction principle, and the following extension of Caristi’s fixed point
theorem.

Corollary 5.2. (Taskovi¢, [1993]). Let T be a mapping of a topological space
X into itself with the property of TCS-convergence. If there is a function
G: X — Rg such that

(F) Az, Tz) < G(xz) — G(Tx) foral xe€X,

where x — A(x,Tx) is a lower semicontinuous function or T is orbital
continuous, and A(a,b) = 0 implies a = b, then T has at least countable or
finite fized points in X.

In recent years a great number of papers have presented generalizations of the three funda-
mental famous principles of Brouwer, Schauder and Banach. In this part of the book we extend
these three central results in a fixed point theory. Our central idea is, that every continuous,
bounded variation mapping of complete metric space into itself has a fixed point. This fixed point
theorem is a common generalization of results of Brouwer, Schauder, Banach, Sadovskij, Browder,
Krasnoselskij, Darbo, Dugundji, Granas, Kirk, Caristi, Ky Fan and some others.

Brouwer’s theorem — 97th next. Perhaps the most important of all fixed point theorems

is the famous theorem of Brouwer? in 1909 which states that every continuous mapping of the
closed unit ball of the Euclidean space R™ into itself has a fized point.

Schauder’s theorem in 1927 is a generalization of Brouwer’s theorem to infinite dimensional
normed linear space. Schauder’s theorem states that every continuous mapping of a compact
convex subset of a normed linear space into itself has a fized point.

In recent years a great number of papers have presented generalizations of the well-known
essential Brouwer principle. Some of these generalizations refer to the result containing the
Schauder fixed point theorem.

9Luitzen Egbertus Jan Brouwer (1881-1966) — German-Dutch mathematician, is
one of the greatest mathematicians. He was a professor at the University of Amsterdam,
and he is supposed to be one of the founders of modern topology. Brouwer proved the
topological invariance of the dimension of the Cartesian space. Furthermore he is famous
for his contributions to the Fundaments of Mathematics. But his most important result
is the fixed point theorem mentioned above.
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Brouwer’s theorem is one of the oldest and best known results in topology. It was proved for
n =3 by L. Brouwer in 1909. An equivalent result was established earlier in 1904 by Bohl.

In 1920 it was Hadamard who gave (using the Kronecker indexz) the first proof for arbi-
trary n. Soon afterwards in 1912 Brouwer had another proof using the simplistic approximation
technique and notion of the degree. Other proofs depending on various definitions of degree were
also given by Alexander in 1922 and Birkhoff-Kellogg in 1922.

A simple and short proof of the Brouwer theorem based on combinatorial technique and
Sperner’s lemma in 1928, was given by Knaster-Kuratowski-Mazurkiewicz in 1929.

6. MAXIMAL PRINCIPLES ON CONVEX AND COMPACT SETS

This section give applications of the preceding statements. In this sense,
the first purpose is to present some of applicattions of our former Maximal
Principles on convex and compact sets.

In connection with the preceding, let B : X — RY := [0, 400) be a convex
function such that B((z +y)/2) > B(x) for all z,y € X, where B is a lower
semicontinuous function on convex and compact set X in a linear topological
space Y. Define a relation <p con on X by the following conditions:

o © <Beony ifandonly if A(z,y) < B(y) - B(x),
© T =Bcon y if and only if B(x) = B(y),

where A(z,y) := B((x +y)/2) — B(x) > 0 and A(z,y) = 0 iff x = y for all
z,y € X. It is to verify that <p con is a partial ordering (asymmetric and
transitive relation) in X. The set X, together with this partial ordering, is
denoted by XB con-

Theorem 6.1. (Minimal Ordering Principle).  Let X be a conver and
compact set in a linear topological space, with the poset XB con. Then Xp con
has at least countable or finite minimal elements 2, € XB con, With 21, <B,con
x for given v € XB con-

Proof. Let C be a chain in X ¢on and let ¢t € C be given. Denote by 3 the greatest lower
bound of the set {B(z) : x € C}, i.e., 8 := inf{B(z) : x € C}. If B(m) = B3 for some m € C, then
m is a lower bound in C. For, if B, con m for some x in C\{m}, then B(z) < B(m), which
yields B(z) < B, which is a contradiction. Therefore, one can assume B(z) # 8 for all z € C.
Then the set M(x,n) of all y € C with ¥y <B,con « and 8 < B(z) < 8+ 1/n is nonempty for
each n € {1,2,...} := Nand « € C. In fact, there is a y € C satisfying 8 < B(y) < 8+ 1/n,
and so y belongs to M(z,n) if ¥y <B.,con ; if © <B,con ¥ then since B(z) < B(y), we have
8 < B(z) < B(y) < B+ 1/n, which shows that « belongs to M (x,n). Let I be a choice function
for the family of all nonempty subsets of C'. Then, by the recursion theorem, there is a sequence
{Zn}nen in C such that zg = ¢ and xpy1 = I[(M(zn,n)) for n € N. Hence the compactness
implies that {zn}nen has a convergent subsequence {z,,(1)}ren to § € X.

Now let  be in C. Then we can find an ¢ € N such that B(z;) < 8+ 1/i < B(x). Since
z and x; are in the chain C, this implies ©; <B,con ©. Therefore, we have B(z;) < B(x), for
every n = i. Thus, by lower semicontinuity of B, we obtain B(£) < B(x), i.e., £ <B,con . This
shows that £ is a lower bound of C. By the nature of C' (by the dual form of Lemma of Infinite
Maximality) it follows that Xpg con has at least countable or finite minimal elements in Xp con-
This completes the proof.

As an immediate application of the preceding statement (Minimal Or-
dering Principle) we have the following extension and a new solution of
Schauder’s 54th problem in Scottish Book on linear topological spaces.



164 SOLUTION, EXTENSIONS AND APPLICATIONS OF THE SCHAUDER’S. . .

Theorem 6.2. (Extension of Schauder’s 54th problem). Let C' be a
nonempty convex compact subset of a linear topological space X and suppose
that T : C — C' is a continuous mapping. Then T has at least countable or
finite fized points in C.

Proof. Consider the partially ordered set Cp con and let & be minimal
elements. Using the equation z = T'(x), it also follows from (Co) that we
have T'(z) XB,con « for all x € C and T, B con &k In CB con and, because,
&, are minimal, it follows that & =p con T(§k). Thus, from (Co) we have
B(&;) = B(T¢), i.e., & = T(&) € C. This completes the proof.

In connection with this statement, also as a direct consequence of Theorem
6.1 (Minimal Ordering Principle), we obtain for fixed apices the following
result.

Theorem 6.3. (Form of Schauder’s 54th problem for fixed apices). Let
C be a nonempty conver compact subset of a linear topological space X and
suppose that T : C — C is a continuous mapping. Then T has at least
countable or finite fixed apices in C.

Proof. Consider the partially ordered set Cp o, and let & be minimal
clements. Using the equation x = T2(x), it also follows from (Co) that we
have T2(x) <B,con « for all x € C and T2%(&) <B,con & In CBcon and,
because, & are minimal, it follows that & =g con T2(&). Thus, from (Co)
we have &, = T?(&,), i.e., from the preceding facts on apices in part 1, T
has at least countable or finite fixed apices. The proof is complete.

On the other hand, let B : X — Rg_ be a convex function such that we
have B((x + y)2) > B(z) for all z,y € X, where B is a continuous (or
a lower semicontinuous) function on convex set X in a linear topological
space Y. Define a relation <p o, with (Co). It is verify that <pcon is a
partial ordering (asymmetric and transitive relation) in X. The convex set
X, together with this partial ordering, is denoted by X, B.

As an immediate consequence of the preceding proof of Theorem 6.1 (Min-
imal Ordering Principle) we have direct the following fact!

Proposition 6.1. Let X be a conver set in a linear topological space Y , then
there exists a continuous (or a lower semicontinuous) function G : X — RY.
such that T : X — X with the property (F).

Also, let X be a Banach space and let Y := (Y, x) be an ordered Banach
space. Suppose that B : X — Y is a convex operator'? such that 6 <

0Convex operators. Let X and Y be real ordered Banach spaces with order <, and
let T: D(T) C X — Y be an operator. T is convex iff D(T) is a convex set such that
with « < y the following inequality holds
T(Ax + (1= Ny) < M(@) + (1= NT(y)

for all z,y € D(T) and for arbitrary A € (0,1). The operator T is concave iff —T is a
convex operator.
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B((z+y)—B(z)) for all z,y € X, where B is a continuous operator. Define
a relation g o, on X by the following conditions:

(Cop) {
where A(z,y) := B((x +y)/2) — B(x) = 6 and A(z,y) = 0 iff x = y for all

z,y € X. It is to verify that <p o is a partial ordering (asymmetric and
transitive relation) in X. The set X, together with this partial ordering, is
denoted by Xp opr-

x <Bopr y if and only if A(z,y) < B(y) — B(z),
T =Ropr y if and only if B(z) = B(y),

Theorem 6.4. (Minimal Principle). Let X be a convex and compact set
in a linear topological space, with the poset X opr. Then Xp opr has at least
countable or finite minimal elements zp, € XB opr, With 2, <XB,opr T for given
T € XB,opr-

The proof of this statement is a total analogy with the proof of Theorem
4.1. Thus the proof we omit.

As an immediate application of the preceding statement (Minimal Princi-
ple) we obtain the following result on linear topological spaces, as Theorem
5.2 in the different form.

Theorem 6.5. Let C' be a nonemty convex compact subset of a linear topo-
logical space X, and suppose that T : C' — C is a continuous mapping. Then
T has at least countable or finite fixed points in C.

Proof. (Different of the proof of Theorem 5.2). Consider the partially
ordered set Cp opr and let & be minimal elements. Using the equation
x =T(x), it is also follows from (Cop) that we obtain T'(z) < opr @ for all
x € C and T(&) <B,opr &k in OB opr and, because, §; are minimal, it follows
that & =popr T(§k). Thus, from (Cop) we have B(§;) = B(T'(&)), ie.,
& = T'(&) € C. This completes the proof.

Annotation. We notice that the proof of Theorem 6.3 (for fixed apices), also, we can given
via the partially ordered set Cp opr- The proof is an analogy with the given proof of Theorem
6.3. The proof we omit.

We are now in a position to formulate our following known applications.
In this sense we obtain three fundamental famous principles of Brouwer,
Banach and Schauder.

First, as an immediale and direct application of Theorem 6.1 (Minimal
Ordering Principle) and Theorem 6.3 we obtain an extension of Brouwer’s
theorem in the following two forms.

Theorem 6.6. (Fixed Apices). Suppose that C is a nonemty convex
compact subset of R™, and that T : C' — C is a continuous mapping. Then
T has at least countable or finite fixed apices.

Theorem 6.7. (General Brouwer Theorem). Suppose that C is a nonemty
convez, compact subset of R™, and thatT : C — C' is a continuous mapping.
Then T has at least countable or finite fived points in C.
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In this sense, as a direct consequence of Theorem 6.7, we obtain the
following well-known Brouwer’s theorem.

Theorem 6.8. (Brouwer, [1912]). Suppose that C is a nonempty convez,
compact subset of R", and that T : C — C s a continuous mapping. Then
T has a fixed point in C.

Proof. Since C is a convex and compact subset of a Banach space, from
Theorem 6.1 (Minimal Ordering Principle) and Theorem 6.7, we obtain this
statement.

Let X, Y be topological spaces. A continuous map F' : X — Y is called
compact if F(X) is contained in a compact subset of Y. If X and Y are
Banach’s spaces and T': D(T') C X — Y, then T is called compact if T is
continuous and 7" maps bounded sets into relatively compact sets. Compact
operators play a central role in nonlinear functional analysis. Schauder’s
theorem is a generalization of Brouwer’s theorem to infinite dimensional
normed linear spaces, with the preceding fact.

We can now formulate Brouwer’s theorem in a manner valid for all normed
linear spaces.

Theorem 6.9. (Schauder, [1927]). Let C' be a nonempty, closed, bounded,
convex subset of the Banach space X, and suppose T : C — C' is a compact
operator. Then T has a fixed point & € C.

We also have an alternate version of the preceding Schauder fixed point
theorem. Further we give a proof, via Theorem 6.1 (Minimal Ordering Prin-
ciple) and Theorem 6.2, of this fact.

Theorem 6.10. (Schauder, [1930]). Let C' be a nonempty, compact, con-
vex subset of a Banach space X, and suppose T : C — C' is a continuous
operator. Then T has a fized point in C'. 1

llgchauder biography. In 1978 Wtadistaw Orlicz briefed: The Polish math-
ematician Juliusz Schauder was born in 1899 in Lwow. He studied at the University of
Lwow under Banach, who together with Hugo Steinhaus created the Polish functional an-
alytic school in the twenties in Lwow. Personal contact with Lean Lichtenstein awakened
Schauder’s interest in differential equations. After receiving a Rockefeller grant in 1932,
he spent some time in Leipzig with Lichtenstein. In this period he also stayed in Paris,
working together with Jean Leray. The fruit of this collaboration was the fundamental
work: "Topologie et équations fonctionelles” which appeared in 1934. In 1938, Schauder
and Leray received the Grand Prix International of Metaxas.

After the occupation of Lwow by the German army in June 1941, Schauder, like all
others of Jewish descent, became a victim of Hitler’s persecution. He was forced into
hiding together with his wife and small daughter, under an assumed name. In 1943,
during an extermination action, he, and shortly thereafter his wife too, was murdered by
the German fascists. His daughter survived.

The essential character trait of Schauder was his extreme passion for mathematics,
which united him with his teacher Stefan Banach.
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We notice that this statement is a direct translation of the Brouwer fixed
point theorem to Banach spaces.

Proof. Since C is a convex and compact subset of Banach space, from
Theorem 6.1 (Minimal Ordering Principle) and Theorem 6.2, we obtain this
statement.

Theorem 6.11. (General Schauder Theorem). Let C be a nonempty,
compact, convex subset of a Banach space X, and suppose T : C — C' is a
continuous operator. Then T has at least countable or finite fixed points in

C.

This statement is a direct consequence of Theorem 6.1 (Minimal Ordering
Principle) and Theorem 6.2. Also, the following result is a direct consequence
of Theorem 6.1 (Minimal Ordering Principle) and Theorem 6.3.

Theorem 6.12. (Fixed Apices). Let C be a nonempty, compact, con-
vex subset of a Banach space X, and suppose T : C — C' is a continuous
operator. Then T has at least countable or finite fixed apices in C.

The following statement provides an important example of A-variation
principle. We notice that this statement plays an important role in a fixed
point theory.

Proposition 6.2. (Browder [1965], Gohde [1965], Kirk [1965]). Suppose
that the map T : M C X — M 1is nonexpansive, where M is a nonempty,
closed, bounded, and convex set in the uniformly conver Banach space X.
Then the fixed point set of T, Fix(T), is nonempty, closed, and convez.

Proof. Since M is a convex subset of Banach space X, from the proof
of Theorem 6.1 (Minimal Ordering Principle), we have that T': M — M is
A-variation, where A(z,y) := B((z +y)/2) — B(z). The set M is closed in
X, and thus M is a complete space. It is easy to see that T satisfies all the
required hypotheses in Theorem 5.1. Hence, it follows from the Theorem
5.1 that T has a fixed point in M. Also, the set Fix(7T') is closed and convex
by the preceding. The proof is complete.

Further, as an immediate fact of Theorem 6.1 (Minimal Ordering Prin-
ciple) and Theorem 6.2, we have on metric spaces the following essential
result.

Proposition 6.3. (Taskovi¢, [1993]). Let D be a metric conver subset in
metric space (X, p) with the property of TCS-convergence. If T : D — D is a
continuous mapping (or x — p(x, T(x)) is a lower semicontinuous mapping),
then T has a fized point in X.

7. SOLUTION OF SCHAUDER’S 54TH PROBLEM IN SCOTTISH Book!?

12History of Schauder’s problem. The most famous of many open problems in non-
linear analysis is Schauder’s problem (in Scottish book, problem 54). For some answers on
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Introduction and history. The most famous of many problems in
nonlinear analysis is Schauder’s problem (Scottish book, problem 54) of the
following form, that if C' is a nonempty convex compact subset of a linear
topological space does every continuous mapping f : C — C have a fixed
point?

The answer I gives in this part that is yes, as first time by Taskovié¢ in 1998. In this connec-
tion this part proves and extends the Markoff-Kakutani theorem to arbitrary linear topological
space as an immediate consequence of the preceding solution of Schauder’s problem.

During the last twenty years this old conjecture was intensively examined by many mathe-
maticians. For sets in normed spaces this has been proved by Schauder and for sets in locally
convex spaces by Tychonoff.

In this part we prove that if C' is a nonempty convex compact subset of a linear topological
space, then every continuous mapping f : C' — C has at least countable or finite fixed points.

Brouwer’s theorem of fixed point is one of the oldest and best known results in mathematics.
Schauder’s theorem of fixed point is a generalization of Brouwer’s theorem to infinite dimensional
normed linear spaces. Schauder’s theorem states that every continuous mapping of a compact
convex subset of a normed linear space into itself has a fixed point.

Schauder’s problem (Scottish book, problem 54) is in the following form: Does every continuous
mapping f : C — C of a nonempty conver compact subset C' in arbitrary linear topological space
have a fixed point?

For locally convex space the answer is yes from Tychonoff [1935]. Namely,
in 1935, Tychonoff had shown that if C' is a nonempty convex compact subset
of a locally convex space, then every continuous map f : C' — C has a fixed
point.

Schauder’s theorem was further extended by Kukuhara [1950], Mazur [1938], Gohde
[1965], Fan [1961], Dugundji [1976], Granas [1957], Klee [1960], Kirk [1965], Idzik
[1988], Riedrich [1976], Eisenack-Fenske [1978], Jahn [1984], Browder [1965], Darbo
[1955], Delenau [1961], Sadovskij [1967], Krasnoselskij [1955], Reinermann [1971],
Taskovié¢ [1993], and many others.

The literature on applications of Schauder’s theorem to nonlinear problems is extensive. The
first result was proved by Markoff [1936] with the aid of the Schauder-Tychonoff fixed point
theorem.

Kakutani [1941] found a direct elementary proof of the Markoff theorem. Extensions
of Markoff-Kakutani theorem is due to Day [1961], Hahn [1978] and Ryll-Nardzewski
[1966].

In this part we give the complete solution and an extension of the preceding well known
Schauder’s problem of fixed point by Taskovié [1998]. Also, this solution is answering a
question of S. Ulam. In connection with this, in this part, we extend the Markoff-Kakutani
theorem to arbitrary linear topological spaces as an immediate consequence of the preceding
Taskovié¢’s solution in 1998 as and a new solution of Schauder’s problem.

this problem see papers of: Tychonoff, Fréchet, Leray, Borsuk, Steinhaus, Mazurkiewicz,
Kuratowski, Knaster, Krasnoselskij, Ky Fan, Klee, Caristi, Kirk, Browder, Dugundji,
Granas, and many others.

J. Schauder himself set down this problem in 1927 and 1930 respectively and had
it published in: Math. Zaitschrift and Studia Mathematica. The problem gained the
importance when it was put forward by StefanBanach in 1930 at the World congress
of mathematicians in Moscow.

First positive answer for locally convex space was given by Tychonoff in 1935. It
was J. Schauder who presented (personally) Tychonoff’s paper in Zbl. fiir Math. 12
(1936), with number 308.
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Answer to Schauder’s problem is affirmative. From the preceding
statements and some further facts we are now in the position to formulate
the following solution which is, also, an extension of Schauder problem.

Theorem 7.1. (Answer is yes for Schauder’s problem). Let C' be a nonempty
convex compact subset of a linear topological space X and suppose that T :
C — C is a continuous mapping. Then T has a fixed point in C.

This result is a special case of the former Theorem 6.2. Thus the proof of this state ment we
omit. For the first proof of Theorem 7.1 see Taskovi¢ [1998].

Annotation. Let us emphasize that the above solution for the Schauder’s
problem was presented by Taskovié in 1998. Another different solution
for the same problem was published by R. Cauty in 2001, three years later
after M. R. Taskovi¢. See: Taskovié¢ [1998] and Cauty [2001]! Also see:
Rus [1999].

Some further applications. As an immediate corollary of the preceding
solved problem (Theorem 7.1), we obtain one of the basic results in nonlinear
functional analysis which is an extension of the Markoff-Kakutani theorem.

Theorem 7.2. Let C' be a nonempty convexr compact set in a linear topo-
logical space X and let F be a commuting family of continuous affine maps
of C into itself. Then F has a common fixed point in C.

A brief proof of this result based on Theorem 7.1 may be found in Taskovié: [1998], [2001].
Also see Taskovié [2005].
Proof. Let Fix(T') be a fixed point set of a map 7T". By Theorem 7.1, Fix(T")
is a nonempty set for each T' € F. Moreover, Fix(T) is compact being closed
in the compact set C, and Fix(T") is convex because T is affine.

We must prove that N{Fix(T) : T' € F} is a nonempty set; because each
set Fix(T') is compact, it is sufficient to show that each finite intersection

n
Fix(Ty, ..., T) := (| Fix(T;)
=1

is nonempty. We proceed by induction on the number n € N of T;, the result

being true for n = 1. Assume that Fix(71,...,7,) is nonempty whenever
1 < n and consider any n members 17, ..., T, of 7. Because F is commuting,
we find that

E{EXULHWEFQ]CFMULHWEFQ

for if € Fix(Th,...,Th—1) then T;[T,(z)] = T,[Ti(xz)] = Tn(z) for each
i <mnsoTy(z)eFix(Th,...,Th-1).

Since Fix(711,...,T,—1) is a nonempty compact convex set, we conclude
from Theorem 7.1 that Fix(71,...,T},) is a nonempty set. This completes
the induction and the proof.

As a direct application of the preceding Theorem 7.2 we obtain the fol-
lowing well known result for families of mappings.
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Theorem 7.3. (Markoff [1936], Kakutani [1938]).1* Let C be a compact
convex set in a locally convexr linear space X, and let F be a commuting
family of continuous affine maps of C into itself. Then F has a common
fized point.

We notice that Markoff-Kakutani theorem has numerous applications.
An example, Kakutani [1938] has proved that Theorem 7.3 implies
Hahn-Banach theorem. A brief proof of Theorem 7.3 may be found in:
Dugundji-Granas [1982|, Istratescu [1981], Zeidler [1985], and
Taskovié [1993].

Some annotations. An extension of Theorem 7.3 was discovered by
Ryll-Nardzewski [1966] who based the proof on probabilistic arguments.
The first geometric proof of this extension was given by Namioka-As-
plund [1967]. A special case of this extension was found by Hahn [1967].
For this also see: Hansel-Troallic [1976].

Further applications. As an immediate application of A-variation prin-
ciple (Theorem 5.1) we have Tychonoff’s theorem on locally convex spaces in
the following form. This result of Tychonoff is also a special case of Theorem
7.1.

Theorem 7.4. (Tychonoff, [1935]).1* Let D be a compact convex subset in
locally convex linear space E. Then every continuous mapping f of D into
itself has a fixed point in D

Proof. Since D is a convex subset in locally convex space F, from Propo-
sition 5.1, we have that f: D — D is A-variation. The set D is compact in
E, and thus D satisfies the condition of TCS-convergence. Since f is also a
continuous mapping, hence all the required hypotheses in Theorem 5.1 hold.
Applying Theorem 5.1 we obtain that f has a fixed point in D. The proof
is complete.

I3History of Markoff theorem. Theorem 7.3 was proved by Markoff [1936] with
the aid of the Schauder-Tychonoff fixed point theorem. Kakutani [1938] found a direct
elementary proof of Theorem 7.3 (valid in any linear topological space not necessarily
locally convex), and demonstrated the importance of the result by giving a number of
applications; he also showed that Theorem 7.3 implies the Hahn-Banach theorem in linear
functional analysis. The following result (as an extension) is due to Day [1961] in the
following form: Let K be a convex compact set in a locally convexr space and let S be a
left-amenable semigroup of continuous affine maps acting on K. Then there is a common
fized point under S.

Because every abelian semigroup of left-amenable and since in the formulation of The-
orem 7.3 a commutating family can clearly be replaced by an abelian semigroup, the result
of Day contains the Markoff-Kakutani theorem as a special case.

l4gchauder’s report. The paper of Tychonoff [1935] is to present in Zbl. fiir
Math. 12 (1936) with number 308 personal J. Schauder who briefs: "On generalizing
a reviewer’s fixpoint theorem the proof of which yields the existence of a fixpoint only
when the space is linear, metric, and locally convex (J. Schauder, Studia Math. 2 (1930),
171-180, Theorem I) the author proved the following...”.
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Annotation. We notice that a different proof of the preceding Theorem
7.4 can be given with Theorem 7.1. In this sense a brief proof of this may
be found in Taskovié¢ [2001].

Theorem 7.5. (Mazur [1938], Hukuhara [1950]).1% Let D be a convex subset
i a locally conver space E and let f : D — D be a compact mapping. Then
f has a fixed point in D.

Proof. Since D is a convex subset in E, from Proposition 5.1, we have that
f is an A-variation mapping. Also, it is easy to see that f satisfies all the
required hypothesis in Theorem 5.1. Hence, it follows from Theorem 5.1
that f has a fixed point in D.

On the other hand, as an immediate consequence of Theorem 5.1, we
obtain the following geometrical fact on fixed points.

Theorem 7.6. Let T be a self-map on a topological space X and A : X x
X — RY be a function with properties: A(a,b) =0 iff a = b and A(a,c) <
A(a,b) + A(b,c) for all a,b,c € X. Suppose that there exists a continuous
function G : X — ]RS]r such that

Az, Tz) < ‘G(x) - G(Tl’)’

for every x € X. If X satisfies the condition of TCS-convergence and if
b— A(a,b) is continuous, then T has a fized point £ € X.

A brief proof of this statement, based on Theorem 5.1, may be first found
in Taskovié¢ [1998]. In connection with this also see: Taskovié [2005].

8. FREDHOLM AND LERAY-SCHAUDER ALTERNATIVES

In this section, first, we apply the technics of maximal elements to the
equation z = Af(z) for some 0 < A\ < 1, where f is a compact or completely
continuous operator; first we have from Theorem 6.1 the following ordered
principle.

Theorem 8.1. (Ordering Principle).  Let C' be a convex set in a linear
topological space Y, with the poset CBcon. If f: C — C is a compact or a
completely continuous operator, then Cp con has at least countable or finite
minimal elements zy, € CB con, With 2, XB,con T for given x € Cp con.

5Rixed points in locally convex spaces. The main results in the text extend to
locally convex spaces and also to some spaces which are not locally convex. Topological
transversality can be proved without local convexity from Granas [1976]. The fact that
convex sets in locally convex spaces have such a property was proved by Hukuhara
[1950].

The antipodal theorem of Borsuk was generalized to locally convex spaces by Altman
[1958a]. Also, Leray [1950] extended to locally convex spaces the invariance of domain
theorem and applied it to establish in such spaces the Fredholm alternative; another proof
of invariance of domain similar to that given in the text and based on Borsuk’s theorem
will be found in Altman [1958a]. For more details of this see: Klee [1960a] and Hahn
[1978].
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As an immediate application of the preceding statement we obtain the
following extension of Leray-Schauder and Fredholm alternatives.

Theorem 8.2. Let C' be a nonempty convexr subset of a Banach space X
and let f: C — C be a compact or a completely continuous mapping. Then
the equation

(LS) x=Af(x) forsome 0<\<I,
has at least countable or finite solutions in C.

Proof. Consider the partially ordering set Cp .o, and let & be minimal
elements. Using (LS) it also follows from (Co) that we obtain Af(2) <B con
for all z € C and Af(&k) <B,con &k in CB con and, because &, are minimal, it
follows that £ =B con Af(&x). Thus, from (Co) we have B(&,) = B(Af(&k)),
Le., & = Af(&) € C. The proof is complete.

Theorem 8.3. Let C' be a nonempty convexr subset of a Banach space X
and let f: C — C be a compact or completely continuous mapping. Then
the equation

z=\f>2(x) for some 0<\<1,
has at least countable or finite solutions in C.

The proof of this statement is a total analogy with the proof of Theorem
8.2. Thus, this proof we omit.

Annotations. If (LS) only holds for some 0 < A < 1, then the equation
in the following form as

(LS) r=Af(x) forsome 0<A<1

has at least countable solutions or the equation x = f(x) has at least finite
solutions.

Indeed, if the set solutions of (LS) denoted by G, is bounded, then f|C N
B(0,r) : C N B(0,r) — C is a compact map, and no x € 9[C N B(0,r)]
can satisfy the property: there is an © € C N B(0,r) with x = \f(z) for
some 0 < A\ < 1 (see: Dugundji-Granas [1982, Theorem 5.1, p. 61].). This
means that, in the second case of finitess, f : C' — C has at least finite
fixed points. In this sense, Theorem 8.2 applied to compact or completely
continuous operators yields.

Theorem 8.4. (The Leray-Schauder alternative).!® Let C be a convex sub-
set of a Banach space Y, and assume O € C'. Let f: C — C be a completely

16The Work of Leray and Schauder. As long ago as 1934 a novel approach towards
fixed point theorems was developed and published by Leray and Schauder. Included
in this investigation is the relationship between the solubility of an equation of the type
z — f(z) = 0 and the topological degree at y = 0 of the mapping

z—y=x—f(z)

and the invariance of the topological degree, under continuous deformation of the map
involved. This program was carried out under the assumption that f is defined and
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continuous operator and let
E(f)={zeC:a=A\f(z) for some 0 <X < 1},
then either E(f) is unbounded set or f has at least finite fixved points in C.

In connection with the preceding, also, we apple the technics of maximal
elements (Theorem 8.2) to the equation y = x — f(z). We have, first, the
following result.

Theorem 8.5. Let C' be a nonempty convexr subset of a Banach space X
and let f: C — C be a compact or a completely continuous mapping. Then
the equation

(Fr) z=x— f(z) forevery zeC,
has at least countable or finite solutions in C.

Proof. Consider the partially ordered set Cp oy and let & be minimal
elements. Using (Fr) it also follows from (Cop), for B(t) =t and z = = — v,
that we obtain solutions for the equation (Fr). The proof is complete.

Annotations. On the second condition, we can introduction on C, the
following ordering: = < y if and only if 2 = x — y for some z € C, and x =y
if and only if z = x — y for every z € C. Applying Theorem 6.4 (Minimal
Principle), in this case, we obtain Theorem 8.5.

Theorem 8.6. Let C' be a nonempty convexr subset of a Banach space X
and let f : C — C be a compact or completely continuous mapping. Then
the equation

(Ap) z=x— f2(z) for every zeC,
has at least countable or finite solutions in C.

The proof of this statement is a total analogy with the proof of Theorem
8.5. Thus the proof we omit.

As an immediate application of the preceding Theorem 8.5, direct, we
obtain the following important result.

Theorem 8.7. (The Fredholm alternative). Let E be an arbitrary normed
space, and let f : E — E be a completely continuous linear operator. Then
the equation

z=x— f(x) forevery z€E,

has a unique solution, or the equation 0 = x — f(x) has a nontrivial solution.

continuous on the closure of a bounded open set @ in space and that f(Q) is relatively
compact in space.

Schauder and Leray succeeded in carrying out this program in such a way as to derive
existence theorems for general types of partial differential equations, the second stage of
the operation demanding a great deal of ingenuity and considerable prior knowledge of
more specialized types of partial differential equations.
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On the other hand, as an immediate application of the preceding Theorem
8.6, direct, we obtain the following result.

Theorem 8.8. (Linear alternative). Let E be an arbitrary normed space,
and let f : E — E be a completely continuous linear operator. Then the
equation

z=u1x— f3(z) forevery z€E,

has a solution, or the equation 0 = x — f2(z) has a nontrivial solution.

9. GENERALIZED PEANO’S THEOREM

Further we give an application of General Schauder fixed point theorem
to differential equations. As a parallel and contrast to the Picard-Lindelof
theorem we consider the initial value problem of the form as

(5) a'(t) = f(t,z(t), x(to) = yo,

on [to — ¢,to + ¢]. Geometrically, (5) means that we are looking for a curve
which satisfies the differential equation and passes through (to,yo) as in the
following Figure with yo = pp. At the end points t = tg & ¢, where z/(t) is
to be interpreted as the appropriate one-sided derivative.

A
X

Qh
R :

Proposition 9.1. (Peano [1890], Taskovi¢ [2012]). Let there be given
real numbers tyg and yo, and the rectangle of the form as
Q= {(t,2) €R® : |t —to| < a, |z —yo| <D},

where a and b are fixed positive numbers. Suppose that f : Qp, — R is
continuous and bounded with the following condition of the form as

‘f(t,x)} <K forall (t,x)€ Qy,

and fized K > 0. Set ¢ := min{a, K/b}. Then the initial value problem
(5) has at least countable or finite continuously differentiable solutions on
[to—c,t0+c].

Proof. (Application of Theorem 6.11). In addition to initial value problem
(5), we also consider the integral equation of the form as

2(t) = yo + / f(s,2(5)) ds,

0
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and next write this as the operator equation z = T'(z), for x € M C X,
where X :=C([to —c,to+¢]), M ={z € X : |z -yl <b, and |z| =
maxy, —c<t<to+e | (t)| } The set M is closed, convex, and bounded in X; also
from this it follows T'(M) C M. Since the operator T' is compact,we have
that Taskovi¢ fixed point theorem (Theorem 6.11) implies the existence at
least countable or finite solutions © = T'(x), € M. The proof is complete.

10. EXISTENCE PRINCIPLE FOR SYSTEMS OF EQUATIONS

As a simple application of the General Brouwer fixed point theorem, we
will prove an important existence statement for the system of the form as

(6) gi(x) =0, for 1=1,...,n;

where = (&1,...,&,) € R™. The key for solution of this problem is in the
next boundary condition which we can briefly write in the following form as

(7) Zgl(x)fl >0 forall z with [z]=r
=1

We notice that this existing problem will play a decisive role in the dis-
cussion of the Galerkin method for monotone operators.

Proposition 10.1. (Solution of system equations (6)). Let CIK(0,r) =
{z e R" : |z| < r} for fized r > 0 and z — ||z| a norm on R™. Let
gi : CIK(0,7) — R be continuous for i = 1,...,n. If (7) is satisfied, then
(6) has at least countable or finite solutions x with ||z| < r.

Proof. (Application of General Brouwer Theorem). Set g(z) = (g1(x), ..., gn(x))
and suppose that g(x) # 0 for all z € CIK (0, 7). Then define

f(x) = —rg()/llg()ll;

and, now f is continuous map of compact, convex set C1K(0,7) into itself.
By General Brouwer fixed point theorem (Theorem 6.7) there exist at least
countable or finite fixed points = = f(x). Taking norms, we see that ||z| = r.
Furthermore,

S gi(@)& = —r Mg S fil@)es = - o) S & <o,
=1 =1 =1

contrary to the preceding fact (7). Thus, we have that g(x) = 0 for countable
or finite z € CIK(0,r). The proof is complete.

11. AN EXTENSION OF LERAY-SCHAUDER PRINCIPLE

We will now show how to use topological methods, and in particular, the
General Schauder fixed point theorem for continuation with respect to A-
parameter. In this sense we have the following Leray-Schauder Principle in
the form such as.
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Theorem 11.1. (Leray-Schauder [1934], Taskovi¢ [2005]). Let X be a Ba-
nach space. Suppose that the operator T : X — X is compact and that there
exists an r > 0 such that

(8) x=NT(z) with 0<X<1 implies || <,

then the equation of the form as x = T(x) has at least countable or finite
solutions. (Notice that (8) is trivially fulfilled if the following inequality
holds as sup,cx [|T(z)| < 00).

Proof. (Application of Taskovié theorem 6.11). Let X be a Banach space
and T is a compact operator. We define an operator

T(x) if ||T(x)] <2r,
Sz)={ 2T(x) . _
@] it ||T(x)| > 2r;
and we claim that S : M — M is compact on M := {z € X : ||z|| < 2r}.
Obviously, S is continuous. To establish compactness, let {x, },en be a se-
quence in M. We consider two cases, namely there is: (a) a subsequence
{Yn}nen of {2y }nen such that [|T(y,)|| < 2r for all n € N, and (b) a subse-
quence {yn }nen such that HT(yn)H > 2r for all n € N.
In case (a), the compactness of T implies that there is a subsequence
{#n}nen of {yn}nen such that S(z,) =T(z,) = y as n — oo.
In case (b), one can choose {zy, }nen so that 1/||T(z,)|| — « and T'(z,) —
y as n — oo for suitable o and y, so that S(z,) — 2ray as n — occ.
The Taskovi¢ fixed point theorem (Theorem 6.11) provides us with at
least countable or finite x € M for which S(z) = z. If HT(m)H < 2r, then

T(z) = S(x) = . The other case, |T(z)| > 2r, is impossible, for otherwise,

2r
S(x)=MNT(z)=2, 0<A= <1,
17 @)
which forces ||z|| = 2r, while the condition (8) requires that ||z|| < r. The

proof is complete.

Annotations. We notice that by using Theorem 11.1 we can obtain an existence proof for
the stationary Navier-Stokes equations (i.e., stationary movement of a viscous fluid).

12. GLOBAL ALTERNATIVE n-PERSON GAMES

The game theory is a mathematical search for the optimal balance of con-
flicting interests, such as between two partners. As such, it is applicable to
a wide variety of situations: social games, economic sompetetion between
organizations, conflicts in nature, and so on. In former, the optimal strate-
gies for both partners turn out to be described by saddle points in 1928 of
John von Neumann.

Let P := (P, <) be a partially ordered set by the ordering relation <.
The function g : P* — P (k is a fixed positive integer) is decreasing on the
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ordered set P if a;,b; € P and a; < b; (1 = 1,...,k) implies g(b1,...,bx) <
g(ala s 7a‘k)'

Let L be a lattice and ¢ a mapping from L? into L. For any g : L?> — L it
is natural to consider the following property of local comparability, which
means, if £ € L is comparable with g(£,£) € L then £ is comparable with
every t € L.

In this section, the optimal strategies for both partners turn out to be
described by the equalities, whose existence we established in Taskovié
[2005]. For example in the following:

Let P := (P, <) be a totally ordered set and let g : P2 — P be a decreasing
mapping. We consider two players, A and B. Players A and B have available
sets of strategies X C P and Y C P, respectively. Each point z € X and
y € Y represents a possible choice by A and B, respectively. If A chooses
x, and B chooses y, then the function (x,y) — max{z,y, g(x,y)} represents
the gain by A and the function (z,y) — min{z,y,g(z,y)} represents the
gain by B. The point £ € P is called an optimal strategy if the following
equality holds

§:= ,Jhax min {ﬂ: Y, 9(z, y)} =, Jpin | max {ar Y, g(z, y)}-
In connection with this, we notice that the existence of the preceding
optimal strategy is established in Taskovié [2005].
In further, let g : P¥ — P (k is a fixed positive integer) be a decreasing

function and consider players A1, ..., A, with sets of strategies X1,..., X
in P, respectively. Each point A(x1) € X1,..., AM(xg) € Xj for 1,...,2% €
X where X is a nonempty set represents a possible choice by Ay, ..., Ag;

respectively. The object (point) £ € P is called an k-optimal strategy, in this
case, if the following equality holds

= a. : )\ ’...,)\ B )\ ,...,)\ e
gi= e minfA(), o M), 9, M)

- i A1), Azr), gOM@1), -y A .
renex™B e, max{A(z1) (zx), g(A(z1) (zx))}

(G)

In analogous with the preceding facts, the existence of the k-optimal strat-
egy, in the preceding case, we established in Taskovié¢ [2005], i.e., if and
only if the following equality holds in the form as

min < A(a1),..., A\e(ag),g( A(ar), ..., e(ag) ) ¢ =
(Ge) {11 sasa(ute kk)}

- max{)\l(al), o ,)\k(ak),g<)\1(a1),...,)\k(ak)>}
for some aq,...,ar € X. (Intelligibly, in this case initial X is a nonempty

set. This is a game from the facts of chapter two of the book by Taskovié
[2005].)
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In connection with the preceding facts and results, if L := (L,<) is a
complete lattice with the local comparability, we have the following n-person
game:

Interpretations. In connection with the preceding, the object (point) ¢ € L in (G) is called
a global equilibrium object of the game.

In this sense, for k = n we consider n-players Pi,..., P,. Let each player have available a
strategy set consisting of a nonempty set K; C L (i =1,...,n). We may regard the components
of p; € K; (i=1,...,n) for suitable K; as for the choices of P;.

Let X\;(p) := fi(p1,...,pn) € L denote the winnings for P; for the situation where P; choose
strategy p; (j = 1,...,n). Thus, if all players P; (j # i) choose strategy g; € K, then F;
maximizes his winnigs by choosing p;. Then the game has a global equilibrium object if and only
if (Ge) holds.

Further, in the case L := R, as an immediate consequence of the preceding global n-person
games, we obtain well-known main theorem for n-person games of Nash [1952].

We notice that Nash’s equilibrium point is only a case of the global equilibrium object for
global n-person games.

Roots of algebraic equations as global polynomial equilibrium objects. We note
that, by the application of k-optimal strategy one can simultaneously obtain the upper and lower
bounds of the roots of the following equation

2" =a12” " Fagz" 2 4+ Fap
(AE)
(a1 4 +an>0a;>0 (i=1,...,n).

As an immediate consequence of (G) and (Ge) we obtain the following statement de facto, for
transversal objects.

Transversal objects. A point ¢ € R4 := (0, +00) is the root (as a transversal object) of the
equation (AE) if and only if the following equality holds

. az an
= A2, o, A —+ =
£ A2,4.r4r,l)?feR+ mm{ 2)0e 0y Any 01+ Ao ot /\271}
(Ro) az an
= min max<{ A2,...,Ap,a1 + — 4+ -+ .
A2 An ERG X{ 2 TN Aﬁ_l}

In connection with this, the object (point) £ € R in (Ro) is called a global polynomial
equilibrium object (point) of the polynomial game (AE).

Interpretations for (Ro). We can consider n-players Pi,..., P,. Let each player have avail-
able a strategy set consisting of a nonempty set X; C R (i = 1,...,n). We may regard the
components of a; € X; (i =1,...,n) for suitable X; as for the choices of P;. The mappings

fitx) =2+ a1z 4+ 4a;:R=R

are continuous and represents the loss of P; if each player P; chooses the strategy a; € X;. Then
there ezists a global polynomial equilibrium point £ € R such that (Ro). In this game we
have that g(A1,...,A\n) == a1 +a2/Aa+---+ an/)\271!

Applying k-optimal strategy we obtain directly the following equality for positive root of
equation (AE), i.e., for the following transversal sets. Thus we have a new economicaly n-person
game.

Theorem 12.1. (Polynomial n-person game). Let I1,..., I, be indices sets and 0i; > 0 be real
numbers which satisfy the following condition

Z O, =j—t forj=1,...,nand0<t<1
ij€l;

Then ¢ € Ry is the root (as a global polynomial equilibrium point) of the following algebraic
equation of the form zt = ajzt~! + -+ 4+ apxt™" ((a1,...,an) # (0,...,0)) if and only if the
following equality holds

(Pe)

1/t 1/t

max min Mij, E 770
M; ‘ ij i ‘

J j=1 Hz‘jelj M, I J=1 Hijte M;

J

. aj
= minmax { M;_, E —t = (.
M; J 03
3
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Interpretations for polynomial n-person games. Further, we can consider n-players
P1,...,P,. Let each player have available a strategy set consisting of a nonempty set X; C R
(i=1,...,n). We may regard the components of a; € X; (i =1,...,n) for suitable X; as for the
choices of P;. The maps

filz) =2t + a1 4 gt ((a1,...,a:) # (0,...,0))

are continuous and represents the loss of P; if each player P; chooses the strategy a; € X;. Then
there ezists a polynomial equilibrium point & € R such that (Pe). In this polynomial n-person
game we have that

1/t
g(M;y, ..., M;,) = J 5

J=1 Hijelj Mz';j

Transversal n-person games. We consider n-players P, ..., P,. Let
each player have available a strategy set consisting of a nonempty compact,
convex set K; in a topological vector space E; for all : = 1,...,n. Then, for
a bisection (controlling) function g : R™ — R, there exist at least count-
able or finite transversal equilibrium elements &, € R in the following
form as

= max min{)\l,...,)\n,g()\l,...,/\n)} =

Ao An€R
= )\17?;17116Rmax M, g, )}

if in addition the following facts are satisfied: 1) all maps A; : Ky x---x K, —
R are continuous and 2) all maps p — A;(p) are convex (if we fix an arbitrary
pi € Kiinp = (p1,...,pn))-

Annotations. The number & € R represents the loss of P, if each player
P; chooses the strategy p; € K. If

g1y An) = min Ai(q1s -+ -5 Gim15Dis Qi 15 - - -5 Gn)
Pi€K;

then we obtain well-known Nash’s n-person game. The function g : R —
R is a controlling function. In a transversal equilibrium point no player
has a reason to change his strategy in the other players keep their strategy
(loss minimization). The following facts are essential as direct consequences
of the Axiom of Infinite Choice and Theorem 6.11:

1) Every transversal n-person game has at least countable or finite solu-
tions (=: transversal equilibrium elements).

2) Every Nash’s n-person game has at least countable or finite solutions
(=: Nash’s equilibrium points).

13. ALTERNATIVE n-PERSON GAMES

By a multivalued map or a correspodence T : M C X — 2¥ we mean
a map which assings to each point = € M a subset T'(x) C Y. For M = &,
let T = @. Here 2¥ denotes the set of all subsets of Y. Every singlevalued
map R : X — Y can be identified with a multivalued map of the preceding
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form by setting T'(x) = {R(x)} for all x € X. Thus T(z) is a singleton,
consisting of the image point R(x).

The point £ is called a fixed point of T iff £ € T'(£). Naturally, T (M) denotes the union of
all sets T'(x) over z € M, i.e.,

(M) = |J T().
XeM

The graph of T is defined to be the set G(M) = {(z,y) : ¢ € M, y € T(z)}. An important
example of a multivalued map is the solution operator T" of the equation S(y) =z and S: Y — X,
which assings to each point z € X the set T'(z) of solutions y € Y. If there is no solution, then
T(xz) = @. This T is called the generalized inverse operator of S. The theory of multivalued
maps has the important applications in game theory and mathematical exonomics.

Further, let T : M — 2V be a multivalued map, where M and N are topological spaces. If
A C N, the preimage T~!(A) is defined maturally enough to be the set of all € M with
T(x) N A # @. The map T is called upper semicontinuous iff 771 (A) is closed for all closed
sets A in N. The map T is called lower semicontinuous iff 7~1(A) is open for all open sets A
in N.

Annotatons. For a single valued map 7' : M — N upper semicontinuous and lower semicon-
tinuous is identical with sontinuous. If M C X and N C Y, where X and Y are Banach spaces
or more generally, locally convex spaces, then M and N are to have the induced toplogy. Open
and closed in definitions then means relatively open and relatively closed, respectively. For closed
subsets M and N, however relatively closed and closed in X and Y are the same. Similarly, for
open subsets M and N, relatively open and open in X and Y are the same.

Under the preceding conditions, the map T' is upper semicontinuous if and only of for every
z € M and every open set V in N with T(z) € V, there exists a neighborhood U(z) such that
T(U(x)) C V.

Also, the map T is lower semicontinuous if and only if for every x € M and every neighborhood
V(y) of every y € T(x), there exists a neighborhood U(z) such that T'(u) NV (y) # @ for all
u € Ux).

Proposition 13.1. Let X be a locally convex space and let K be a nonempty
compact convex subset of X. If T : K — 2K if the set T(x) is nonempty
convez for all x € K and the preimages T~ (y) are relatively open with

respect to K for all y € K, then T has at least countable or finite fized
points.

Proof. We regard X as a real space. Since K is compact and the set T~ (y)
is open in K, there are finitely many points yi, ..., y, such that

K= JT ().
i=1

Let {f1,..., fn} be a partition of unity subordinate to this cover. Set in
the following that is Ko = Cl(conv{y,..., yn}) and

p(z) = Z fi(z)y; for all =z € Koy;
i=1

hence, if Xo = span({y1,...,yn}), then Ky C X¢ and diam(Xp) < co. The
mapping p is continuous and p(Ky) C Ky. For f; (i = 1,...,n) is continuous
and for all z € Ky we have 0 < fi(z) <1 and >, fi(z) = 1. We show
that p(z) € T(x) for all z € Ky. Indeed, if fi(z) # 0, then the fact that
sup(f;) € T~ (y;) immediately implies that 2 € T~1(y;), so that y; € T(z)
and T'(z) is convex.
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Applyng Theorem 6.7 to the mapping p : Ky — K provides us with the
existence at least countable or finite fixed points xy, = p(xy), i.e., xp € T(xg).
The proof is complete.

Variational Inequalities. In this section we apply some forms state-
ments of Generalized Brouwer fixed point theorem for the proof of the fol-
lowing Hartman-Stampacchia variational inequality in the form as:

(Va) <T(z0),x0 — :c> >0 forall zeK.

Theorem 13.1. Let K be a nonempty, compact and convex set. If the map
T: K CX — X* is continuous, where X is a locally convex space and X* is
the corresponding dual space with the strong* topology, then the variational
inequality (Va) has at least countable or finite solutions xj € K.

We notice that if X is a Banach space, then the strong® topology on X*
is the same as the usual norm topology on X*.

Proof of Theorem 13.1 If (Va) is false, then for every xg € K there
is an z € K such that the following inequality holds as (T'(z¢),zo — z) < 0.
We define the multivalued mapping S : K — 2% by

S(z0) :=={z € K : (T'(x0),2z0 — z) < 0};

thus, the set S(xp) is nonempty for all zyp € K. Furthermore, S(xg) is
convex. We show that the set S~!(z) is relatively open in K. First of all,
we have
Sil(az) = {mo € K: (T(xp),zo — ) < O},

hence, let {x4 }acs be a Moore-Smith sequence in K\S~!(z) with 2, — ¥, so
that (T'(xq), zq—x) > 0for all & € I. Since T is continuous, T'(z4) converges
to T'(y) in the strong* topology, so (T'(y),y —z) >0, and y € K\S™(x).

Thus K\S~!(z) is relatively closed and S~!(z) is relatively open. By
Proposition 13.1 there exists at least countable or finite fixed points z €
S(zg). This leads to the contradiction (T'(zy),zr — xi) < 0. The proof is
complete.

Our goal is to give Browder Fixed Point Theorem for multivalued maps
with boundary conditions. It is the following result.

Theorem 13.2. (Browder [1968], Taskovié¢ [2005]). Let K be a nonempty
compact convex set in a locally convex space X. If the map T : K — 2% is
upper semicontinuous, if the set T(x) is nonempty closed and convex for all
x € K such that one of the following two boundary conditions is satisfied:
(1°) for every x € OK there are points y € T'(x) and u € K, and a number
A > 0 such that y = © + AMu — x); (2°) for every x € OK there are points
yeT(z) andu € K, and a number A < 0 such that y = x+ AN(u—x). Then
T has at least countable or finite fixed points.

Proof. We assume that (1’) holds and that 7" has no fixed point. Let
M(z) = {z}\T'(x) for all x € K. THe set M(z) is closed, convex, and
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nonempty. Since 0 3 M (z), Hahn-Banach theorem for convex sets says that
there is a functional w(xz) € X* such that (w(x), z) < 0 for all z € M(z). By
choosing a suitable cover of M (z), we can find an open set U(M (z)) such
that M (z) C U(M(z)) and (w(z),z) < 0 for all € U(M (x)). We define

N(w(z)) = {v € K:(w(x),z) <0 forall z € ]\/.I'(v)}7

the map T is upper semicontinuous, so that for every x; € K there exists
a neighborhood V' (z;), relative open in K, such that M (v) C U(M (z;)) for
all v € V(x;). Thus V(z;) C N(w(z;)). The set K is compact, and hence
covered by finitely many of the V(z;), so K = J"; V(z;). Let

r(x) = Z filx)w(z;) forallz € K,
i=1

where {f1,..., f — N} is a partition of unity subordinate to this cover. The
map r : K — X* is continuous whenever X* has the strong* topology.
By Theorem 13.1 there axist at least countable or finite x € K such that
(r(x),x —v) > 0 for all v € K. Let z € int(K). For every z € X there is
then an € > 0 such that z+ez € K. From the preceding facts F(r(x), z) > 0
for all z € X, which says that r(z) = 0 in contradicion with (r(x),z) < 0
for all z € M(x). Also, for x € 0K, by (1’) there exists y € T'(x) such that
(r(xz),x—y) <0 for x —y € M(x). This again contradicts (r(x),z —y) > 0.
This proves statement in the case (1’). For the case of boundary condition
(27), simple replace the "<" sign with the ">" sign we have the proof, also.
The proof is complete.

Theorem 13.3. (Generalized Kakutani theorem). Let K be a nonempty
compact convez set in a locally convex space X, let the set T'(x) be nonempty
closed and convex for all x € K, and let the multivalued map T : K — 2K
be upper semicontuous, then T has at least countable or finite fixed points.

Observe that Kakutani fixed point theorem (Theorem 7.3) as and the preceding Generalized
Theorem of Kakutani (Theorem 13.3) are special cases of Theorem 13.2. In the case of Theorem
13.3, we have T(x) C K. Therefore we can choose the point v = y for a fixed y € T(x), and
A = 1. For the proof see: Taskovié [2001, p. 443].

We notice that Kakutani proved this statement for X = R". The generalization is due to Ky
Fan [1952] and Glicksberg [1952]. Newertheles we will look at some important special cases
of it here. In this sense, Tychonoff Fixed Point Theorem it follows directly from Theorem 13.3,
as and the following two consequences:

Corollary 13.1. (Generalized Theorem of Tychonoff). Let T : K C X —

K be continuous, where K is a nonempthy, compact, convex set in locally
convex space X. Then T has at least countable or finite fized points.

Corollary 13.2. (Global Schauder Fixed Point Theorem, Taskovi¢ [2005]).
Let M be a nonempty closed bounded and convex subset in the reflexive
separable Banach space X. If the map T : M — M is weakly sequentally
continuous (i.e., if r, — x as n — oo, then also T(x,) — T(x)), then T
has at least countable or finite fized points.
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Proof. Let X have the weak topology. Then X becomes a locally convex
space. The set M is weakly compact. Since X is separable, the weak
topology on M is metrizable. Therefore T is weakly continuous. Now the
conclusion follows from Generalized Tychonoff Fixed Point Theorem.

Corollary 13.3. (Taskovi¢, [2005]). Let M be a nonempty closed convex
set in the Banach space X, T : M — 2M s upper semicontinuous, T (M) is
relatively compact, and the set T(x) is nonempty closed and convex for all
x € M, then T has at least countable or finite fixed points.

Proof. Set K = Cl(conv(T(M))), so K C M, and aplly Theorem 13.3 to
the restriction T : K — 2K The proof is complete.

Transversal reasonable pricing systems. We consider an economic system with n pro-
ducers Py, ..., Py, who simultaneously produce goods and sell them to other prodicers. Let P;
produce a; goods G; per unit of time (e.g., per month). Let p; be the price for one G;. The
proces are to be variable. We want to find a reasonable pricing system, p = (p1,...,pn). For
the end, we assume that we have the following transversal represents control (or function
control) p — g(p1,...,pn) as an interpretation of some nature fact (for example, as an economic
interpretation). In the case for function control in the form

n
(Fe) 9(p1,--»pn) = piai = »_ p;Dij(p),
j=1
and D;j(p) = 0 for ¢ = 1,...,n we have the following economic interpretation: The number

D;j(p) is the demand by produces P; for good G;. Thus p;D;; is equal to the price which P;
must pay for G; if P; wishes to purchase the desired amount. Further p;a; is equal to the income
which P; realizes from the sale of G;. Now (Fc) says that all procedure use all of their income to
obtain more goods. Let p > 0 mean that p; > 0 for all ¢ and p # 0.

Use Theorem 13.3 (Generalized Kakutani theorem) we have following re-
sult: If the nonnegative continuous functions p — D;;(p) satidfy (Fc) for all
p > 0, and if the given fized numbers a; are all positive, then there exist at
least countable or finite pricing systems py > 0 such that

n
a]_ZDzj(Pk)Zoa J=1...n,
i=1

furthemore, of the sign ">" holds in this inequality for some r, then p, = 0.

Interpretation. The economic interpretation of these results is as fol-
lows. There is at least countable or finite pricing systems for which the
supple are at least as great as the demand. The price of goods in excess
supply is zero.

Existence of a transversal reasonable pricing system: In connec-
tion with the preceding, if p; : X - R (i =1,...,n) and X is a the function
control p — ¢(p1,...,pn) is a decreasing function such that

p1(b1) = =pulbn) = =g(&,...,&)

for some by,...,b, € X if and only if the following equality holds in the
form as

£:= min max {pl, s Py (P15 - - ,pn)} =
P1,-Pn€R
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= max min {pl, cesDnsg(p1, - ,pn)}.
P1,--Pn€R

This result follows direct from the facts in Taskovi¢ [2005]. The object
(point) £ € R in this equality is called global equilibrium pricing of the
global princing system game.

Interpretation: There is a solution & € R of the global pricing system game for which the
supply is at least as great as the demaned.

Theorem 13.4. (Global alternative n-person game). If L := (L,<) is a
complete lattice with the local comparability and if g : L™ — L (n € N is a
fized number) is a decreasing mapping, then there exist at least countable or
finite global equilibrium objects &, € L.

This statement is an immediate consequence of the facts (G) and (Ge)
and the well-konwn fact: that every decreasing mapping on complete lattice
has at least countable or finite fized apices.

Further, adequate with these facts, use Theorem 6.7 (General Brouwer
theorem) we obtain direct the following solutions for the global n-person
games.

Theorem 13.5. (General n-person game). Let K; be a compact convex

nonempty set in a topological vector space E; for all i = 1,...,n. If g; :
R™ — R defined as g;(p) := gi(A1(p1), ..., An(pn)) and Xi(p;) : K; — R, are
continuous fori=1,...,n, then there exist at least countable or finite global

equilibrium objects & € R.

Interpretations. We consider n-players P, ..., P,. Let each player have available a trategy
set sonsisting of a nonempty set K; C E; (i = 1,...,n). We may regard the components of
pi € K; (i=1,...,n) for suitable K; as for the choices of P;.

Let X;(p) := fi(p1,...,pn) € R denote the winnings for P; for the situation where P; choses
strategy P; (j = 1,...,n). Thus, if all players P; (j # %) choose strategy q; € Kj, then P;
maximizes his winnings by choosing p;. Then the global n-person game has at least countable or
finite global equilibrium objects (points) &, € R.

Further, as an immediate consequence of the preceding general n-person games, we obtain
well-known main theorem for n-person games of Nash [1951].

Main theorem for n-person games of Nash. Now we consider n-players Pi,..., Py,.
Supose, each player P; has a strategy set K; available. We assume: K; is a compact, convex,
nonempty set in a topological vector space E; forall:i = 1,...,n. Themaps f; : K1 X---x K, = R
are continuous, represents the loss of P; if each player P; chooses the strategy p; € K, and all
maps p — f(p) are convex if we fix an arbitrary p; in p = (p1,...,pn). Then there exists a Nash
equilibrium point, i.e., there exists a point (q1,...,qn) with q; € Kj for all j =1,...,n such
that for alli=1,...,n

filar,-..,qn) = min fi(q1,...,¢-1,Pi, Git15-- -, qn)-
Pi €K

Moreover, from Theorem 13.5 it follows that every n-person game has at least countable or
finite Nash equilibrium points!

Indeed, let the function control g(f1,...,fn) := fi(p1,...,pn) for ¢ = 1,...,n. Since the
equation f;(p) = ming ex; fi(p) for p:= (q1,...,4i—1,P4,¢i+1,---,qn) has at least one solution
(as the continuous function f; on the compact set Kj;), it follows that then hold all conditions
in Theorem 13.5, thus applying the preceding general n-person game to this n-person game we
obtain that there is at least countable or finite Nash equilibrium points of the game.

Annotation. We notice taht this fact has a simple interpretation. In a Nash equilibrium
point no player has a reason to change his strategy if the other players keep their strategy (loss
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minimization)! Also, if E; = R™ and
Ki={pi€E;i: 0<p; <1 k=1,~~-,ni},
then the p; j can be viewed as the probability with which player P; makes his kth decision.

Further, we obtained an alternative minimax statement by using a fixed
point statement for multivalued maps.

Theorem 13.6. (Taskovié¢, [2012]). Suppose that A and B is a nonempty,
closed, bounded, convez set in a reflexive Banach space X andY respectively.
Let f : Ax B — R be a function such that x — f(x,y) is lower semicon-
tinuous and quasi-convexr on A for all y € B, and y — f(x,y) is upper
semicontinuous and quasi-concave on B for all x € A. Then the function f
has at least countable or finite saddle points (xy,yx) such that
(9) min max f(z,y) = maxmin f(x, y) = f(xx, yr)-

Proof. (Application of Proposition 13.1). We set a = mingec 4 maxyep f(z,y)
and we set that b = max,cp mingea f(x,y). First, we show that b exists.
By the equality (9), there is, for every y € B a point z(y) € A with

f(z(y),y) = gggf(fv,y)-

We set h(y) = —f(2(y),y). Then we have —f(z,y) < h(y) for all x €
A. We show below that the function h : B — R is lower continuous and
quasiconvex. Therefore b = —minycp h(y) exists. We set A; = {y € B :
h(y) <t} and

Bi(w) = {y € B:—f(z(w),y) < t};

then for ¢ € R fixed, it follows that A; C B;(w) for all w € B. Hence, Bi(w)
is closed and convex.

We show that h is lower semicontinuous, i.e., the set A; is closed for all
t € R. Indeed, if (y,) is any sequence in A; with y, — w as n — oo, then
Yn € Bi(w). Hence w € Bi(w), so that h(w) <t. Thus w € A;.

We show that h is quasi-conver, i.e., Ay is convex for all t € R. Indeed,
suppose v,y € Ay Set w = A+ (1 — Ny for 0 < A < 1. Then v,y € By(w)
and hence w € By(w), so w € A;. We notice that existence of a is established
similarly. The inequality b < a follows immediately from

min f(z,y) < min max f(z,y) = a.

We show that a < b with the aid of the fixed-point result in Proposition
7. To this end we provide X and Y with the weak topology. Let s =a — ¢
and t = b+ ¢ for e > 0. We construct a map T : A x B — 24%8 by setting

T(z,y) = {(u,v) € AX B: f(u,y) <t, f(z,v)> s}
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That T'(z,y) # @ follows from mingea f(z,y) < b and maxyep f(z,y) >
a. The set T'(z,y) is convex, by conditions of statement. On the other hand,
the preimage

T Y u,v) = {(w,y) €EAXB: f(u,y) <t, f(z,v)> s}

is weakly relatively open in A x B. For the sets in the following adequate
forms as

{zeA: f(z,v)<s} and {yeB:fluy) >t}

are closed and convex by the conditions of statement, and hence are weakly
closed with respect to A, B. Therefore the complementary sets

{zeA: f(z,v)>s} and {yeB:f(z,y) <t}

are weakly open. By Proposition 13.1, there is at least countable or fi-
nite fixed points of T, i.e., (z,y) € T'(z,y). Thus we obtain the following
inequalities in the form as

a—e=s< f(z,y) <t=>b+e,

and since € > 0 is arbitrary, we have that a < b. Thus a = b and the
conclusion follows from the definition that (zx,yx) € A x B is a saddle point
of f iff

f@r,y) < flok, ye) < f(@, ur)
for all (z,y) € A x B. The proof is complete.

14. PEANO THEOREM FOR INCLUSIONS

Such differential inclusions are mathematical models of dynamical systems
for which we have no complete description. We consider the initial value
problem

(Pp) '(x) € Fa(t),t), x(to) = xo,

where ¢t € R and z € R™. Here, F(x,t) associates to the state x of the
system at time ¢, the set of feasible velocities. Examples for ths are given by
large system in biology, economics, and the social scienci. We are looking
for a solution z : R — R™.

Theorem 14.1. (Generalized Peano Theorem). We are given ty € R and
xg € R", where (x9,t9) € U. Let F: U Cc R" — 28" be o lower semicon-
tinuous multivalued map on the region U such that F(x,t) is a nonempty
closed convex set in R™ for all (x,t) € U. Then the value problem (Pp) has
at least countable or finite C'-solutions x = z(t) in a neighborhood of ty.

Proof. By Michael’s selection theorem there is a continuous selection f :
U — R" of F. So it is sufficient to consider the classical initaial value
problem

(10) 2'(t) = f(z(t),t), =x(ty) = 0.
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Now the local result (10) follows from the classical Generalized Peano
theorem (Proposition 9.1). The proof is complete.

Annotation. As a reference for differential inclusions, we recommedn
Aubin-Cellina [1983]. There one also finds interesting applications to
optimal control and viability theory.
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