141

FIXED POINT THEORY
AND APPLICATIONS

RAVI P AGARWAL, MARIA MEEHAN
& DONAL O'REGAN

maore information - www.cambridge.org/0521802504


http://www.cambridge.org/0521802504

CAMBRIDGE TRACTS IN
MATHEMATICS

General Editors

B. BOLLOBAS, W. FULTON, A. KATOK, F. KIRWAN,
P. SARNAK

141 Fixed Point Theory
and Applications

This book provides a clear exposition of the flourishing field of fixed point
theory. Starting from the basics of Banach’s contraction theorem, most
of the main results and techniques are developed: fixed point results are
established for several classes of maps and the three main approaches to
establishing continuation principles are presented. The theory is applied
to many areas of current interest in analysis. Topological considerations
play a crucial role, including a final chapter on the relationship with
degree theory. Researchers and graduate students in applicable analysis
will find this to be a useful survey of the fundamental principles of the
subject. The very extensive bibliography and close to 100 exercises mean
that it can be used both as a text and as a comprehensive reference work,
currently the only one of its type.






Ravi P. Agarwal

National University of Singapore

Maria Meehan
Dublin City University

Donal O’Regan
National University of Ireland, Galway

Fixed Point Theory and Applications

{CAMBRIDGE
/) UNIVERSITY PRESS



PUBLISHED BY THE PRESS SYNDICATE OF THE UNIVERSITY OF CAMBRIDGE

The Pitt Building, Trumpington Street, Cambridge, United Kingdom

CAMBRIDGE UNIVERSITY PRESS

The Edinburgh Building, Cambridge CB2 2RU, UK

40 West 20th Street, New York, NY 10011-4211, USA

477 Williamstown Road, Port Melbourne, VIC 3207, Australia
Ruiz de Alarcén 13, 28014 Madrid, Spain

Dock House, The Waterfront, Cape Town 8001, South Africa

http://www.cambridge.org
© Cambridge University Press 2004
First published in printed format 2001

ISBN 0-511-02094-5 eBook (netLibrary)
ISBN 0-521-80250-4 hardback



Contents

Preface page vii
1 Contractions 1
2 Nonexpansive Maps 12
3 Continuation Methods for Contractive and Nonexpansive
Mappings 19
4 The Theorems of Brouwer, Schauder and Monch 28
5 Nonlinear Alternatives of Leray—Schauder Type 48
6 Continuation Principles for Condensing Maps 65
7 Fixed Point Theorems in Conical Shells 78
8 Fixed Point Theory in Hausdorff Locally Convex Linear
Topological Spaces 94
9 Contractive and Nonexpansive Multivalued Maps 112
10 Multivalued Maps with Continuous Selections 120
11 Multivalued Maps with Closed Graph 130
12 Degree Theory 142
Bibliography 159
Index 169






Preface

Perhaps the most well known result in the theory of fixed points is
Banach’s contraction mapping principle. It is therefore fitting that we
commence this book with a discussion of contractions and a proof of this
result. In addition in Chapter 1, a local version and a generalisation of
Banach’s contraction theorem are presented. We choose the problem of
existence and uniqueness of solutions of certain first order initial value
problems to demonstrate the results detailed in the chapter.

It is inevitable that any discussion on contractive maps will lead nat-
urally to another on nonexpansive maps, which is why we choose this
as the topic of Chapter 2. Schauder’s theorem for nonexpansive maps
is presented but the main theorem discussed is a result proved inde-
pendently in 1965 by Browder, Géhde and Kirk which shows that each
nonexpansive map F : C' — C, where C' is a particular set in a Hilbert
space, has at least one fixed point. As a natural lead in to the next chap-
ter, we close Chapter 2 with a nonlinear alternative of Leray—Schauder
type for nonexpansive maps.

Chapter 3 is concerned with continuation methods for contractive and
nonexpansive maps. We show initially that the property of having a fixed
point is invariant by homotopy for contractions. Using this result a non-
linear alternative of Leray—Schauder type is presented for contractive
maps and subsequently generalised for nonexpansive maps. An applica-
tion of the nonlinear alternative for contractions is demonstrated with a
second order homogeneous Dirichlet problem.

Fixed point theory for continuous, single valued maps in finite and
infinite dimensional Banach spaces is discussed in Chapter 4 with the
theorems of Brouwer, Schauder and Monch presented. The first half of
the chapter is devoted to proving and generalising the result of Brouwer
which states that every continuous map F' : B” — B"™, where B" is the
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viii Preface

closed unit ball in R"™, has a fixed point. An extension of Brouwer’s
theorem to compact maps in normed linear spaces is presented in the
well known fixed point theorem of Schauder, the proof of which relies on
Schauder projections. A further generalisation of this theorem due to
Monch in 1980 is also presented. Applications of theorems in Chapter 4
are illustrated with a discrete boundary value problem.

The problem with the results presented in Chapter 4 — from an appli-
cations viewpoint — is that they require the map under investigation to
take a closed convex set back into itself. As a result, in Chapter 5 we
turn our attention to establishing a fixed point theory for nonself maps.
However, Schauder’s fixed point theorem from Chapter 4 enables us to
obtain a nonlinear alternative for continuous, compact (nonself) maps,
which we immediately apply to establish an existence principle for a
nonlinear Fredholm integral equation. Two existence results are subse-
quently presented, each ensuring the existence of at least one continuous
solution of the equation. In a similar fashion, using Monch’s fixed point
theorem from Chapter 4, we obtain a nonlinear alternative for contin-
uous, Monch type maps which further leads to a variety of nonlinear
alternatives for condensing maps, k-set contractive maps, and maps of
the form F := F} + F5 where F; and F; satisfy certain conditions. The
chapter closes by discussing maps F : X — E where (unlike the other
theorems presented in the chapter) the interior of X may be empty.

Having discussed condensing maps in Chapter 4 it is now natural
to consider continuation principles for these maps. There are three
main approaches in the literature. The first approach uses degree the-
ory (Chapter 12), the second is the essential map approach of Granas
and the third is the 0-epi map approach of Furi, Martelli and Vignoli
(Chapter 8). In Chapter 6 we discuss the second approach. The chap-
ter is devoted to showing that the property of having a fixed point (or
more generally, being essential) is invariant by homotopy for compact (or
more generally, condensing) maps. Using the theory of essential maps, a
nonlinear alternative is presented firstly for continuous, compact maps,
with an analogous result for continuous, condensing maps appearing to-
wards the end of the chapter. In addition, using results obtained for the
completely continuous field, f(z) = z — F(x), the equation y = z — F(x)
is discussed, with the Fredholm alternative making a guest appearance
as an immediate consequence.

Fixed point theorems in conical shells are discussed in Chapter 7. We
consider continuous, compact maps F' : B — C, where C is a cone.
Specifically we present Krasnoselskii’s compression and expansion of a
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cone theorems, the proofs of which rely on the essential map theory of
the previous chapter. Krasnoselskii’s theorems are of particular impor-
tance when it comes to establishing the existence of multiple solutions of
operator equations. A large portion of the chapter is therefore assigned
to using these results to prove the existence of multiple solutions of a
nonlinear Fredholm integral equation, similar to that discussed already
in Chapter 5. In fact, in certain instances we combine the nonlinear al-
ternative for compact maps presented in Chapter 5 and the fixed point
theorems of this chapter, to obtain stronger results.

In Chapter 8 we present fixed point results for maps defined on
Hausdorff locally convex linear topological spaces. The extension of
Schauder’s fixed point theorem to such spaces is known as the Schauder—
Tychonoff theorem and this is the first main result of the chapter.
With this established we then present a nonlinear alternative of Leray—
Schauder type for maps defined on the spaces in question. This in turn is
used to prove a fixed point theorem of Furi—Pera type which we require
to obtain existence principles and results for two types of second order
boundary value problems on the half-line. The chapter is concluded
with a continuation principle for continuous, compact maps defined on
Fréchet spaces. In particular, the 0-epi map approach of Furi, Martelli
and Vignoli is presented.

Contractive and nonexpansive multivalued mappings are discussed in
Chapter 9. We first concentrate on contractive multivalued mappings.
The result due to Nadler of the Banach contraction principle for con-
tractive mappings with closed values is first presented. Once we have
shown that the property of having a fixed point is invariant by homotopy
for contractive multivalued mappings, a nonlinear alternative of Leray—
Schauder type for such maps is then discussed. Finally we extend this
result to nonexpansive multivalued mappings.

Chapter 10 deals with multivalued maps which have continuous selec-
tion. For the convenience of the reader we restrict our attention to one
particular class of maps, namely the ®* maps. A nonlinear alternative
of Leray—Schauder type, a Furi—Pera type result and some coincidence
type results are just some of the fixed point theory presented for ®*
maps. An application to abstract economies concludes the discussion.

The objective of Chapter 11 is to extend the Schauder—Tychonoff the-
orem to multivalued maps with closed graph. The basic results in this
chapter are due to S. Kakutani, I. L. Glicksberg and K. Fan. Much of
the chapter is spent working towards the proof of Ky Fan’s minimax
theorem which is the crucial result needed to prove the analogue of the
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Schauder—Tychonoff theorem for these maps. The chapter closes with a
nonlinear alternative for multivalued maps with closed graph.

A chapter on degree theory concludes the book. The concept of the
degree of a map is introduced and is used to provide another approach
to presenting fixed point theory and continuation principles. The first
half of the chapter deals with the degree of a map defined on subsets
of R™ and a proof of Brouwer’s fixed point theorem using the degree
theory established is just one of the results presented. The second half
of the chapter looks at the degree of a map defined on a normed linear
space and here an alternative proof of Schauder’s fixed point theorem
using degree theory is illustrated.
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Contractions

Let (X,d) be a metric space. A map F : X — X is said to be Lip-
schitzian if there exists a constant « > 0 with

(1.1) d(F(z), F(y)) < ad(z,y) for all 2,y € X.

Notice that a Lipschitzian map is necessarily continuous. The smallest
a for which (1.1) holds is said to be the Lipschitz constant for F' and is
denoted by L. If L < 1 we say that F' is a contraction, whereas if L = 1,
we say that F' is nonexpansive.

For notational purposes we define F™(z), x € X and n € {0,1,2,...},
inductively by F°(x) = x and F"*!(z) = F(F"(x)).

The first result in this chapter is known as Banach’s contraction prin-
ciple.

Theorem 1.1 Let (X, d) be a complete metric space and let F': X — X
be a contraction with Lipschitzian constant L. Then F has a unique fixed
point uw € X. Furthermore, for any r € X we have

nlirrgo F'(z)=u
with
d(F™(x),u) < I d(z, F(x)).

Proof We first show uniqueness. Suppose there exist x,y € X with
z = F(z) and y = F(y). Then

d(z,y) = d(F(x), F(y)) < Ld(x,y),

therefore d(x,y) = 0.
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To show existence select z € X. We first show that {F"(z)} is a
Cauchy sequence. Notice for n € {0,1,...} that

d(F™(z), F""Y(z)) < Ld(F" Y(z), F"(x)) < --- < L™ d(x, F(z)).

Thus for m > n where n € {0,1,...},

d(F"(z), F™(x)) < d(F"(x), F"" () + d(F"" (), F"(2))
4o d(F™ (), F™ ()
< L"d(z,F(x))+---+ ! d(z, F(x))
< L"d(z,F(z) [L+L+L*+-]
L’n
= 7 d@ F)).
That is for m > n, n € {0,1,...},
(1.2) A" &), F™(2)) < 2 d(a, F(2).

This shows that {F"(x)} is a Cauchy sequence and since X is complete
there exists u € X with lim F"(z) = u. Moreover the continuity of F'
n—0oo

yields
uw= lim F""(2) = lim F(F"(x)) = F(u),

n—oo n—oo

therefore u is a fixed point of F. Finally letting m — oo in (1.2) yields

n

d(F™(z),u) <

< 1_Ld(a:,F(x)). O

Remark 1.1 Theorem 1.1 requires that L < 1. If L = 1 then F need
not have a fixed point as the example F(z) = z + 1 for € R shows.
We will discuss the case when L = 1 in more detail in Chapter 2.

Another natural attempt to extend Theorem 1.1 would be to suppose
that d(F'(x), F(y)) < d(z,y) for z,y € X with « # y. Again F' need not
have a fixed point as the example F(z) = In(1 4 €”) for x € R shows.
However there is a positive result along these lines in the following the-
orem of Edelstein.

Theorem 1.2 Let (X,d) be a compact metric space with F: X — X
satisfying
A(F (@), Fy)) < d(z,y) forz, y € X and x4 .

Then F has a unique fized point in X.
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Proof The uniqueness part is easy. To show existence, notice the map
x — d(z, F(z)) attains its minimum, say at zg € X. We have 27 =
F(x0) since otherwise

d(F(F(20)), F(z0)) < d(F(z0),z0)
— a contradiction. O
We next present a local version of Banach’s contraction principle. This
result will be needed in Chapter 3.
Theorem 1.3 Let (X, d) be a complete metric space and let
B(xzg,r) ={z € X : d(z,z9) < 1}, where zg € X and r > 0.

Suppose F : B(xg,r) — X is a contraction (that is, d(F(z), F(y)) <
Ld(z,y) for all x, y € B(xg,r) with 0 < L < 1) with

d(F(zg),xz0) < (1 —L)r.
Then F has a unique fixed point in B(xg,r).
Proof There exists 1o with 0 < ro < r with d(F(xq),2z0) < (1 — L)ro.

We will show that F : B(zg,r9) — B(xo,r0). To see this note that if
x € B(xg,r0) then

d(F(z), xo)

< d(F(x), F(x0)) + d(F(x0), xo)
< Ld(z,x0) + (1 — L)rg < 1o.

We can now apply Theorem 1.1 to deduce that F' has a unique fixed
point in B(zg,r9) C B(xg,r). Again it is easy to see that F' has only
one fixed point in B(xg, 7). ]

Next we examine briefly the behaviour of a contractive map defined
on B, = B(0,7) (the closed ball of radius r with centre 0) with values
in a Banach space E. More general results will be presented in Chapter
3.

Theorem 1.4 Let B, be the closed ball of radius v > 0, centred at zero,
in a Banach space E with F : B, — E a contraction and F(9B,) C B,.
Then F has a unique fized point in B,..

Proof Consider
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We first show that G : B, — B,. To see this let

x*:r”x—H where 2 € B, and z # 0.
T

Now if x € B, and x # 0,
[1F(z) = F(z)|| < Lo — 2| = L (r —[lz]),

since x — x* = H—x”(HxH —r), and as a result
x
1 ()] [E @) + [[F(z) = F(z")]|

<
< r+Lir—zl) < 2r — =]
Then for € B, and = # 0

x+ F(x)

Pl | el + 1@

Gl = < e PO

In fact by continuity we also have
1GO)[| <,

and consequently G : B, — B,.. Moreover G : B, — B, is a contraction
since
lz —yll+ Lllz—yll _ [1+1L]

1G(z) = Gyl <

Theorem 1.1 implies that G has a unique fixed point u € B,.. Of course
if u = G(u) then u = F(u). O

Over the last fifty years or so, many authors have given generalisations
of Banach’s contraction principle. Here for completeness we give one
such result. Its proof relies on the following technical result.

Theorem 1.5 Let (X,d) be a complete metric space and F : X — X a
map (not necessarily continuous). Suppose the following condition holds:

for each € > 0 there is a d(e) > 0 such that if
(1.3) d(z, F(z)) < 6(€), then F(B(z,€)) C B(z,€);
here B(z,e) ={y € X : d(z,y) < €}.

If for some u € X we have

lim d(F™(u), F" " (u)) =0,

n—o0

then the sequence {F™(u)} converges to a fized point of F.
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Proof Let u be as described above and let u,, = F™(u). We claim that
{un} is a Cauchy sequence.

Let € > 0 be given. Choose d(¢€) as in (1.3). We can choose N large
enough so that

d(tp, Uupt1) < 0(e) for all n > N.
Now since d(uy, F(un)) < d(¢), then (1.3) guarantees that
F(B(un,e€)) € B(un,e),
and so F(uy) =un+1 € B(un,€). Now by induction
F*(un) = unir € Bluy,e€) for all k € {0,1,2,...}.
Thus
d(ug,u;) < d(ug,un) + d(un,u;) < 2 for all k,1 > N,
and therefore {u, } is a Cauchy sequence. In addition there exists y € X
with lim u, =y.

n—oo

We now claim that y is a fixed point of F'. Suppose it is not. Then

d(y, F'(y)) =~ > 0.

We can now choose (and fix) a u, € B(y,v/3) with

d(una un—i—l) < 5(7/3)

Now (1.3) guarantees that

F (B(un,v/3)) € B (un,7/3),
and consequently F(y) € B(uy,v/3). This is a contradiction since

d(F(y)aun) > d(F(y)7y) — d(umy) >y — % — 2%

Thus d(y, F(y)) = 0. O

Theorem 1.6 Let (X,d) be a complete metric space and let
d(F(z), F(y)) < ¢(d(z,y)) for all z,y € X;

here ¢ : [0,00) — [0,00) is any monotonic, nondecreasing (not necessar-

ily continuous) function with lim ¢"(t) = 0 for any fized t > 0. Then
n—oo

F has a unique fized point v € X with

lim F™(x) = u for each x € X.

n—oo
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Proof Suppose t < ¢(t) for some ¢t > 0. Then ¢(t) < @(¢(t)) and
therefore t < ¢?(¢). By induction, t < ¢"(t) for n € {1,2,...}. Thisis a
contradiction. Thus ¢(t) < t for each ¢t > 0.

In addition,

d(F"™(z), F"+1(;v)) < ¢"(d(z, F(x))) for z € X,
and therefore

lim d(F"(x), F" "' (x)) = 0 for each = € X.

n—oo

Let € > 0 and choose d(€) = € — ¢(€). If d(z, F'(z)) < (€), then for any
z € B(z,e) ={y € X : d(x,y) < €} we have

d(F(z),x) < d(F(z),F(z))+d(F(z),z) < ¢(d(z, x)) + d(F(z),z)
< ¢(d(z,z)) +d(e) < ¢(€) + (e — (€)= ¢,

and therefore F(z) € B(xz,€). Theorem 1.5 guarantees that F' has a
fixed point u with lim F"(x) = u for each € X. Finally it is easy to

n—oo
see that F' has only one fixed point in X. Ol

Remark 1.2 Note that Theorem 1.1 follows as a special case of The-
orem 1.6 if we choose ¢(t) = Lt with 0 < L < 1.

It is natural to begin our applications of fixed point methods with
existence and uniqueness of solutions of certain first order initial value
problems. In particular we seek solutions to

y() = Flt (),
14 {m>=%

where f: I x R" — R™ and I = [0,b]. Notice that (1.4) is a system of
first order equations because f takes values in R”™.

We begin our analysis of (1.4) by assuming that f : I x R® — R" is
continuous. Then, evidently, y € C*(I) (the Banach space of functions
u whose first derivative is continuous on I and equipped with the norm
luly = max{sup,c; |u(t)|, sup;es |/ (¢)|}) solves (1.4) if and only if y €
C(I) (the Banach space of functions u, continuous on I and equipped
with the norm |u|y = sup,¢; |u(t)]) solves

(1.5) y®:%+lf@mm@.
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Define an integral operator T': C(I) — C(I) by

—yo+/f5y

Then the equivalence above is expressed briefly by
y solves (1.4) if and only if y =Ty, T : C(I) — C(I).

In other words, classical solutions to (1.4) are fixed points of the integral
operator T. We now present a result known as the Picard-Lindelof
theorem.

Theorem 1.7 Let f: I x R®™ — R"™ be continuous and Lipschitz in y;
that is, there exists a > 0 such that

lft,y) — f(t,2)| < aly— z| for ally, z € R™.

Then there exists a unique y € C*(I) that solves (1.4).

Proof We will apply Theorem 1.1 to show that 7" has a unique fixed
point. At first glance it seems natural to use the maximum norm on
C(I), but this choice would lead us only to a local solution defined on a
subinterval of I. The trick is to use the weighted maximum norm

1ylla = le=*y(®)lo

on C(I). Observe that C(I) is a Banach space with this norm since it
is equivalent to the maximum norm, that is,

e lylo < lylla < [ylo-

We now show that T is a contraction on (C(I),|| - ||). To see this let
y,z € C(I) and notice

Ty(t) —Tz(t) = / [f(s,y(s)) — f(s,2(s))]ds for t € I.

0
Thus for t € I,

¢
ot qe®e 8 |y(s) — z(s)| ds

e Ty — T2)(t)]

N
q)
S~

t

< e (/ ae™® d8> ly — 2|la
0

< e (e =1) lly—zla

< A=)y~ zla,
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and therefore
ITy —Tzlla < (1—e ) ly — 2lla-

Since 1 —e~*? < 1, the Banach contraction principle implies that there is
a unique y € C(I) with y = Ty; equivalently (1.4) has a unique solution
y € CY(I). O

Now we relax the continuity assumption on f and extend the notion
of a solution of (1.4) accordingly. We want to do this in a way that
preserves the natural equivalence between (1.4) and the equation y = Ty,
which was obtained by integrating. To this end we follow the ideas of
Carathéodory and make the following definitions.

Definition 1.1 A function y € WP (1) is an LP-Carathéodory solution
of (1.4) if y solves (1.4) in the almost everywhere sense on I; here W1 (1)

is the Sobolev class of functions u, with u absolutely continuous and
u' € LP(I).

Definition 1.2 A function f : I x R® — R" is an LP-Carathéodory
function if it satisfies the following conditions:

(c1) the map y — f(t,y) is continuous for almost every t € I;

(¢2) the map t — f(t,y) is measurable for all y € R™;

(c3) for every ¢ > 0 there exists h, € LP(I) such that |y| < ¢ implies
that |f(¢,y)| < h(t) for almost every ¢ € I.

If f is an LP-Carathéodory function, then y € WP(I) solves (1.4) if
and only if

y € C(I) and y(t) = yo + / f(s,(s)) ds.

In fact (c1) and (c2) imply that the integrand on the right is measurable
for any measurable y, and (c3) guarantees that it is integrable for any
bounded measurable y. The stated equivalence now is clear. Therefore
just as in the continuous case,

(1.4) has a solution y if and only if y =Ty, T : C(I) — C(I).
Theorem 1.8 Let f: I x R™ — R"™ be an LP-Carathéodory function

and LP-Lipschitz in y; that is, there exists o € LP(I) with

[f(ty) = [(t,2)] < a(t)ly — 2| for all y, = € R™.
Then there exists a unique y € WHP(I) that solves (1.4).
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Proof The proof is similar to Theorem 1.7 and will only be sketched
here. Let

Then A’(t) = a(t) for a.e. t. Define

lylla = |e=*Oy(o)| .

The norm is equivalent to the maximum norm because

b
byl < lylla < o, where flal: = [ la(o)] d.
0

Thus (C(I), || -]|a) is a Banach space and use of the Banach contraction
principle, essentially as in the proof of Theorem 1.7, implies that there
exists a unique y € C(I) with y = Ty. It follows that (1.4) has a unique
LP-Carathéodory solution on I. Ul

Notes Most of the results in Chapter 1 may be found in the classical
books of Dugundji and Granas [55], Goebel and Kirk [77] and Zeidler
[191].

Exercises

1.1 Show that a contraction F' from an incomplete metric space into
itself need not have a fixed point.

1.2 Let (X,d) be a complete metric space and let F': X — X be such
that FV : X — X is a contraction for some positive integer N.
Show that F' has a unique fixed point © € X and that for each
z € X, lim F"(x) = u.

n—oo
1.3 Using the result obtained in Exercise 1.2, give an alternative proof

for the Picard-Lindel6f theorem (Theorem 1.7).

1.4 Let B, be the closed ball of radius = > 0, centred at zero, in a
Banach space E with F' : B, — E a contraction and F(—z) =
—F(z) for z € B,.. Show F has a fixed point in B,..

1.5 Let U be an open subset of a Banach space E and let F: U — FE
be a contraction. Show that (I — F')(U) is open.
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1.6

1.7

1.8

1.9

1.10

Contractions

Let (X, d) be a complete metric space, P a topological space and
F : X x P — X. Suppose F is a contraction uniformly over P
(that is, for each x,y € X, d(F(z,p), F(y,p)) < Ld(x,y) for all
p € P) and is continuous in p for each fixed z € X. Let z, be the
unique fixed point of F, : X — X, where F,(x) = F(z,p). Show
that p — x,, is continuous.

Let k : [0,1] x [0,1] x R — R be continuous with
|k(t,s,x) = k(t,s,9)] < Lz -yl
for all (t,s) € [0,1] x [0,1] and z,y € R (here L > 0 is a constant)
and v € C0,1].
(a) Show that

u(t) =v(t) + /075 k(t,s,u(s))ds, 0 <t<1,

has a unique solution v € C|0, 1].
(b) Choose uy € C[0,1] and define a sequence of functions {uy, }
inductively by

Uny1(t) = v(t) + /0 k(t,s,un(s))ds, n=0,1,....

Show that the sequence {u, } converges uniformly on [0, 1] to
the unique solution v € C[0,1].

Let (X, d) be a complete metric space and let ¢ : X — [0, 00) be
a map (not necessarily continuous). Suppose

inf{o(z) + é(y) : d(z,y) >~} = p(y) > 0 for all v > 0.

Show that each sequence {z,} in X, for which lim ¢(z,) = 0,

n—oo
converges to one and only one point u € X.

Let (X,d) be a complete metric space and let F' : X — X be
continuous. Suppose ¢(z) = d(z, F(x)) satisfies

inf{p(x) + 6(y) : d@,5) > 7} = pu(7) > 0 for all 7> 0,
and that 1é1)f( d(xz,F(z)) = 0. Show that F has a unique fixed
point.

If in Theorem 1.6 the assumptions on ¢ are replaced by ¢ :
[0,00) — [0,00) is upper semicontinuous from the right on [0, 00)
(that is, limsup,_,+ &(s) < ¢(t) for t € [0,00)) and satisfies
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¢(t) < t for t > 0. Show that F has a unique fixed point u € X
with lim,, . F™(z) = u for each = € X.

1.11 Let 7T be a map of the metric space (X, p) into itself such that, for
a fixed positive integer n,

p(T"x, T"y) < a"p(z,y) for z,y € X;

here « is a positive real number. Show that the function o defined
by

1 1 e e
o(z,y) := plx,y) + ap(Tx,Ty) +-+ Cvnilp(T” Lo, T 1y)
is a metric on X and T satisfies

o(Tz, Ty) < ao(z,y) for z,y € X.



2

Nonexpansive Maps

Let (X,d) be a metric space with C C X. Recall that a mapping
F: C — X is nonexpansive if L = 1, that is if F satisfies

d(F(x), F(y)) < d(z,y) for all z,y € X.

In Chapter 1 we briefly alluded to nonexpansive maps and gave an ex-
ample of a nonexpansive map free of fixed points.

We begin this chapter by presenting a result known as Schauder’s
theorem for nonexpansive maps. It is a special case of Schauder’s fixed
point theorem which will be presented in Chapter 4.

Theorem 2.1 Let C be a nonempty, closed, convexr subset of a normed
linear space E with F : C — C nonexpansive and F(C) a subset of a
compact set of C. Then F' has a fived point.

Proof Let xg € C. For n=2,3,..., define
1 1
F, = <1 — —) F + —x.
n n

Since C' is convex and xg € C, we see that F,, : C' — C and it is clear
that F,, : C — C is a contraction. Therefore by Theorem 1.1 each F),
has a unique fixed point x,, € C, that is,

T = Fyan) = (1 - %) Flan) + %xo.

In addition, since F(C) lies in a compact subset of C, there exist a
subsequence S of integers and a u € C' with

F(z,) »uasn —ooin S.

12
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Thus

1 1 .

Ty = (1——)F(xn)+—x0—>uasn—>001n5.

n n

By continuity
F(z,) — F(u) asn — oo in S,

and therefore u = F(u). O

The main theorem of this section is a result proved independently by
Browder, Gohde and Kirk in 1965. We state it as follows.

Theorem 2.2 Let C be a nonempty, closed, bounded, conver set in a
(real) Hilbert space H. Then each nonexpansive map F : C' — C has at
least one fized point.

Remark 2.1 Notice that uniqueness need not hold as the example
F(z) =z, x € C =[0,1], shows.

Remark 2.2 In fact in Theorem 2.2 it is enough to assume that H is

a uniformly convex Banach space (see Exercise 2.9).

In the proof of Theorem 2.2 we will need the following two technical
results.

Theorem 2.3 Let H be a Hilbert space with u, v € H, and let r, R be
constants with 0 < r < R. If there exists an x € H with

U+ v

- ZT;

lu—2z|| <R, |[v—=2| <R and H

then

lu—v| <2V R? —r2.

Proof The parallelogram law gives

2l —|* +2llv — 2| = [|(u — 2) + (v — 2)|?

lu— o]

2
2R* + 2R* — 4 z|| <A4R?—1r?). O

IN

U+ v
2

Theorem 2.4 Let H be a Hilbert space, C C H a bounded set and F :

. T+
C — C a nonezxpansive map. Supposex € C,y € C anda = Ty eC.
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Let 6(C) denote the diameter of C and let € < 6(C) with ||z — F(z)|| <€
and |y — F(y)|| <e. Then

la — F(a)|| < 2vey/20(C).

Proof Since

a+ F(a)

2 2

a+ F(a
-

|x—y|st—

we may assume without loss of generality that

a+ F(a 1
o= 52 = G-

However since
1
la =[]l = 5llz = yll,
we have

1F(a) — =]

IN

[1F(a) = F)|| + [|F () — |

IN

1
la =zl +e= Sl —yll +e

1 1
Theorem 2.3 with r = §||:£—y||7 R= §||1:—y|| +e,u=aand v=F(a)

gives
1 | 2
o= F@I < 2/ (3le-sl+e) - (Gl
RN e
< 2e\/26(0). O

Proof of Theorem 2.2 Assume that 0 € C. (A modified argument from
the one given below holds for any o € C, therefore for simplicity we let
xo = 0.) Also assume that F'(0) # 0 (otherwise we are finished). For
each n = 2,3, ..., notice that

Fn:=<1—l)F:C—>C

n

is a contraction. Now Theorem 1.1 guarantees that there exists a unique
x, € C with

2 = Fo(an) = (1 - %) Flzn).
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Thus

(21) lan ~ F@n)ll = 1@l < -5(C),

where §(C) denotes the diameter of C. For each n € {2,3,...}, let

@ ={occilo-Fl < 50}

Now

Q22Q32--2Qp 2
is a decreasing sequence of nonempty (see (2.1)) closed sets. Let

dn, = inf{[lz] : z € @n}
and since the @,s are decreasing we have
dy <dz <---<d, <+, with d; <4(C)

for each i € {2,3,...}. Consequently, d,, T d with d < §(C). Next let

Ay = Qsn2 N B(0,d+ 1/n),
where

1
B(0,d+1/n) = {x€H||x| <d+ ﬁ}

Now A, is a decreasing sequence of closed, nonempty sets. We now show
that lim 6(A,) = 0. To see this let u,v € A,,. Then
n—oo

1 1
(2.2) lu—0|| <d+ — and |[v—0| <d+ —.
n n
Also since u, v € Qg,2 we have
1 1
Ju— Fw)]l < 5o53(C) and [[v — F)| < <55(C).
Thus Theorem 2.4 implies that
utv 7 <u + 1)>
2 2

+ v

| <230 5138(C) = 24(C),

u
therefore € @, and

(2.3)
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It is easy to check (see Exercise 2.1) that 7 : H — B, is nonexpansive.
As a result 7 o F : B, — B, is a nonexpansive map. Theorem 2.2
guarantees that there exists * € B, with r(F(z)) = z. If F(z) € B,,
then

@ =r(F(z)) = F(z),
and F has a fixed point, that is, (Al) occurs. If F(z) does not belong
to B, then

F(z)

r=rF@) =rEo)

= AF(z) with A = <1,

_r
I1E ()]
that is, (A2) occurs since x € 9B,.. O

It is easy to put conditions on F' to guarantee that the second possi-
bility (A2) in Theorem 2.5 does not occur.

Theorem 2.6 Let H be a real Hilbert space, B, = {x € H : ||| < r}
with v > 0, and let F : B, — H be nonexpansive. Suppose for all
x € OB, one of the following four conditions holds:

() [[F@)I < =,

(i) [|[F ()] < [lz = F(2)],

(ii)) |1F(@))* < [l2]? + [lo — F(2)]|,
(iv) (2, F(2)) < [|=].

Then F has a fized point in B,..

Proof We prove the result with (ii) holding. If F has no fixed points
then by Theorem 2.5 there exist z € B, and A € (0,1) with z = AF(z).
In particular F(z) # 0 and

[F ()| = IFAF(2)[| < [[AF(2) — F(AF(2))]),
that is,
IEG) < (1 =N[F()],
therefore 1 <1 — A. This is a contradiction. O
Notes The approach in Chapter 2 has been adapted from Dugundji

and Granas [55]. Other relevant approaches may be found in Goebel
and Kirk [77] and Smart [174].
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Now (2.2), (2.3) and Theorem 2.3 imply

1 2
Ju— o] <2 (d+ —) a2,
n

Ap) K2 —+ = - .

and therefore

Consequently lim 6(A,) = 0. Cantor’s theorem (applied to {A,}22,)

guarantees the existence of an

To € ﬂ A,.
n=2
Since
(oo}
To € ﬂ Qsn2
n=2
we have
5(C)
llzo — F(zo)| < 52 for all n € {2,3,...}.
Therefore
|z — F(zo)|| =0
and the theorem is proved. L]

We now examine the behaviour of nonexpansive maps defined on B,
(the closed ball of radius r and centre 0) with values in the Hilbert space
H. In particular we prove a nonlinear alternative of Leray—Schauder
type for nonexpansive maps. It is worth remarking that a more general
result will be presented in Chapter 3.

Theorem 2.5 Let H be a real Hilbert space and B, = {z € H : ||z| <
r} with r > 0. Then each nonexpansive map F : B, — H has at least
one of the following two properties:

(A1) F has a fived point in B,,
(A2) There are an x € OB, and a X € (0,1) with x = A\F(z).

Proof Define a map (radial retraction) r : H — B, by

z, ]l <,

T
Tm, ||.'I/'|| >
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2.1

2.2
2.3
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2.5

2.6

2.7

2.8

2.9

Nonexpansive Maps

Exercises

Show that the radial retraction defined in Theorem 2.5 is nonex-
pansive.

Complete the proof of Theorem 2.6.

Let (X,d) be a metric space and let F' : K — @ be a continuous
mapping; here K is a closed subset of X and @ is a compact sub-
set of X. Suppose for each € > 0 there exists an z(e) € K with
d(F(z(e)),xz(€)) < e. Show that F has a fixed point.

Let C be a closed, bounded, convex subset of a Banach space E and
F : C — C a nonexpansive map. Show that for each € > 0, there
exists z(€) € C with ||F(z(e)) — z(e)|| < e

Let H be a Hilbert space and C' C H a closed, convex set. Define
P : H — C' to be the map sending each x € H to the nearest point
in C. Show that Po : H — C' is nonexpansive.

Let K be a bounded, convex subset of a uniformly convex Banach
space X and F : K — X a nonexpansive map. Suppose for {u,},

{v,} in K and z, = tn + vn’ we have
lim |Ju, — F(u,)|| =0 and lim |v, — F(v,)|| =0.

Show that lim ||z, — F(z,)] = 0.

Let K be a bounded, closed, convex subset of a uniformly convex
Banach space X and F' : K — X be a nonexpansive map with

inf{||z — F(z)|| : x € K} = 0.
Show that F' has a fixed point in K.

Let X be a uniformly convex Banach space and K a closed, convex
subset of X with F': K — X a nonexpansive map. Suppose that
{u;} is a weakly convergent sequence in K with weak limit ug. If
(I — F)(uj) converges strongly to an element wy in K, then show
that (I — F)(up) = wo. (This means that I — F is demiclosed on
K.)

Let X be a uniformly convex Banach space and K a closed, convex,
bounded subset of X. Prove that every nonexpansive map F : K —
K has a fixed point.
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Continuation Methods for Contractive and
Nonexpansive Mappings

We begin this chapter by showing that the property of having a fixed
point is invariant by homotopy for contractions.
Let (X, d) be a complete metric space and U an open subset of X.

Definition 3.1 Let F:U — X and G : U — X be two contractions;
here U denotes the closure of U in X. We say that F' and G are homo-
topic if there exists H : U x [0,1] — X with the following properties:

(a) H(-,0) =G and H(-,1) = F}

(b) = # H(z,t) for every x € OU and t € [0,1] (here OU denotes the
boundary of U in X);

(c) there exists o, 0 < a < 1, such that d(H(x,t), H(y,t)) < ad(z,y)
for every x,y € U and t € [0, 1];

(d) there exists M, M > 0, such that d(H(x,t), H(x,s)) < M|t — s| for
every v € U and t, s € [0, 1].

Theorem 3.1 Let (X,d) be a complete metric space and U an open
subset of X. Suppose that F : U — X and G : U — X are two homotopic
contractive maps and G has a fized point in U. Then F has a fized point
in U.

Proof Consider the set
A={)e€0,1]: 2 = H(z,\) for some z € U}

where H is a homotopy between F' and G as described in Definition 3.1.
Notice A is nonempty since G has a fixed point, that is, 0 € A. We will
show that A is both open and closed in [0, 1] and hence by connectedness
we have that A = [0,1]. As a result, F' has a fixed point in U.

19
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We first show that A is closed in [0,1]. To see this let
{Antnz: C Awith A, — A €[0,1] as n — oo.

We must show that A € A. Since A\, € A for n = 1,2, ..., there exists
xn € U with x,, = H(zp, A\,). Also for n,m € {1,2,...} we have

< d(H(xna)\n)vH(xnv)‘m)) +d(H($n,)\m),H($my)\m))
< My = Al + ad(zn, 22m),

that is,
M
A(Xp, ) < (—) A — Al

l1—«

Since {A,} is a Cauchy sequence we have that {z,} is also a Cauchy
sequence, and since X is complete there exists z € U with lim z, = .

In addition, z = H(x, \) since

d(xn, H(z,\)) = d(H(zn, \n), H(z, \))
< M\, = A+ ad(z,, x).

Thus A € A and A is closed in [0, 1].
Next we show that A is open in [0,1]. Let A\g € A. Then there exists

2o € U with g = H(xg, A\o). Fix € > 0 such that

(1-a)
M

e< " where r < dist(z, 0U),

and where dist(zg, OU) = inf{d(zg,z) : € dU}. Fix A € (Ag—¢, Ao+e€).
Then for « € B(xo,r) = {2 : d(z,z9) <},

d(xo, H(z,\)) d(H (20, ), H(x, o)) + d(H (2, No), H(x,\))
Oéd(l’o,l’) + M|)\ - A0|

ar+ (1—a)r=r.

ININ A

Thus for each fixed A € (Ao — €, Ao + €),

H(-,A) : B(xzg,r) — B(zo,7).

We can now apply Theorem 1.1 (an argument based on Theorem 1.3
could also be used) to deduce that H(-, A) has a fixed point in U. Thus
A€ A for any A € (A9 — €, Ao + €) and therefore A is open in [0,1]. O
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For the remainder of this chapter we will assume that X is a Banach
space. We now present a nonlinear alternative of Leray—Schauder type
for contractive maps.

Theorem 3.2 Suppose U is an open subset of a Banach space X, 0 € U
and F : U — X a contraction with F(U) bounded. Then either

(A1) F has a fired point in U, or
(A2) there exist A € (0,1) and u € OU with u = A\F(u)
holds.

Proof Assume (A2) does not hold and F has no fixed points on U
(otherwise we are finished). Then

u # AF(u) for all w € U and X € [0,1].
Let H : U x [0,1] — X be given by
H(x,t) =tF(x),

and let G be the zero map. Notice G has a fixed point in U (that is,
0 = G(0)) and F and G are two homotopic, contractive mappings. We
can now apply Theorem 3.1 to deduce that there exists z € U with
x = F(z), that is, (Al) occurs. O

It is natural to ask whether we can extend Theorem 3.2 to nonexpan-
sive maps as Theorem 2.5 suggests.

Theorem 3.3 Let U be a bounded, open, convexr subset of a uniformly
convex Banach space X, with 0 € U and F : U — X a nonexpansive
map. Then either

(A1) F has a fived point in U, or

(A2) there exist A € (0,1) and v € OU with u = AF(u)

s true.

Proof Assume (A2) does not hold. Consider for each n € {2,3,...}, the
mapping

F, = <1—E>F:U—>X.
n

Notice that F), is a contraction with contraction constant 1 —1/n. Ap-
plying Theorem 3.2 to F;,, we deduce that either F), has a fixed point in
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U, or there exist A € (0,1) and v € OU with u = AF,,(u). Suppose the
latter is true, that is, there exist

A€ (0,1) and u € OU with u = AF,(u).
Then

u:)\<1—%)F(u):nF(u)WhereO<n=)\<1—%><1

— a contradiction since property (A2) does not occur. Consequently
for each n € {2,3,...} we have that F,, has a fixed point u, € U. A
standard result (if F is a reflexive Banach space, then any norm bounded
sequence in E has a weakly convergent subsequence) implies (since U is
closed, bounded and convex — hence weakly closed) that there exist a
subsequence S of integers and a u € U with

un, — u as n — oo in S5 here — denotes weak convergence.

In addition since u,, = (1 — 1/n)F(u,) we have

1= F) )l = IF )]
< L(1P(w) ~ PO+ IFO))
< (lwll +IFO)).

Thus (I — F)(u,) converges strongly to 0. The demiclosedness of I — F
(see Exercise 2.8) implies that v = F(u), and as a result (Al) occurs.

O

To illustrate how Theorem 3.2 can be applied in practice we turn our
attention to the second order homogeneous Dirichlet problem,

(3 1) { y” = f(tVyvyl) fOI' t € [a” b]’
' y(a) =y(b) =0,
where f : [a,b] x R? — R is continuous. Associated with (3.1) we
consider the following related family of problems:
y" = Af(t,y,y') for t € [a,b],
3.2
32 b - 20

for A € (0,1).
Define an operator F' : C'[a,b] — C'[a,b] by

/Gts (5,y(3).4/(s)) ds
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where the Green’s function G(t, s) is given by

_w’ a<t<s<b,

G(t,s) = a
(&) _w a<s<t<bh
b—a ’ - - =7

By the properties of the Green’s function, the fixed points of F' are
the classical solutions of (3.1). Under an appropriate local Lipschitz
condition on f, we will use the nonlinear alternative for contractive
maps to establish that F' restricted to the closure of a suitable open set
U C C'|a,b] is contractive and has a fixed point (in fact a unique fixed
point) in U. Hence (3.1) has a unique solution in U.

To this end we assume that f satisfies the following local Lipschitz
condition:

there are a subset D C R? and constants K, and K,
(3.3) such that f restricted to [a,b] x D satisfies

|f(tay»y/) - f(tazvzl)‘ < K0|y - Z| + K1|yl - Z/|'
Define a modified maximum norm on C*[a, b] by

lyll = Kolylo+Kily'lo where |ylo = sup [y(t)| and [y'|o = sup [y'(t)].
te(a,b) tela,b]

For functions y and z whose values and derivative values lie in the region
where f is locally Lipschitz, we have

b
(Fy = Fz)(t)] = / G(t, 9)[f(s,y(5), 4/ (s)) = f(s,2(s),2'(s))] ds

b—a)?
Oy -2,

IN

since

b—1t)(t— b—a)?
max/|Gts|dsfmax( I a):( a).
tela,b] tela,b] 2 8

Thus

b—a)?
iy Felo < Oy

for functions y and z whose values and derivative values lie in the region
where f is locally Lipschitz. Likewise

(b—a)

[(Fy = F2)lo <

ly — z|l
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for functions y and z whose values and derivative values lie in the region
where f is locally Lipschitz, since
b-—t)2+(t—a)? b—a

b
i [1Gue o) ds = sy OIS 20

Consequently

2
+EKi——| lly ==,

(b—a) (b—a)
8 2

(3.4) |IFy — Fz|| < [KO
for functions y and z whose values and derivative values lie in the region
where f is locally Lipschitz. This inequality and Theorem 3.2 enable us
to establish the following existence and uniqueness principle for (3.1).

Theorem 3.4 Let f : [a,b] x R?> — R be continuous and satisfy (3.3)
in a set D with constants Ko and K1 such that

(35) Ko@+f(1(l);2®<l

is true. Suppose there is a bounded open set of functions U C C|a,b]
with 0 € U such that

(3.6) u € U implies (u(t),u'(t)) € D for all t € [a,b]

and

(3.7 y solves (3.2)y for some A € (0,1) implies y ¢ OU

hold. Then (3.1) has a unique solution in U.

Proof Evidently F : U — Cl|a,b] is contractive by (3.4) and (3.5).
Apply Theorem 3.2 and note that (A2) cannot occur because of (3.7).
O

Remark 3.1 In many important applications, the function f is in-
dependent of y’; that is f = f(¢,y). In this case, a straightforward
review of the reasoning given above shows that we can regard F as
F : Cla,b] — Cla,b]. This leads to a useful variant of Theorem 3.4
in which D C R, all reference to 3’ and 2’ is dropped in (3.3), and
U C Cla,b].

Example 3.1 The boundary value problem

y”(t) — _ey(t)7 te [Oa 1}7
(3.8) { y(0) =y(1)=0
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has a unique solution with maximum norm at most 1. We note that
(3.8) models the steady state temperature in a rod with temperature
dependent internal heating.

To establish the above claim we apply Theorem 3.4 and Remark 3.1
with f = f(t,y) = —e¥. By the mean value theorem we have that

lyl <1 and |z] <1 imply |e¥ — e*| < ™2}y — 2] < ely — 2.

We take

D=[-1,1]and U = {y € C[0,1] : [ylo = sup [y(t)| < 1}
t€0,1]
in Theorem 3.4. Then
KO (&

— ==-<L1
8 8

Suppose that y solves

(3.9 { y' (1) =—2e"®, te0,1],

y(0) =y(1) =0

for some A € (0,1). Then

1
y(t) = —)\/ G(t, s)e¥™) ds
0

and therefore
1
y(t)| < —elvlo for t € 0,1].
8

1
Consequently |ylo < =el¥l° and this implies that |y|o # 1 and therefore
y ¢ OU. Now Theorem 3.4 implies that (3.8) has a unique solution with

norm at most 1.

Remark 3.2 It is interesting to note that (3.8) actually has two
solutions. We will discuss multiplicity of solutions in Chapter 7.

Notes The results in Chapter 3 may be found in Frigon [68], Granas
[86], Lee and O’Regan [117] and O’Regan [140].
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Exercises

3.1 Let X be a Banach space, U an open subset of X with 0 € U and
F :U — X a contractive map with F(U) bounded. Assume that
for every x € QU, any one of the following conditions is satisfied:

@) [[F@)] < =,
(i) [[F(2)] < [l = F(2)l, )
@) [F@) < A{llel? + ll= — F(=)[I*}=,
(iiil) [[F(2)]] < max{|l, [z — F(z)[},
(iv) —x € U and F(z) = —F(—x).
Show that F' has a unique fixed point in U.

3.2 Let X be a Banach space and F': X — X be a-contractive (i.e. a
contraction with Lipschitzian constant o, 0 < a < 1) on every ball
B(0,r) in X, and let

Qrp ={z € X : 2 = \F(z) for some X € (0,1)}.
Show that either Qp is unbounded or F' has a fixed point.
3.3 If in Definition 3.1 we replace (d) with

there exists a continuous ¢ : [0, 1] — R such that
(d%) for every z € U and t,s € [0, 1], we have

d(H(z,t), H(z,s)) < [o(t) — ¢(s)],
show the result in Theorem 3.1 is again true.

3.4 Let (X,d) be a complete metric space and U an open subset of X.
A function F : U — X is said to be weakly contractive if there exists
¥ : X x X — (0,00) compactly positive (that is, inf{¢(z,y) : a <
d(z,y) < b} =0(a,b) > 0 for every 0 < a < b) such that

d(F(z), F(y)) < d(z,y) — ¢(z,y).

If ¢ is a compactly positive function, we define for 0 < a < b,

~(a,b) = min{a, §(a,b)}.
Suppose z¢g € X, r > 0 and F : B(zg,r) — X is weakly contractive
with

r

d(xo, F(x0)) <7 (577").

Show that F' has a fixed point.

3.5 Let (X, d) be a complete metric space, U an open subset of X and
F:U— X,G:U — X two weakly contractive maps. We say that
F and G are homotopic if there exists H : U x [0,1] — X such that
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(a) H(-,0) =G and H(-,1) = F,

(b) = # H(z,t) for every x € OU and t € [0, 1],

(c) there exists a compactly positive function ¢ : X x X — (0, 00)
such that d(H (z,t), H(y,t)) < d(x,y) — ¢¥(z,y) for every x,y €
U and t € [0,1],

(d) there exists a continuous ¢ : [0,1] — R such that for every
r €Uandt,s € [0,1], we have that d(H (x,t), H(z,s)) < |¢(t)—
o(s)l-

Now suppose that F : U — X and G : U — X are two weakly

contractive maps with one of the following conditions satisfied:

(i) F(U) is bounded;

(ii) there exists a homotopy H between F and G such that
the positively compact function v associated with H satisfies
inf{f(a,b) : b > a} > 0 for all a > 0.

If G has a fixed point in U show that F' has a fixed point in U.
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The Theorems of Brouwer, Schauder and
Monch

In this chapter we present fixed point theory for continuous, single valued
maps in finite and infinite dimensional Banach spaces. In particular, we
present the theorems of Brouwer, Schauder and Moénch.

Definition 4.1 Two topological spaces X and Y are called homeo-
morphic if there exists a bijective function f : X — Y such that f and
f~1 are continuous. The map f is called a homeomorphism.

Definition 4.2 A topological space X has the fized point property if
every continuous f : X — X has a fixed point.

Theorem 4.1 If X has the fized point property and X is homeomorphic
toY, then'Y has the fized point property.

Proof Let h: X — Y be a homeomorphism and suppose that g : ¥ — Y
is continuous. We must show that g has a fixed point in Y. Notice that

hlogoh:X - X

is continuous. Since X has the fixed point property, there exists z¢g € X
with

htogoh(xg) = xo.
Hence ¢(yo) = yo where yo = h(zo). O
Definition 4.3 A subset A of a topological space X is a retract of X

if there is a continuous map r : X — A with r(a) = a, for all a € A.
The map r is called a retraction.

28
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Theorem 4.2 If X has the fized point property and A is a retract of
X, then A has the fixed point property.

Proof Let f: A — A be continuous and r : X — A a retraction. We
must show that f has a fixed point in A. Notice first that

for: X—ACX.
Since X has the fixed point property, there exists o € X with
for(xzg) = xo.

However, f(r(zg)) € A and therefore zo € A. But since zp € A and
r : X — A is a retraction, we have that r(xzo) = z¢. Consequently,

f(.%‘()) = o, Tg € A. O

In R, notice that f : [-1,1] — [—1,1] has a fixed point since the
function g : ¢ — = — f(x) satisfies g(—1) < 0 < g¢(1) and therefore g
must assume the value zero. As a result, [—1, 1] has the fixed point prop-
erty. Of course Theorem 4.1 immediately guarantees that all compact
intervals have the fixed point property. However, the situation in R",
n > 1, is not as straightforward. A substantial part of this chapter will
be devoted to proving the following fixed point result due to Brouwer.

Theorem 4.3 The closed unit ball B™, in R"™, has the fixed point
property.

For the remainder of this chapter we shall assume that R" is endowed
with its standard inner product

n
<$7 y> = Z TiYis
i=1

and norm

|| = (z, ).

Also, B™ and S™! will denote respectively, the closed unit ball and unit
sphere in R" :

B":={zx cR":|z|| <1} and S"':={zcR":|z|| =1}
Definition 4.4 Let A C R™. A continuous map f: A — R" is said to

be of class C'', if it has a continuous extension to an open neighbourhood
of A on which it is continuously differentiable.
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In the process of proving Theorem 4.3 we need the following two well
known results which we now just state. The proofs are not difficult and
can be readily found in the literature (see for example [77]).

Theorem 4.4 Let A be a compact subset of R™ and f : A — R" of
class C* on A. Then there exists a constant L > 0 (Lipschitz constant)
with

1f(x) = fW)Il < Lllz =yl for all z, y € A.

Theorem 4.5 Let A be a closed, bounded domain (that is, the closure
of a connected, open set) in R"™ and F : A — R™ of class C* on A. Then
there exists an interval (—e, €), for some € > 0, on which the function

¢ : t— Vol(f:(4))
is a polynomial of degree at most n; here fi : A — R" is given by
fi(x) =z +tF(x),

and Vol refers to the n dimensional Lebesgue measure volume in R™.

Definition 4.5 Let A C R"™. A mapping (vector field) f: A — R™ is
said to be nonvanishing if

f(z) #0, for all z € A,

and normed if

If(z)]| =1, for all z € A.
The field f : S"~! — R" is said to be tangent to S"~1 if
(z, f(z)) = 0 for all z € S™1.
Theorem 4.6 Suppose that F': S"~1 — R is a normed vector field of
class C' which is tangent to S~ '. Then for t > 0 sufficiently small,
£(S7Y) = (1 4 $2)1/2gn1,
here fi 1 x+— v+ tF(x).

Proof Let

T

Fa) = ol (57 for o e R0

[l
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and
A={zeR":1/2 < || < 3/2}.

Assume that [¢| < min{1/3,1/L}, where L is the Lipschitz constant of
F* on A (see Theorem 4.4). Fix z € S"! and define G : A — R" by

G(x) := z — tF*(z).

However, since ||[F(y)|| =1 for y € S*~! and |t| < 1/3, we have in fact
that G : A — A. Moreover, it is easy to verify (using the Lipschitz
constant L of F* on A and |t|L < 1) that G : A — A is a contraction.
Thus Theorem 1.1 guarantees that G has a fixed point, say « € A, and

z+tF*(z) = =

Now 1 = (z 4+ tF*(x),x + tF*(x)), together with ||F(u)|| = 1 for u €
S 1 and (v, F(v)) = 0 for v € S"~1, immediately gives

]| = (1+1¢2) 712,
As a result
y= (14132 e sn1
and therefore
y+tF(y) = (1413122

We have thus shown that for |t < min{1/3,1/L} and any z € S"~ 1,
there exists y € S"~! with

fily) = (L +1%)12z.
Consequently,
ft(Sn_l) C (1 +t2)1/25n—1.

To show the reverse inclusion, fix w € (1 + t2)/25"~1 and [t| <
min{1/3, 1/L}. Then there exists z € S~ with w = (1+¢2)/22. From
above, for this z € §"~1, there exists u € S"~! with f,(u) = (14+12)1/22.
Thus f;(u) = w and therefore

(1+t2)1/25n71 C ft(Snfl). O

Before we prove Theorem 4.3 we will first show that there are no
nonvanishing, continuous vector fields tangent to S?*. Along the way
we will need the following result.
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Theorem 4.7 Let k € {1,2,...}. Then there are no normed vector
fields of class C* tangent to S%.

Proof Suppose such a vector field F' does exist. Let 0 < a < 1 < b and
extend F', as in the proof of Theorem 4.6, to F™* defined on the domain

A={zeR":a <|z| <b}.

It is easy to see, since F is tangent to S%*, that [™* is tangent to any
sphere concentric with S2¥ which is contained in A. Let fi(z) := = +
tF*(x) and we immediately have from Theorem 4.6 that

fi(A) = (1+ )24,
for ¢t > 0 sufficiently small. Consequently

Vol(f;(A)) = (1 + t2) ™2~ Vol(A).

However, (1+ tQ)% does not coincide with any polynomial in a neigh-

bourhood of zero and this contradicts the conclusion of Theorem 4.5.

O

Theorem 4.8 Let k € {1,2,...} be fixzed. There are no nonvanishing,
continuous vector fields tangent to S2F.
Proof Suppose such a field F exists. Note that

m = min{||F(z)| : x € S**} > 0.

By the Weierstrass approximation theorem (applied to each component
of F') there exists a vector field P : S2* — R2**! for which

|P(z) — F(z)| < % for all z € §2*,

where each component of P is a polynomial. Now the field P is of class
C* and P is nonvanishing since

m
1P@@)]| 2 | E(@)ll = | P(z) = F2)] > 7, forz € S2F.
Define the vector field @ by
Q(x) := P(z) — (P(x),2) x, for 2 € S,

Note that @ is of class C™ and is easily seen to be tangent to S2*. In
addition, for x € S?* we have

Q) = [[P()]| - [|Q(z) = P(z)]| > % — [(P(x),z) |
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= 2 |(P@@) - F(x),2)| >

" 5~ P@) - F@)| > o,

since we assumed that F is a nonvanishing vector field, tangent to S2*.
Replacing Q(z) with Q(x)/]|Q(z)||, we contradict Theorem 4.7. O

R" can be viewed as a subspace of R""! by identifying each point
xr = (r1,...,7,) € R" with the point (z1,...,7,,0) € R"". Any point
of R"" may be represented as (x,7,.1), with x € R™ and x,,1 € R.
The unit sphere S™ C R™*! may be divided into the upper hemisphere

Sti={(z,py1) € " xpyy > 0},
and the lower hemisphere
St i={(z,zp41) € ™ : xpy1 <0}
The unit sphere
srhi=81nS"
is the equator. Let
ent1:=(0,...,0,1) (north pole) and —ep,41:=(0,...,0,—1) (south pole).

The well known stereographic projection (from e, 41 to S™) is the map-
ping Sy : R™ — S™ defined by

2x lz|* -1
L Jlzf?” 1+ |l

S, () ;:( ) for = € R™.

This map is of class C* and it transforms B"™ onto S™. In addition,
Sy(x) = x for x € S"~1. We define the stereographic projection S_
(from —e,1q to S™) by

2z 1—||x|?
L4221+ |=?

S_(z) ::( ) for = € R™.

Proof of Theorem 4.3 First we assume that n = 2k. Suppose there exists
a continuous map f : B%* — B?F which has no fixed points. Define the
vector field G' by

G(z) =z — f(x).

It is immediate that G is nonvanishing on B2, and it is easy to see that
at any point z € S?*~1 the field is directed outwards, that is,

(G(z),x) =1 — (z, f(x)) > 0 for z € §2F71,
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Now let
(Al Y
Fle) = (1 - <x,f<x>>) fle).

If F(x) =0 for x € B%, then 0, x and f(z) are collinear, and therefore

(@, f(@) o = ||l=]*f ().

This in turn immediately implies that z = f(x) since F(z) = 0 — a
contradiction. Thus F is nonvanishing on B?* and it is also clear that
F(z) =z ifz € S?k— 1.

For any x € B?*, consider the set {z + tF(x) : t € [0,1]}. The image
of this set under S, is a differentiable arc with initial point lying on S2*.
Define the vector field 7 on S%* by

1) = {gSile+ir)]

2
A

for y = Sy (x) € S?!. It is easy to see (since F(z) # 0 for x € B?F)
that T_ is nonvanishing, continuous and tangent to S2*. In addition,
F(z) =z for x € S**~1 implies T_(y) = e, 41 for y € S2+~L

Define the vector field T on S by

t=0

L+ [l2|*)F(2) — 2 (2, F(x)) z, 2{z, F(2))),

Ti(y) = {%S_(x—tF(x))}
m (2(z, F(z))x — (1 + [|z]|*)F(z), 2 (z, F(2))),

fory = S_(z) € S2*. Tt is easy to see that Ty (y) = T_(y) for y € S2*~1.
Now for y € S%F, set

t=0

_ [ T-(y) for y € §%,
Tly) = { Ty (y) for y € Sk

Then T is a continuous, nonvanishing vector field tangent to S2*. This
contradicts Theorem 4.8. Consequently, f has a fixed point and therefore
our proof is complete if n = 2k.

To prove the result for B® = B?*~1 it suffices to observe that if the
continuous mapping f : B?*~1 — B?~1 is fixed point free, then so also
is g : B?* — B?* defined by

g(x, IQk) = (f(x)a O)
This contradicts the first part of the proof. O
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In fact it is now easy to prove a generalisation of Theorem 4.3 if we
note the following result.

Theorem 4.9 Fvery nonempty, closed, convexr subset C' of R" is a
retract of R™.

Proof For any x € R™, we know that there exists a unique y = Po(x) €
C with

|z — y|| = inf{||z — u|| : w € C},
that is, P is the map sending each x € H to the nearest point in

C. From Exercise 2.5, we know that Pc is nonexpansive, therefore in
particular, a retraction from R”™ onto C. O

Theorem 4.10 FEvery nonempty, bounded, closed, convex subset C of
R™ has the fized point property.

Proof Notice that C is a subset of some ball B* in R". Since B"™ and
B* are homeomorphic, Theorem 4.1 and Theorem 4.3 guarantee that
B* has the fixed point property. In addition, Theorem 4.9 implies that
C is a retract of B* and therefore Theorem 4.2 ensures that C has the
fixed point property. O

Remark 4.1 Since any finite dimensional normed linear space X is
isomorphic to R™ with n = dim X we have: every nonempty, bounded,
closed, convex subset of a finite dimensional normed linear space has the
fixed point property.

We would like to extend Theorem 4.10 to an infinite dimensional space
setting. To do so, additional assumptions (see the following example)
have to be placed on f.

Example 4.1 Let
Iy = {a: = (z1,29,...) : ||2]|* = Z |22 < oo}
i=1
and
B:={zely:|z| <1}.
Define f: B— 0B C B by
fl@) = (V1- 2] a1, 22,..).
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It is easy to see that f is continuous but does not have a fixed point.

Definition 4.6 Let X and Y be normed linear spaces. A map F :
X — Y is called compact if F(X) is contained in a compact subset of
Y. A compact map F': X — Y is called finite dimensional, if F|(X) is
contained in a finite dimensional linear subspace of Y.

We next extend Brouwer’s fixed point theorem to compact maps in
normed linear spaces. This generalisation is due to Schauder. The main
idea is to approximate compact maps by maps with finite dimensional
ranges.

Let A = {a1,...,a,} be a finite subset of a normed linear space
E = (E,| ) and for fixed ¢ > 0 let

A= U B(a;,€) where B(a;,€) :={x € E: ||z — a;|| < €}.
i=1
For each i =1,...,n, let u; : Ac — R be the map given by
wi(z) == max{0,e — ||z — a;||}.
Let co(A) denote the smallest convex set containing A. The Schauder

projection is the map P, : Ac — co(A) given by

P.(z) := w for z € A..
> i Hi(T)
Notice P.(x) is well defined since if x € A, then = € B(a;,¢€) for some
n
i € {1,2,...} and therefore Zul(a:) # 0. Also P.(z) C co(A) since

i=1
each P.(z) is a convex combination of the points ay, ..., a,.

Theorem 4.11 Let C be a convex subset of a normed linear space, and
A=A{ay,...,an} C C. If P. denotes the Schauder projection, then

(i) P. is a compact, continuous map from A¢ into co(A) C C, and
(ii) ||lx — P(2)| < € for all z € A..

Proof

(i) The continuity of P. is immediate. To show compactness, let

{P.(xm)}°_; be any sequence in P.(A.). Let p(x) := Zuz(:ﬁ)
i=1
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and therefore

P.x,,) = a;.
(o) i= 3 )
Notice that for each m € {1,2,...},

(Nl(xm) ,L‘n(xm)) c [0, 1]n7

N(mm) ’ ' (T

therefore the compactness of the n-cube implies the compactness of
the map P..
(ii) Notice that for z € A,

1
z— P.(x = — T)T — wi(x)a;
| (@) @) p(x) ; (@)
< LS @l —al < 3 e =
> /1:(37) e i i M(x) v 4 s
since p;(z) = 0 unless ||z — a;| < e. O

Our next result is known as Schauder’s approximation theorem.

Theorem 4.12 Let C' be a convex subset of a normed linear space E
and F : E — C a compact, continuous map. Then for each € > 0,
there are a finite set A = {ay,...,a,} in F(E) and a finite dimensional
continuous map F, : E — C with the following properties:

(i) |Fe(z) — F(z)]] < € for all xz € E,
(i) F.(z) C co(A) C C.

Proof F(FE) is contained in a compact subset K of C, therefore since K is
totally bounded, there exists a set {a1,...,a,} C F(E) with F(E) C A..
Let P. : Ac — co(A) be the Schauder projection and define the map
F.:E—Cby

F.(x):= P.(F(z)) for z € E.
Theorem 4.11 now guarantees the result. O

Before we prove Schauder’s fixed point theorem we first introduce the
notion of an e-fixed point (see Exercise 2.3). Let D be a subset of a
normed linear space F and F : D — E a map. Given € > 0, a point
d € D with ||d — F(d)|| < € is called an e-fized point for F'.
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Theorem 4.13 Let D be a closed subset of a normed linear space E
and F : D — E a compact, continuous map. Then F has a fized point
if and only if F' has an e-fized point.

Proof Assume that F' has an e-fixed point for each ¢ > 0. Now for each
n € {1,2,...}, let d, be a (1/n)-fixed point for F, that is,

(11) I~ F(d)] < -

Since F' is compact, F(D) is contained in a compact subset K of E and
therefore there exist a subsequence S of integers and an z € K such that

F(d,) -z € Kasn—ooin S.

Now (4.1) implies that d,, — = as n — oo in S and since D is closed we
have that z € D. Also, the continuity F' implies that F'(d,,) — F(z) as
n — oo in S and this together with (4.1) yields || — F(z)|| = 0, that is
x = F(z). O

We now state and prove Schauder’s fixed point theorem.
Theorem 4.14 Let C' be a closed, convex subset of a normed linear

space E. Then every compact, continuous map F : C — C has at least
one fized point.

Proof By Theorem 4.13, with D = C, it suffices to show that F' has an
e-fixed point for every € > 0. Fix € > 0. Theorem 4.12 guarantees the
existence of a finite dimensional, continuous map F, : C' — C with

(4.2) | Fe(x) — F(z)|| < e for x € C

and

F.(C) C co(A) C C for some finite set A C C.

Since co(A) is closed and bounded and F(co(A)) C co(A), we may
apply Theorem 4.10 (Brouwer’s fixed point theorem) to deduce that
there exists x. € co(A) with z. = F(x.). Also, (4.2) yields

[ze = Fe(ze)|| = |Fe(ze) — F(zo)l| <e a

In 1980, Monch generalised Theorem 4.14 and for completeness we
present his result here.
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Theorem 4.15 Let ) be a convex, open set in a Banach space E with
xo € Q. Suppose there is a continuous map F : Q@ — Q with the following
property:

(4.3) { C C Q countable and C C o({xo} U F(C))

imply that C' is relatively compact.
Then F has a fized point in Q.

Proof Let
Dy :={zo} and D,, :== co{zo} U F(Dp_1)) forn=1,2,....

Mazur’s theorem (Exercise 4.12), together with the fact that the con-
tinuous image of a compact set is compact, implies that D,, is relatively
compact. Notice also that

DyCDiyC---CD,1CD,C---CQ.

In addition, each D,, is separable, therefore there is a sequence of count-
able {C,,}, with C,, = D,, for n =0,1,2,.... Let

D::DDnandC::GCn.

n=0 n=0

Notice it is easy to check since (D,,) is increasing, that

44 D=|JD.= U ({z0} UF(Dy_1)) = co({zo} U F(D))
n=0

and (note U D, C U D, D Dn>
n=0

n=0

o0

ws) U [:J and D= JTa=Jcn =T

n=0

It follows from (4.4), (4.5) and the continuity of F (that is, F(D) C
F(D)), that

= ({20} UF(C)) =co({zo} U F(C)).
Remark 4.2 Note that the continuity of F' implies that
F(D) U {x0} € F(D) U {wo} € F(D) U {ao} C &(F(D) U {xo})
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and therefore
co(F (D) U {zo}) = co(F (D) U {zo}).

Since C' is countable, (4.3) implies that C' is compact. Hence D is com-
pact. Also notice that D = €o6({z¢} U F(D)) from (4.6) and therefore
F(D) € D. We may apply Theorem 4.14 (Schauder’s fixed point theo-
rem) to deduce that F has a fixed point in D. U

We are now in a position to prove Monch’s fixed point theorem.

Theorem 4.16 Let C be a closed, conver subset of a Banach space
with xo € C. Suppose there is a continuous map F : C — C with the
following property:

@7) { D C C countable and D C co({zo} U F(D))

imply that D is relatively compact.

Then F has a fixed point in C'.

Proof Essentially the same reasoning as in Theorem 4.15 establishes
this. However here we provide a second proof. By Dugundji’s extension
theorem (see Exercise 4.8) there is a continuous map F* : E — C with
F*(x) = F(z) for x € C. Let D C E be countable and

(4.8) D C @o({xo} U F*(D)).

Since F*(D) C C, (4.8) implies that D C C and as a result F*(D) =
F (D). We may apply (4.7) to deduce that D is relatively compact. Next
apply Theorem 4.15 to F* with QQ = E to show that there exists x € E
with F*(z) = x. Since F*(z) € C we must have x € C and therefore
x = F*(z) = F(z). O

Remark 4.3 Theorem 4.16 contains the well known fixed point theo-
rem of Sadovskii (see Exercise 4.5).

To illustrate how Theorem 4.14 can be applied in practice, we discuss
the discrete boundary value problem

{ A?y(i — 1)+ f(i,y(i)) =0, i € N,

(4.9)
y(0)=0, y(I'+1)=0.
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Here T € {1,2,...}, N ={1,2,..., T}, Nt ={0,1,..., T+ 1}, Ay(j) =
y(i+1) —y(j), and y : Nt — R". We will assume that
(4.10) f: N xR"— R" is continuous

holds.

Remark 4.4 Recall that a map f: Nt x R" — R" is continuous as
a map of the topological space N x R" into the topological space R
(the topology on N will be the discrete topology).

Let C(N*t,R") denote the class of maps w, continuous on NT
(discrete topology), with norm ||w|¢ = maxgen+ [|w(k)||, that is,
C(NT,R") :={w:w: Nt — R"} which is a Banach space.

Remark 4.5 Since N7 is a discrete space, then any mapping of N T
to a topological space (in this case R™) is continuous.

By a solution of (4.9) we mean a w € C(N*, R™) such that w satisfies
(4.9) for i € N and w satisfies the boundary (Dirichlet) conditions. We
will establish two existence results for (4.9). Both results will depend
on the following result (here (-,-) is as defined in the beginning of this
chapter).

Theorem 4.17 Let x € C(NT,R") andi € {0,1,...,T —1}. Then

(i + DA% (@) = (i + 1), A% (i) .

Proof Notice that

lz(i + DIA%|z(@)] = (2 +1), A%())
= (=G + 2l = 2flz(@ + DI + @) 26 + D]

(i+1), z(t +2)—2z(i+ 1) + z(3))

i)[H( + 1
)

(@ +2)[ lz(@ + DI + =@ |2 + D
=llz@+ D (2@ + 2)[ + [=(@I]) = 0. O

—(z
= 2@+ 2 2@+ DI + =
—(z

(
(i4+1), x(i+2) + (i)

Y



42 The Theorems of Brouwer, Schauder and Mdnch

Theorem 4.18 Suppose that (4.10) holds. In addition, assume the
following hold:

there exist v € C(NT,R™) and M € C(N™*,(0,00)) with
(011) { {y— (i), —f(iy) — A% — 1)) > M(A2M(i — 1)
for alli e N and y € R™ with ||y — v(i)|| = M(7)

and
(4.12) [lo(0)|| < M(0) with ||o(T +1)|] < M(T +1).

Then (4.9) has a solution y € C(NT,R™) with ||y(i) —v(i)| < M(%), for
1€ N.

Remark 4.6 Suppose that n = 1 and «, 8 € C(N™, R) are respectively
lower and upper solutions of (4.9), that is,

{ A%a(i — 1)+ f(i,a(i)) > 0 for i € N,
a(0) <0, a(T+1)<0

and

{ A?B(i — 1) + f(i,3(i)) > 0 for i € N,
B6(0) >0, B(T+1)>0.

In addition, suppose that a(i) < §(i) for i € N. Then it is easy to check
that

atf and M =

v =

B—a
2
satisfy (4.11) and (4.12).

Proof of Theorem 4.18 Consider the discrete boundary value problem

A%y(i — 1)+ f(i, P(i,y(i))) = 0, i € N,
@19 o i

where

P =i {1, bt (1o {1 ) v

That is,

o | it [y — v(i)] < M(i),
(iry) = M(i)ﬁ%—v(i) it [y — o) > M)
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is the radial retraction of R"™ onto {y : ||y — v(i)|| < M(i)}. We now
use Theorem 4.14 to show that (4.13) has a solution. Solving (4.13) is
equivalent to finding a y € C(N*, R") which satisfies

T
(4.14) y(i) =Y G(i,j)f(G, P(,y(j))) for i € NT,
=1
where
L0 o cin,
G(i,j) =4 L tl .
THL=D) i<t
T+1 -0 '
Define the operator F': C(NT,R") — C(N*,R") by setting
T
Fy(i):=>_ G(i,5) £, PG,y()))-
j=1

Now (4.14) is equivalent to the fixed point problem y = F(y). It
is immediate from the Arzela—Ascoli theorem in C(NT,R") that F :
C(NT,R") — C(N*,R") is a compact map. Schauder’s fixed point
theorem (Theorem 4.14) guarantees that F has a fixed point. Conse-
quently, (4.13) has a solution y € C(NT,R™).

It remains to show that ||y(i) — v(¢)|| < M (i) for ¢ € N. If this is not
true then

r(i) = [ly () — v(@)|| — M (i)
attains a positive global maximum at say m € N and we may assume,
without loss of generality, that (m) > r(m —1). Thus r(m) > r(m —1)
and r(m) > r(m + 1) imply
r(m+1)—2r(m)+r(m—-1)<0.
Consequently,

(4.15) A?r(m—1) <0.

On the other hand, since r(m) > 0, we have using Theorem 4.17 and
assumption (4.11), that

A’r(m—1) = A%|y(m —1) —v(m —1)|| = A2M(m — 1)
(y(m) —v(m), A%(y(m — 1) —v(m —1)))

& ly(m) — o(m)]
—A?M(m —1)
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(P(m,y(m)) —v(m), A’y(m — 1) = A%(m — 1))

M(m)
~A*M(m —1)
_ (Plm,y(m)) = v(m), = f(m, P(m,y(m))) = A%(m = 1))
~A*M(m —1)

> A’M(m —1)— A’M(m —1) = 0.

This contradicts (4.15). Thus ||y(7) —v(i)|| < M (i) for i € N and we are
finished. O

In fact it is also possible to discuss the case when M (i), in (4.11), may
take on the value zero.

Theorem 4.19 Suppose that (4.10) holds. In addition, assume the
following hold:

there exist v € C(NT,R"™) and M € C(N™,[0,00)) with
' foralli € N and y € R™ with ||y — v(3)|| = M(3),
M(i) # 0,

there exist v and M as in (4.16) with
{y — (i), —F (i, (i) — A%u(i — 1))

(@11 v~ o] = A=)
for alli € N and y € R™ with ||y —v(i)|| > M(3),
M(i) =0,

and

(4.18) [[0(0)]] < M(0) with ||v(T +1)|| < M(T +1).

Then (4.9) has a solution y € C(N1T,R™) with ||y(i) —v(d)|| < M(i) for
1€ N.

Remark 4.7 Ifn=1and o, 3 € C(NT,R") are respectively lower
and upper solutions of (4.9), with a(i) < (7) for i € N, then it is easy
to check that

a;—ﬁ andM:ﬁga

satisfy (4.16), (4.17) and (4.18).

v =
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Proof of Theorem 4.19 As in Theorem 4.18, (4.13) has a solution y €
C(NT,R"). Let r(i) and m be as in Theorem 4.18 and once again
(4.15) is true. On the other hand, if M(m) > 0, then exactly the same
argument as in Theorem 4.18 establishes a contradiction.

Next we see that if M(m) = 0, then Theorem 4.17 and assumption
(4.17) yield

<y(m) —v(m), A%y(m — 1) — A%v(m — 1)>

ly(m) —v(m)||
—A2M(m —1)

Y

A?r(m —1)

(y(m) —v(m), —f(m, P(m,y(m))) — A’v(m — 1))
[y(m) —v(m)]|

—~A*M(m —1)

<y(m) —v(m), —f(m,v(m)) — A%v(m — 1)>
[y(m) —v(m)|
~A?M(m —1) > 0.

In both cases we contradict (4.15) and therefore the proof is complete.

O

Notes We follow the approach of Goebel and Kirk [77] to establish
Brouwer’s fixed point theorem. Other approaches may be found in Bor-
der [23] and Dugundji and Granas [55]. The proof of Schauder’s fixed
point theorem can be found in any classical fixed point theory book
[65,77,174,191]. Monch’s original paper [130] and a recent book of Guo,
Lakshmikantham and Liu [88] were used to establish Theorem 4.15 and
Theorem 4.16. Theorem 4.18 and Theorem 4.19 were taken from Agar-
wal and O’Regan [1].

Exercises

4.1 Let E be a normed space, B the closed unit ball in F and 0B the
unit sphere in E. Suppose that F' is a continuous, compact map
of B into E with F(0B) C B. Show that F has a fixed point.

4.2 Let E be a normed space, F' a continuous mapping of E into F
which is compact on each bounded subset of E. Show that either

(i) the equation x = AF'(x) has a solution for A =1, or
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4.3

4.4

4.5

4.6
4.7
4.8

4.9
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(ii) the set of all such solutions z, for 0 < A < 1, is unbounded
holds.

Let F be a Banach space and g the class of bounded subsets of
E. The Kuratowskii measure of noncompactness o : Qg — [0, 00)
is defined by (here z € Q)

a(X):= inf{e >0:XC UXi and diam(X;) < e for ¢ = 1,...,71};

i=1

here diam X; = sup{|z —y| : =,y € X;}.
Let A, B € Qg. Show that the following hold:

(i) a(A) =0 if and only if A is compact,

(i) a(A) = a(4),

(iil) B implies that a(A) < a(B),

(iv) B) = max{a(A), a(B)},
)
)
)

o

S 2o

a>>h>|ma>l

o

(AU
(v) a(A4) = [Aa(A), A € R,
(vi) a(A+ B) < a(4) + a(B),
(vii) a(co(4)) = a(A).

Let E be a Banach space and {A,} a decreasing sequence of
nonempty, closed, bounded subsets of £ with a(A,,) — 0. Show

that A = ﬂ A, is nonempty and compact.

n=1
Let C be a closed, convex subset of a Banach space E. Suppose
that F': C — C is a continuous, condensing (a(F(X)) < a(X) for
any X C C with o(X) # 0) map, with F(C) a bounded set in C.
Use Theorem 4.16 to show that F' has a fixed point in C.

Provide a proof of Theorem 4.4.
Provide a proof of Theorem 4.5.

Let T : A C X — Y be a continuous operator on a nonempty,
closed subset A of the metric space (X, d) to the normed space Y.
Show that T has a continuous extension T* : X — co(T'(A)).

Let U be a bounded, symmetric with respect to zero (that is, x € U
implies that —x € U), convex open neighbourhood of zero in R"
with F : U — R"™ continuous and antipodal preserving on U
(that is F(—a) = —F(a) for a € 0U). Show that F has a fixed

point.



4.10

4.11

4.12

4.13

4.14
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Let N = {a1,...,a,} belong to some convex set C in a

normed linear space E and let P. be the Schauder projec-

tion. Show that if N C C is symmetric with respect to zero

(N ={a,...,an,—a1,...,—an}), then A, = —A, and P.(—x) =
n

—P.(z) for all x € A,; here A, = U B(a, €).

i=1
Let U be a bounded, convex, open, symmetric neighbourhood of
zero in a normed linear space E. Show that every compact, con-
tinuous map F : C — E that is antipodal preserving on OU (that
is, F(—a) = —F(a) on 9U) has at least one fixed point.

Show that the closed, convex hull of a compact set in a Banach
space is compact.

In Theorem 4.14, show that it is enough to assume C' is convex,
that is, C' need not necessarily be closed.

In Theorem 4.16 show that (4.7) may be replaced by

D C C countable and D = co({zo} U F(D))
imply that D is compact.
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Nonlinear Alternatives of Leray—Schauder
Type

To apply the Schauder or Monch fixed point theorem we need to find a
closed, convex set that is mapped by the map under investigation back
into itself. From an application viewpoint this is extremely difficult to
achieve. As a result, we turn our attention in this chapter to establishing
a fixed point theory for nonself maps.

Throughout the chapter, E will be a Banach space, C' a closed, convex
subset of E and U an open subset of C. We discuss maps F : U —
C, where U denotes the closure of U in C. Our first result concerns
continuous, compact maps.

Theorem 5.1 Let E be a Banach space, C a closed, convex subset of
E, U an open subset of C and p € U. Suppose that F : U — C is a

continuous, compact (that is, F(U) is a relatively compact subset of C)
map. Then either

(A1) F has a fized point in U, or
(A2) there is a u € OU (the boundary of U in C) and X € (0,1) with
u=AF(u)+ (1= A)p.

Proof Suppose (A2) does not hold and F' has no fixed points on oU
(otherwise we are finished). Then

u# AF(u)+ (1 — X)p for u € AU and X € [0,1].
Consider
Aw={z€U:z=tF(z)+ (1—t)p for some t € [0,1]}.

Now A # @ since p € U. In addition, the continuity of F' implies that

48
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A is closed. Notice that
ANoU = o,

therefore by Urysohn’s lemma there exists a continuous p : U — [0, 1]
with p(A) =1 and p(0U) = 0. Let

Nie):= { Ds rcC\U.

Now it is immediate that N : C — C is a continuous, compact map. To
see compactness use Mazur’s theorem (see Exercise 4.12) together with

N(C) Ceo(F(U) U{p}).

Schauder’s fixed point theorem guarantees the existence of x € C' with
x = N(x). Notice that z € U since p € U. Thus

o= (@) () + (1 — p(z)p.
As a result, z € A and therefore u(x) = 1. This implies that z = F(z).
O

Before we present generalisations of Theorem 5.1 we illustrate how
Theorem 5.1 can be applied in practice. Consider the Fredholm integral
equation

1
(5.1) y(t) = h(t) +/O k(t,s)g(s,y(s))ds for t € [0,1].

A general existence principle will be established for (5.1) using Theorem
5.1. This principle can then be used to establish various existence results
for the Fredholm integral equation.

Theorem 5.2 Let 1 < p < oo be a constant and q be such that 1/p +
1/q = 1. Assume the following hold:

(5.2) h e Clo,1];

9:10,1] x R — R is an L?-Carathéodory function;

by this we mean

(i) the map t — g(t,y) is measurable for all y € R,

(ii) the map y — g(t,y) is continuous for almost all t € [0,1],

(iii) for any r > 0, there exists p, € L9[0,1] such that |y| <r
implies that |g(t,y)| < p.(t) for almost all t € [0,1];

(5.3)

(5.4) ki(s) = k(t,s) € LP[0,1] for each t € [0, 1];
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and

(5.5) the map t — ky is continuous from [0,1] to LP[0,1].

In addition, suppose there is a constant M > 0, independent of A\, with

lylo = sup |y(t)| # M
te[0,1]

for any solution y € C[0,1] of

1
o =2 (a0 + [ kesgeao)ds), e

0
for each A € (0,1). Then (5.1) has at least one solution y € C|0, 1].

Proof Define the operator F' by

Py(t) = h(t)+/0 k(t, )g(s, y(s)) ds for ¢ € [0,1].

Notice that F : C[0,1] — C]0,1]. To see this note that for any
y € C[0,1], there exists r > 0 such that |ylo < r and since g is L9-
Carathéodory, there exists u, € L7[0, 1] with |g(s,y)| < pr-(s), for almost
every s € [0, 1]. Therefore for any t1, t2 € [0,1], we see that

6.7 |Fy(t) — Fy(t2)] < |h(t) — h(t2)]

1 v
([ o) = b as)
0
— 0 as tl — tg,

(here [|elly = [l z4)- Consequently, F': C[0,1] — C[0, 1]
Now (5.6) is equivalent to the fixed point problem

y = AFy.
We will apply Theorem 5.1 with
U:={yeC|0,1]: |yl <M} and C = E = C[0,1].

First we show that FF : U — (C[0,1] is continuous. Let y, — ¥ in
C[0,1] with {y,}>°; C U. We are required to show that Fy, — Fy
in C[0,1]. There exists pp € L9]0,1] with |y,lo < M, |ylo < M and
lg(s, yn ()] < par(s), lg(s,y(s))| < par(s) for almost all s € [0,1] (here
n € {1,2,...}). By an argument similar to the one used to derive (5.7),
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we find that for any € > 0, there exists a § > 0 such that for 1, t2 € [0, 1],
with |t; — t2] < § we have

€ €
(5.8) |Fyn(t1) — Fyn(ta)| < 3 and |Fy(t1) — Fy(ta)] < 3’
here n € {1,2,...}. In addition, Fy,(t) — Fy(t) pointwise on [0, 1],
since the Lebesgue dominated convergence theorem implies that

(5.9)  [Fya(t) = Fy@t)] < <Sup ”kt”p>

tefo,1]

g ( / oo, (8) — a5,y ds)é

— 0 asn — oo.

Combining (5.8) and (5.9), and using the fact that [0,1] is compact,
yields a constant N > 0 such that

for all n > N, |Fy,(t) — Fy(t)] < e for all t € [0,1].

Consequently Fy, — Fy in C[0,1] and therefore F' : U — C]0,1] is
continuous.

We now show that F : U — C[0,1] is compact. There exists pps €
L70,1] such that |g(s,y(s))] < par(s) for almost every s € [0,1] and
y € U. Since we are working in C[0, 1], we can use the Arzela-Ascoli

theorem to prove compactness. Clearly F'(U) is uniformly bounded since

Fylo < [hlo + ( sup ||kt|p> 1ol for all y € T.
tE[O,l]

Using an argument similar to the one used to obtain (5.7), one can see
that F(U) is equicontinuous. It follows from the Arzela—Ascoli theorem
that F(U) is relatively compact and therefore F : U — C[0,1] is a
compact map.

We may now apply Theorem 5.1 (notice that possibility (A2) cannot
occur) to deduce that F has a fixed point in U, or equivalently, (5.1)

has a solution in U. O

We can now use our existence principle, Theorem 5.2, to obtain exis-
tence criteria for (5.1). To illustrate the ideas involved, we establish two
general existence results for (5.1).

Theorem 5.3 Let 1 < p < 0o be a constant and q be such that 1/p +
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1/q=1. Assume that (5.2)—(5.5) are satisfied. In addition, suppose the
following hold:

there exists a continuous function f : [0,00) — [0, 00),
with f(u) >0 foruw >0, and with |ulo = sup |u(t)],

(5.10) ) t€[0,1]
sup / Ik(t, $)g(s, u(s))| ds < f(lulo) for any u € C[0,1]
t€(0,1] JO
and
C
5.11 sup <7>>1.
(5.11) o\l + @

Then (5.1) has at least one solution in C[0,1].
Remark 5.1 The supremum in (5.11) is allowed to be infinite.

Proof of Theorem 5.3 Let M > 0 satisfy

M
5.12 — > 1.
12 P+ 700)

Let y € CJ0,1] be any solution of (5.6) for 0 < A < 1. Then for
t € [0,1], we have that

1
()] < Ao + / (t, $)g(5,5(5)] ds < 1o + £(lulo).

and therefore

ylo

1) Al + £y =
Suppose that |y|o = M. Then (5.13) implies that
M
|hlo + f(M) —

which contradicts (5.12). Thus any solution of (5.6), satisfies |y|o # M.
Theorem 5.2 now guarantees that (5.1) has a solution y € C[0,1]. [

Our next result arises when the nonlinearity ¢ satisfies a particular
monotonicity condition and the kernel k is of negative type.

Theorem 5.4 Suppose that (5.2)—(5.5) hold with p =00 and g =1. In
addition, assume the following hold:

(5.14) { there exists a constant R > 0 with yg(t,y) > 0

for ly| > R and almost every t € [0,1]
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and

k is of negative type, that is, for any u € C[0, 1],
(5.15) Lol
| wtsigts. ooty dsa <o
o Jo

Then (5.1) has at least one solution y € C[0, 1].

Proof Let y be a solution of (5.6)y for 0 < A < 1. Multiply (5.6)5 by
g(t,y(t)) and integrate from 0 to 1 to obtain
1 1
G [ ugttu®)d < [ gt )
0 0
Let
Ry = IIIZ%X{‘PL7 ‘h|0 + 1}

Note that yg(t,y) > 0 for |y| > Ry and almost every ¢t € [0,1]. In
addition, let

Iy :={t€[0,1] : |y(t)] > Ro} and Jy :={t € [0,1] : |y(t)| < Ro}.

Notice that

(5.17) /10 y(t)g(t,y(t)) dt = /10 ly(t)g(t, y(t))| dt
> Ry s lg(t, y(t))|dt.

Put (5.16) into (5.17) to obtain

(5.18) Ro [ 1ot ) dt < / bt (o)

+ g ly(t)g(t,y(t))| dt.

Since g is an L!-Carathéodory function, there exists ur, € L[0,1] with
lg(t,u)] < pg,(t) for almost every ¢ € [0,1], and all |u| < Ry. Conse-
quently,

(5.19) . [h(t)g(t, y(1))| dt + g ly(t)g(t, y(t))| dt

IN

1
I(8) () dit + Ro / iy (£)
Jo 0

(Ro + |hlo)llpro -

IN
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Putting (5.19) into (5.18), we obtain

Ro [ lg(t,y(t))|dt < [h()g(t, y(t)] dt + (Ro + [hlo)[lr£r, [

Iy Iy

|R]o ’ lg(t,y(t))] dt + (Ro + |hlo) || 1R I|1-

IN

This immediately yields

Ro+ |h
(5.20) [ ottt < (G

Returning to (5.6), and using (5.20), we have for ¢ € [0, 1] that

WO < [hlo+ / (k. $)g(s,y(s)) ds + | 1k(t, 5)g(s, y(s)| ds
Jo
< Jblo+ sup [kl [ [ tatsuteplas+ [ atspionias
te(0,1] I Jo
Ry + |h
< [hlo+ sup i~ [(A) ||uRo||1+||uRo||1}
t€[0.1] Ro — |hlo
= Mo,
that is, |ylo < My. Now apply Theorem 5.2 with M > M. O

We now extend Theorem 5.1 to Monch type maps.

Theorem 5.5 Let E be a Banach space, C' a closed, conver subset of
E, U an open subset of C and p € U. Suppose that F : U — C is a
continuous map which satisfies Ménch’s condition (that is, if D C U is
countable and D C &6({p} UF (D)), then D is compact) and assume that

(5.21) x #tF(x)+ (1 —t)p forx € OU and t € (0,1)
holds. Then F has a fived point in U.

Proof Assume that F' has no fixed point on OU (otherwise we are fin-
ished). Then

(5.22) x #tF(x)+ (1 —t)p for x € OU and t € [0, 1].
Consider
A:={zeU:z=tF(z)+ (1 —t)p for some t € [0,1]}.

Now A # & is closed and A N oU = @&. Thus there exists a continuous
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map g : U — [0,1] with u(A) =1 and u(dU) = 0. Let N : C — C be
defined by

f u@)F@)+ (- pl@)p, zeT,
N(@):= { ) v e O\,

Now N : C — (' is continuous. In addition, N satisfies Monch’s condi-
tion. To see this let D C C be countable and

D C w({p} UN(D)).
We must show that D is compact. Notice first that
N(D) C co(F(DNT) U{p}).
Also, since co(F(DNU) U {p}) is convex and
{p} Uco(F(DNT)U{p}) = co(F(DNT) U {p})
we have

D

N

@ ({p} Uco(F(DNT) U{p}))
= @(co(F(DNU)U{p})) = (F(DNU)U{p}).

Notice also that D N U is countable and

DNU Ceo(F(DNU)U{p}).

Since F : U — E satisfies Ménch’s condition, we have that DNTU is
compact. Thus since F is continuous, F'(D N U) is compact and Mazur’s

theorem (Exercise 4.12) guarantees that

@(F(DNU)U{p})

is compact. Also, since

D Ceo(F(DNU)U{p}),

we have that D is compact. Consequently, N : C' — C'is continuous and
satisfies Monch’s condition. Monch’s fixed point theorem guarantees the
existence of x € C with x = N(z). Notice that € U since p € U. Thus

x = p(x)F(z) + (1 — plz)p

and therefore z € A. Consequently, u(x) = 1 which implies that =
F(z). O
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Let E be a Banach space and Qg be the bounded subsets of E. The
Kuratowskii measure of noncompactness (see Chapter 4) is the map
a: Qg — [0,00) defined by (here A € Qf)

a(A) = inf{e >0:AC UAZ- and diam(A4;) < e for i = 1,...,n}.
i=1

Definition 5.1 A map F : X C E — F is said to be condensing if
a(F(Y)) < a(Y) for all bounded sets Y C X with a(Y") # 0.

Definition 5.2 A map F : X C E — F is said to be k-set contractive
(here k > 0 is a constant) if a(F(Y)) < ka(Y) for all bounded sets
Y C X.

Definition 5.3 A map F : X C E — F is said to be completely
continuous if F(Y) is relatively compact for all bounded sets Y C X.

Theorem 5.6 Let E be a Banach space, C a closed, conver subset of
E, U an open subset of C and p € U. Suppose that F : U — C is a

continuous, condensing map with F(U) a bounded set in C and assume
that

(5.23) x £ tF(x)+ (1 —t)p forx € OU and t € (0,1)
holds. Then F has a fized point in U.
Proof We will apply Theorem 5.5. Let D C U be countable and D C
co({p} U F(D)). If a(D) # 0 then

a(D) < a(co({p} U F(D))) = a(F (D)) < (D)
— a contradiction. Thus a(D) = 0 and therefore D is compact. O
Theorem 5.7 Let E be a Banach space, C' a closed, conver subset of
E, U an open subset of E and p € U. Suppose that F : U — C is a

continuous, k-set contractive (here 0 < k < 1 is a constant) map with
F(U) a bounded set in C. Then either

(A1) F has a fired point in U, or
(A2) there exist u € OU and A € (0,1) with u = AF(u) + (1 — \)p.

Proof Theorem 5.7 is a direct consequence of Theorem 5.6. O
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A special case of Theorem 5.6 is the following result of Krasnoselskii
type.

Theorem 5.8 Let (E,| -||) be a Banach space, C a closed, convex
subset of E, U an open subset of C and p € U. Suppose that F : U — C
is given by F := ) + F, and F(U) is a bounded set in C. In addition,
assume that

F) : U — C is continuous and completely continuous

and

F> : U — C is a nonlinear contraction

(that is, there exists a continuous, nondecreasing function ¢ : [0,00) —
[0,00) with ¢(z) < z for z > 0, such that || Fa(z) — Fo(v)|| < o(||lx — yl|)
for all z, y € U). Then either

(A1) F has a fived point in U, or
(A2) there are a w € OU and X € (0,1) with u = AF(u) + (1 — A)p.

Proof We will apply Theorem 5.6 to obtain the desired result. Let €2 be
a bounded subset of U. Then we have

(5.24) a(F(Q)) < a(F1(Q)) + a(F2(Q2)) = a(F2(Q)),
since Fy : U — E is completely continuous. We now claim that

(5.25) a(F3()) < ¢(a())
holds. If this is true, then (5.24) and (5.25) yield

a(F()) < o))

and consequently, F : U — C is a condensing map. To show that (5.25)
holds, let € > 0. Then there exist Q4,...,Q, with

U ; and diam(Q;) < () +e.

Now

n
g

UFz )=

i=1
If wp, wy € Y; for some 4, then there exist xg, x1 € Q; with Fy(z¢) = wo
and Fy(x1) = w;. Since ¢ is nondecreasing we obtain

[1F2(0) — Fa(z1)[| < é(llzo — 1]]) < d(a(§2) +€).
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Consequently,
diam(Y;) < ¢(a(Q) +€) fori=1,...,n

and as a result
a(F2(2)) < ¢(a() + ).

Since € > 0 is arbitrary, (5.25) follows. O

Remark 5.2 Notice a special case of Theorem 5.8 is when Fy : U — E
is a contraction (with Lipschitz constant L < 1). To see this, take
#(z) = Lz. In this particular case notice that F' : U — E is L-set
contractive.

Our next result again concerns the sum of two operators, one being
compact and the other nonexpansive.

Theorem 5.9 Let E = (E,| - |) = C be a uniformly convexr Banach
space and U a bounded, open, convex subset of E with p € U. Suppose
that F: U — E is giwen by F := Fy + Fy where

F, : U — E is strongly continuous

and

F, : U — FE is a nonexpansive map.

Then either

(A1) F has a fived point in U, or
(A2) there are a u € OU and X € (0,1) with u = AF(u) + (1 — \)p.

Remark 5.3 F| : U — FE is said to be strongly continuous if
{xp}2°, C U, x, — x imply that Fy(z,) — Fi(z); here — denotes
weak convergence.

Remark 5.4 Notice that F} : U — FE strongly continuous in Theorem
5.9 implies that F}, : U — E is continuous and compact. We need
only show compactness. Notice first that since U is convex and F is
reflexive, then U is weakly closed. In addition since U is bounded, we
have that U is weakly compact. Now let {y,}>°, C F;(U). Then for
each n € {1,2,...}, there exists z,, € U with y, = Fi(z,). Since
U is weakly compact, there exists a subsequence S of {1,2,...} with
x, = € U asn — oo in S. Due to the strong continuity of F} we have
that y, = Fi(x,) — F(x0) asn — oo in S.



Chapter 5 59

Proof of Theorem 5.9 Assume that (A2) does not hold. Without loss
of generality, assume that p = 0. Consider for each n € {2,3,...}, the

mapping

G, = (1—1)F:U—>E.
n

Notice that (1 — 1/n)Fy : U — E is a contraction, and (1 — 1/n)F, :
U — E is continuous and compact. We want to apply Theorem 5.8 to
Gy, If there exist A € (0,1) and u € U with u = AG,,(u), then

uzA(l—%)F(u):nF(u) Where0<n:)\<1—%> <1,
which is a contradiction since (A2) was assumed not to hold. Conse-
quently, for each n € {2,3,...}, we have from Theorem 5.8 that G,, has
a fixed point u, € U.

Since E is a reflexive Banach space (see Exercise 5.5), then any norm
bounded sequence in E has a weakly convergent subsequence. Therefore
since U is bounded, there exist a subsequence S of integers and a u € U
(notice that U is strongly closed and convex, therefore weakly closed)
with

Uy — w as n — oo in S.

In addition,

I = ) = Bl = ||~ Fa(wn) + Fi(u) = Fiw) = % Fa(ws)

IN

|+ IE )]+ 12 ()}

+[1F1 (un) = Fa(u)l,

therefore since F} : U — FE is strongly continuous, we have that
(I — F2)(uy) — Fi(u) asn — oo in S.

The demiclosedness of I — Fy (see Exercise 2.8) implies that Fy(u) =
(I — Fy)(u). O

All the results so far in Chapter 5 concern maps F' : X C F — E,
when the interior of X is nonempty. We now present some results when
the interior of X may be empty.

Theorem 5.10 Let E be a Hilbert space, Q a closed, convex subset of E
and 0 € Q. Suppose that F': Q — E is a continuous, k-set contractive
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(here 0 < k < 1 is a constant) map with F(Q) a bounded set in E.
Assume also that the following condition holds:

if {(z5, )52, is a sequence in 0Q x [0, 1]
(5.26) converging to (x, A) with x = AF(z) and 0 < A < 1,
then \;F(z;) € Q for j sufficiently large.

Then F has a fized point in Q.

Proof Define r: E — @ by

r(z) := Pg(x),

that is, the nearest point projection on Q). We know (Exercise 2.5) that
r is continuous and nonexpansive. Consider

B:={zxe€FE:x=Fr(x)}.

We first show that B is nonempty. To see this we consider rF : Q — Q.
Since F' is k-set contractive and 7 is nonexpansive, we have that rF is
k-set contractive. Also, r(F(Q)) is bounded since F(Q) is bounded and
r is nonexpansive, that is, for u € @ we have that

[ (E )l < lIr(EO)] + [[EO)] + [[F ()]l

Monch’s fixed point theorem (or Exercise 4.5) guarantees that rF has
a fixed point. This immediately implies that F'r has a fixed point and
therefore B # @. The continuity of F' and r implies that B is closed.
Next we show that B is compact. To see this notice that B C F(r(B)).
Since r is nonexpansive and F' is k-set contractive, we see that

a(B) < a(F(r(B))) < ka(r(B)) < ka(B).

Thus «(B) = 0 and therefore B is compact.

We now show that BN @ # &. Suppose this is not true, that is,
suppose that BN @Q = &. Then since B is compact and @ is closed,
there exists 0 > 0 with dist(B,Q) > 6. Choose N € {1,2,...} with
1 < dN. Define

U, := {Jc € E:dzQ)< %} forie {N,N+1,...};
here d denotes the metric induced by the norm. Fix ¢ € {N, N +1,...}.
Since dist(B, Q) > &, we have that BN U; = @. Notice that U; is open
and also Fr : U; — E is k-set contractive. Theorem 5.7 guarantees, since
BNU; # @, that there exists (y;, A;) € OU; x (0,1) with y; = A\ Fr(y;).
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Thus for each j € {N,N +1,...} there exists (y;,\;) € oU; x (0,1)
with y; = A;Fr(y;). Consequently,

(5.27) NFr(y;) Q@ for j € {N,N+1,...}.
We now look at
D :={x € E:x = \Fr(z) for some X € [0,1]}.
Notice that D is closed and in fact compact. To see this note that
D Cw(F(r(D)) U{0}),
and therefore

a(D)

IN

a(co(Fr(D) U{0}))
= a(Fr(D)) < ka(r(D)) < ka(D).

Hence (D) = 0 and therefore D is compact (therefore, sequentially
compact). This, together with

d(y;, Q) = % and [A\;| <1forje {N,N+1,...},
implies that we may assume without loss of generality that
Aj — A*€[0,1] and y; — y* € 0Q.
Also we have that
yj = XEFr(y;) — A Fr(y”),

and therefore y* = M*Fr(y*). Now \* # 1 since BN Q = @. Hence
0 < A* < 1. However, (5.26) with

zj =r(y;) € 0Q and z = y* =r(y"),

implies that \;Fr(y;) € @ for j sufficiently large. This contradicts
(5.27). Thus BN @ = & and therefore there exists z € Q with x =
Fr(z) = F(x). O

Remark 5.5 If F(0Q) C @Q in Theorem 5.10, then clearly (5.26) holds.
Remark 5.6 In Theorem 5.10, if 0 € int(Q), where int ) denotes the

interior of @), then the proof would be a lot simpler. One would just
need to show that condition (A2) in Theorem 5.7 is not satisfied.
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Remark 5.7 In Theorem 5.10, F : Q — E being k-set contractive,
0 <k <1, could be replaced by F' : Q — FE being 1-set contractive and
condensing.

Remark 5.8 If the map F : Q — E is a continuous, compact map,
then the Hilbert space E could be replaced by a Banach space. The proof
follows the same reasoning as in Theorem 5.10, except in this case 7 :
E — @ is a continuous retraction which exists by Dugundji’s extension
theorem (Exercise 4.8). Notice that r is not necessarily nonexpansive;
however, we need only the continuity of r in the proof of Theorem 5.10
if F: @ — F is compact.

Our final theorem in this chapter is a result of Reinermann type (see

Exercise 5.9).

Theorem 5.11 Let E be a Hilbert space, Q a closed, convex, bounded
subset of E and 0 € Q). Suppose that F' : Q — E is given by F' := F1+F5,
where

Fy : Q — E is strongly continuous

and

F> : Q — FE is nonexpansive.
In addition, assume that (5.26) holds. Then F has a fized point in Q.
Proof For each n € {2,3,...}, consider the mapping
1
G, = (1——)F:Q—>E.
n
Notice that (1 — 1/n)F; : Q — F is continuous and compact, while
Fy : @ — FE is a contraction. We wish to apply Theorem 5.10 to G,,.

Let {(z;,A;)}52; be a sequence in 9Q x [0, 1] converging to (x,\) with
= AGp(x) and 0 < A < 1. Then

1
NiGr(xj) = A (1 - E) F(z;) = pjF(x;) € Q for j sufficiently large,

since F satisfies (5.26); note that u; = A;(1—1/n) is a sequence in [0,1)
with

pi—=A1—-1/n)=pasj—oo, 0<pu<l,
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and
2 = AGn(z) = A <1 - ;) F(z) = pF(z).

Apply Theorem 5.10 to G,, to deduce that G,, has a fixed point u,, € Q.
Now since @ is bounded, there exist a subsequence S of integers and a
u € @ with

Uy, — U as n — oo in S.
Essentially the same reasoning as in Theorem 5.9 now yields
(I — F5)(uy) — Fi(u) asn — oo in S.
The demiclosedness of I — Fy implies that Fy(u) = (I — F3)(u). O

Notes The nonlinear alternatives of Leray—Schauder type (that is, The-
orem 5.1 and Theorem 5.5) were adapted from Banas and Goebel [13],
Granas [85], O'Regan [141] and Precup [154]. Theorems 5.2-5.3 can be
found in O’Regan and Meehan [144], and Brezis and Browder [26]. The-
orem 5.10 and Theorem 5.11 were adapted from Furi and Pera [72] and
O’Regan [139, 141].

Exercises

5.1 Let E be a Banach space, C' a closed, convex subset of E and
0 e C. Let F': C'— C be a continuous and completely continuous
map. Define

E(F):={z € C:x=\F(z) for some XA € (0,1)}.

Show that either E(F') is unbounded or F has a fixed point.

5.2 Let E be a normed linear space. A map F' : E — E is called
quasibounded whenever

F
|F|g = inf sup IF (@) =1lim sup
P>0 g >p Il lzll—oo [l

(|F|q is called the quasinorm of F.)

(a) Show that every bounded, linear operator is quasibounded.

(b) Let F': E — E be a quasibounded, continuous and completely
continuous map. Show for each || < 1/|F|, (and for all real
A when |F|, = 0) that AF has at least one fixed point.



64
5.3

5.4

5.5
5.6

5.7

5.8

5.9

5.10

Nonlinear Alternatives of Leray—Schauder Type

Let E be a Banach space, C' a closed, convex subset of F, U an
open subset of C' with 0 € U. Suppose that F : U — C is a
continuous, k-set contractive (here 0 < k < 1) map with

|F(z)| < V2|2 + ||z — F(z)|]? for z € OU.

Show that F has a fixed point in U.

Let E be a Banach space, C a closed, convex subset of F, U an
open subset of C and p € U. Suppose that F : U — C is a 1-set

contractive map with F(U) a bounded set in C and (I — F)(U)
closed. Show that either

(A1) F has a fixed point in U, or
(A2) thereexistawu € OU and A € (0, 1) with u = AF(u)+(1—N)p.

Show that every uniformly convex Banach space is reflexive.

Let E be a Banach space, Q a closed, convex subset of F and
0 € Q. Suppose that F' : Q — E is a continuous, compact map
and that (5.26) holds. Show that F' has a fixed point in Q.

Let E be a Hilbert space, @Q a closed, convex subset of E and
0 € Q. Suppose that F': Q — E is a 1-set contractive map with
F(Q) a bounded set in C. Also assume that (I — F')(Q) is a closed
and (5.26) holds. Show that F' has a fixed point in Q.

Let @ be a subset of a Banach space E = (E, || - ||). Suppose that
F,F,:Q — E (here n € {1,2,...}) with (I — F)(Q) closed and
lim sup ||F(z) — Fn(x)| = 0.
n—00 1
If for each n € {1,2,...}, F, has a fixed point in @, show that F
has a fixed point in Q.

Let E be a uniformly convex Banach space, () a closed, convex,
bounded subset of £ with 0 € Q. Suppose that F' : @ — Q is
given by F' := F} 4+ F5, where F; : Q — FE is strongly continuous
and Fy : Q — F is nonexpansive. Show that F' has a fixed point
in Q.

In Theorem 5.1 show that the Banach space E can be replaced by
a normed linear space E. Also show that the condition that C' is
closed can be removed.
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Continuation Principles for Condensing
Maps

There are three main approaches in the literature to presenting contin-
uation principles for condensing maps. The first uses degree theory (see
Chapter 12), the second is the essential map approach of Granas and
the third is the 0-epi map approach of Furi, Martelli and Vignoli. In
this chapter we will present the second approach. We remark that the
third approach will be presented in Chapter 8 in a more general setting.
In particular in this chapter we will show that the property of having a
fixed point (or more generally, being essential) is invariant by homotopy
for compact (or more generally, condensing) maps.

We begin with compact maps. Throughout this chapter, E will be a
Banach space, C will be a closed, convex subset of £ and U will be an
open subset of C.

Definition 6.1 We let K(U,C) denote the set of all continuous, com-
pact maps F : U — C; here U denotes the closure of U in C.

Definition 6.2 We let Ky (U, C) denote the set of maps F € K (U, C)
with ¢ # F(z) for z € 9U.

Definition 6.3 A map F € Kyy(U,C) is essential in Koy (U, C) if
for every map G € Kyy(U,C) with Glory = F|sy, there exists x € U
with z = G(z). Otherwise F is inessential in Kpy (U, C), that is, there
exists a fixed point free G € Kpy (U, C) with Gloy = Flov.

Remark 6.1 If I € Kyy(U,C) is essential then there exists © € U
with z = F(x).

65
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Definition 6.4 Two maps F and G belonging to Koy (U,C) are
homotopic in Koy (U, C), written

F~Gin Koy(U,C),

if there exists a continuous, compact mapping H : U x [0,1] — C such
that Hy(-) := H(-,t) : U — C belongs to Kpy (U, C) for each t € [0,1],
with H() = F and H1 =G.

Theorem 6.1 Let E be a Banach space, C a closed, conver subset of
E, U an open subset of C and F, G € Kay(U,C). Suppose that

x #tG(x) + (1 —t)F(x) for each (z,t) € OU x [0,1].
Then F ~ G in Koy (U, C).

Proof Let
H(z,t) :=tG(x) + (1 —t)F(z) for (x,t) € U x [0,1].

We first show that H : U x [0,1] — C is a continuous, compact map.
We need only show compactness. Let {(x,,,)}52; be any sequence in
U x [0,1]. Without loss of generality, assume that there exists t € [0, 1]
with limy,_eot, = t. Since F : U — C and G : U — C are compact
maps, there exist a subsequence S of integers and u,v € C' with

F(z,) —vand G(z,) —uasn —ooin S.
Due to the convexity of C' we have that
H(zn,tn) = tnG(en) + (1 —tn)F(zn)
— tut+(l—thveCasn—ooinS.
As aresult, H : U x [0,1] — C is a compact map. In addition, since
x £ tG(x) + (1 — t)F(z) for (z,t) € U x [0,1],

we have that H; € Kpy (U, C) for each t € [0,1]. Finally, Hy = F and
H, = G, therefore F ~ G in Koy (U, O). O

We next characterise inessential maps in Ky (U, C) in terms of ho-
motopy.

Theorem 6.2 Let E be a Banach space, C a closed, conver subset
of E, U an open subset of C and F € Koy (U,C). Then the following
conditions are equivalent:
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(i) F is inessential in Koy (U,C),
(ii) there ewists a fized point free map G € Koy (U,C) with F ~ G in
KBU(Uv C)

Proof We first show that (i) implies (ii). Let G € Koy (U, C) be a fixed
point free map with F|sy = Gloy. Suppose that there exist an x € U
and a t € [0,1] with

r=tG(x)+ (1 —t)F(z).

Then since Flgy = G|ov, we have that © = G(x) — a contradiction since
G € Koy(U,C). As a result,

x #£tG(z) + (1 — t)F(x) for each (z,t) € OU x [0,1].
Thus Theorem 6.1 implies that F ~ G in Kpy (U, O).

We next show that (ii) implies (i). Let H : U x [0,1] — C be a
continuous, compact map with H; € Kay (U, C) for each t € [0,1], with
Hy = G and Hy = F. Consider

B:={zx€U:z=H(w,t) for some t € [0,1]}.

If B = @ then for each t € [0, 1] we have that H; has no fixed points in U,
therefore in particular, F has no fixed points in U. Thus F is inessential
in Ky (U, C). Therefore it remains to consider the case when B # @.
The continuity of H implies that B is closed in U. Since BN oU = @,
there exists a continuous function

p:U — [0,1] with x(8U) =1 and pu(B) = 0.
Define J : U — C by
J(z) = H(z, p(x)).

It is easy to see that J : U — C is a continuous, compact map. In
addition, J|guy = Floy since if 2 € OU then

J(xz) = H(z,1) = F(z).

Finally, z # J(x) for x € U since z = J(x) for some x € U means that
x € B and therefore p(x) = 0 (that is, x = G(z)) — a contradiction.
Consequently, J € Kpy(U,C) with  # J(x) for z € U and J|oy =
F|ay. As a result, F is inessential in Kay (U, C). O

Our next result shows that the property of being essential is invariant
by homotopy for compact maps.
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Theorem 6.3 Let E be a Banach space, C a closed, conver subset
of E and U an open subset of C. Suppose that F and G are two
maps in Koy (U,C) with F ~ G in Koy (U,C). Then F is essential
in Koy (U, C) if and only if G is essential in Koy (U,C).

Proof If F is inessential in Kpy (U, C) then Theorem 6.2 guarantees
that there exists a fixed point free T € Kpy(U,C) with F ~ T in
Kou(U,C). Asaresult, G ~ T in Koy (U, C) and therefore G is inessen-
tial in Koy (U,C) by Theorem 6.2. Symmetry will now imply that F
is inessential in Ky (U, C) if and only if G is inessential in Kpy (U, O).

]

Theorem 6.4 Let E = (E, | -||) be a Banach space, C a closed convex

subset of E, U an open subset of C' and suppose that F € Kay(U,C)

is essential in Kpy(U,C). Then there exists € > 0 with the following

properties:

(i) any continuous, compact map G : U — C satisfying ||F(z) —
G(z)|| < € for all x € AU belongs to Koy (U, C),

(ii) G (as described in (i)) is essential in Koy (U,C).

Proof Since F : U — C is a compact map and fixed point free on OU,
an easy argument shows that there exists e > 0 with
|z — F(zx)|| > € for all z € U.
If G: U — C satisfies
IG(z) — F(x)| < e for all z € 9U,
then
1G(z) — || = |z = F(2)|| - |G(z) = F(x)| > e—€e=0

and therefore G is fixed point free on OU. Apply Theorem 6.1 (or Ex-
ercise 6.2) to deduce that ' ~ G in Kpy(U,C). Theorem 6.3 now
guarantees that G is essential in Kpyr (U, O). O

We next provide an example of an essential map in Kyr (U, C) which
is particularly useful in applications.

Theorem 6.5 Let E be a Banach space, C' a closed, convexr subset of

E, U an open subset of C and p € U. Then the constant map F(U) =p
is essential in Koy (U, C).
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Proof Let G : U — C be any continuous, compact map with G|sy =
Floy = p. We must show that G has a fixed point in U. Let J : C — C
be given by

[ G(z), z€U,
(@)= { P, z e C\U.

It is easy to see that J : C — (' is a continuous, compact map.
Schauder’s fixed point theorem guarantees that J has a fixed point, say
x € C. In fact we have x € U since p € U. Hence z = J(z) = G(z) and
therefore 7 is a fixed point of G. As a result, F is essential in Kpy (U, O).

U]

Our next result provides an alternative proof of Theorem 5.1.

Theorem 6.6 Let E be a Banach space, C a closed, convex subset of
E, U an open subset of C and p € U. Then every continuous, compact
map F : U — C has at least one of the following properties:

(A1) F has a fived point in U, or
(A2) there are a w € OU and a A € (0,1) with uw = AF(u) + (1 — \)p.

Proof Suppose (A2) does not occur and x # F(z) for « € OU (otherwise
we are finished). Let G : U — C be the constant map u +— p and consider
the continuous, compact map H : U x [0,1] — C joining G to F given
by

H(z,t):=tF(z)+ (1 —t)p.

In addition, for fixed ¢ € [0,1], z # Hy(z) for x € OU. Consequently,
F ~ G in Kpy(U,C). Now Theorem 6.3 and Theorem 6.5 imply that
F is essential in Koy (U, C) and thus there exists x € U with z = F(x),
that is, (A1) occurs. O

Definition 6.5 Let X and Y be two subsets of a Banach space E. A
continuous map f : X — Y is called a compact field if x — x — f(x) is
a compact map of X into E.

Definition 6.6 Let (X,dx) and (Y, dy) be metric spaces and f : X —
Y. If there are an € > 0 and a § > 0 such that

diam f~*(B(y,0)) < ¢ for all y € Y,

then we say that f is a d-based e-map; here B(y,0) = {z € Y :
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dy(y,z) < 0}. If 6 = 0 the map f is called an e-map, and if § > 0
the map f is called an e-map in the narrow sense.

We now use Theorem 6.3 to study the equation y = z — F(x).
Theorem 6.7 Let B(wg,¢) be the closed ball in the Banach space E =

(E,||-]|) and f : B(xg,€) — E be a continuous, compact field. If f is an
e-map then there exists an n > 0 with

B(f(wo),m) C f(B(wo,€)).
If f is a d-based e-map with § > 0 then

B(f(x0),0) € f(B(zo,€)).
Proof Let F be the associated compact map, that is, F(z) := x — f(x).
Since f is a §-based e-map, F' has the property that
|z — y| < € whenever |F(z) — F(y) — (z —y)| <.

Without loss of generality assume that o = 0 and therefore F'(0) =
—f(0). Consider the continuous, compact map G, defined by

G(z) := F(z) — F(0),

on the ball B = B(0,¢). We first show that G is essential in Kyp(B, E).
To see this, define a map H : B x [0,1] — E by

H(z,t):=F (1:””) _F (;ﬁ)

It is easy to see that H : B x [0,1] — E is a continuous, compact map.

If
T —tx T —tx
F(1+t>_F<1+t> - 1+t_<1+t>

for some x € OB and t € [0,1], then ||z|| < € since f is a d-based e-map.
As a result, H; is fixed point free on 9B for each ¢t € [0, 1]. In addition,

since
x -z
H(z,1 :F(—>—F _T),
@y =r(3)-r(5)

we have that H(—z,1) = —H(z,1). Now Exercise 4.11 immediately
guarantees that H is essential in Kpp(B, E). This, Theorem 6.3, and
the fact that Hy ~ H; in Kpp(B, E), imply that Hy = G is essential in
Kyp(B, E).
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We first discuss the case when f is a 0-based e-map. From Theorem 6.4
there is an 7 > 0 such that any continuous, compact map G satisfying

|G1(z) — G(x)|| < n on OB

is in Kpp (B, E) and is also essential in Kyp(B, E). Notice in particular
that the map Gi(x) = G(z) + y satisfies the following:

for each ||y|| < n, the equation = G(z) + y has a solution in B.
This of course says that
x — F(z) = —F(0) + y has a solution in B for each ||y|| < n
and therefore since F(0) = —f(0) we have that
f(z) = f(0) + y has a solution in B for each [|y|| < 7.
As a result
B(£(0),n) € f(B(0,¢)).

Now let f be a d-based e-map with § > 0. Note that for each ||y| < 0,
the continuous, compact map N : B x [0,1] — E given by

N(z,t) := F(x) — F(0) + ty

is such that N; is fixed point free in OB for each ¢t € [0,1]; since if
F(z) — F(0) + ty = « for some x € OB and t € [0, 1], then

[1F(x) = F(0) = (z = ) < t]lyl < ¢
and therefore ||z|| < e. This, Theorem 6.3, and the fact that G = Ny ~

N; in Kyp(B, E) for all ||y|| < &, imply that N is essential in Kpp(B, E)
for all ||y|| < d. As a result

B(f(0),0) € f(B(0,¢)). O

Theorem 6.8 Let E be a Banach space and f : E — E a continuous,
completely continuous field. Then

(a) if f is an e-map, f(E) is open in E,

(b) if f is an e-map in the narrow sense, f is surjective (that is, f(F) =

Remark 6.2 Let X and Y be subsets of a Banach space E. A
continuous map f : X — Y is called a completely continuous field if
x+— x— f(x) = F(x) is a completely continuous map of X into E (that
is, F(W) is relatively compact for all bounded sets W C X).
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Proof of Theorem 6.8

(a) We apply Theorem 6.7. Let V C F be open. We must show that
f(V) is open. Take any z € f(V). Then there exists o € V with
f(xg) = 2. Since V is open, there exists € > 0 with B(zg,¢) C V.
Theorem 6.7 guarantees that there is an n > 0 with

B(z,n) = B(f(x0),n) € f(B(zo,€)) C f(V).

(b) Theorem 6.7 implies that the ball B(y,d) of fixed radius § > 0 is
contained in f(E) for each y € f(F). As a result, f is surjective. []

Our next result is known as Schauder’s domain invariance theorem.

Theorem 6.9 Let U be an open subset of a Banach space E and f :
U — FE an injective, continuous, completely continuous field. Then

(a) f is an open map,

(b) f(U) is open in E,

(¢) f is a homeomorphism of U onto f(U).

Proof Of course since f is injective, it is an e-map for each € > 0. The
result now follows from Theorem 6.8 (a). ([

An immediate consequence of Theorem 6.9 is the Fredholm alterna-
tive.

Theorem 6.10 Let E be a Banach space and F : E — E a completely
continuous linear operator. Then either

(a) the equation 0 = x — F(x) has a nontrivial solution, or
(b) the equation y = x — F(x) has a unique solution for each y € E.

Proof The continuous, completely continuous field f(x) := z — F(z) is
either injective or not. If f is not injective, then an easy argument shows
that (a) holds. On the other hand, if f is injective, then the image of E
is a closed, linear subspace. However, Theorem 6.9 implies that f(E) is
open in E, therefore f(FE) = E. Thus the injective field is also surjective
and therefore bijective. ]

We now discuss condensing maps (see Definition 5.1). In what follows,
FE will be a Banach space, C' a closed, convex subset of ¥ and U an open
subset of C.

Definition 6.7 We let CK(U,C) denote the set of all continuous,
condensing maps F : U — C with F(U) a bounded set in C.
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Definition 6.8 We let CKyy(U,C) denote the set of maps F €
CK(U,C) with z # F(z) for z € 0U.

Definition 6.9 A map F € CKyy (U, C) is essential in CKay (U, C) if
for every G € CKay (U, C) with Glar = F|sy, there exists x € U with
x = G(z). Otherwise F is inessential in CKay(U,C).

Definition 6.10 Two maps F' and G belonging to CKpy (U, C) are
homotopic in CKay (U, C), written

F~Gin CKyy(U,0O),

if there exists a continuous, condensing map H : U x [0,1] — C with
H(U x[0,1]) a bounded set in C, together with H;(-) : U — C belonging
to CKay (U, C) foreach t € [0,1], Hy = F and H; = G; in our definition,
H : U x [0,1] — C condensing means o(H(W)) < a(IW) for any
bounded subset W of U x [0,1], with a(W) # 0 (note that II : U x
[0,1] — U is the natural projection, that is, the projection onto the U
coordinate).

We begin with an example of an essential map in CKay (U, C).

Theorem 6.11 Let E be a Banach space, C a closed, convex subset of

E, U an open subset of C and p € U. Then the constant map F(U) =p
is essential in CKay (U, C).

Proof Let G € CKyy(U,C) with Gloy = Flor = p. Define a map
J:C — C by
[ G(z), z€U,
Ie) = { D, recC\U.

Now J : C — C is a continuous, condensing map with J(C') a bounded
subset of C. The continuity and boundedness part are clear. To show
that J is a condensing map, let 2 be a bounded subset of C with «(2) #
0. Then since

J(Q) CGQNTU)U{p},
we have that
a(J(2)) < a(GQNT) U {p}) < a(G(Q)) < a(Q),

and therefore J : C' — C' is a condensing map. We may apply Theorem
4.16 (or Exercise 4.5) to deduce that there exists € C' with z = J(z).
In fact, € U since p € U and therefore x = J(z) = G(x). O
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Our next result characterises inessential maps in CKap (U, C) in terms
of homotopy.

Theorem 6.12 Let E be a Banach space, C a closed, convex subset of
E, U an open subset of C and F € CKay(U,C). Then the following
conditions are equivalent:

(i) F is inessential in CKay (U, C),
(ii) there exists a fized point free map G € CKay(U,C) with F ~ G in
CKay(U,QO).

Proof We first show that (i) implies (ii). Let G € CKpy(U,C) be a
fixed point free map with F|oy = Glou. Define H : U x [0,1] — C by
H(z,t) :=tG(z) + (1 —t)F(x).

Notice that H : U x [0,1] — C' is a continuous, condensing map with
H(U x [0,1]) a bounded set in C. The continuity and boundedness of
H are clear. To show that H is condensing, let W be a bounded subset
of U x [0,1] with a(W) # 0. Let Il : U x [0,1] — U be the natural
projection and note that «(IIW) # 0. Notice also that

H(W) C co(G(IIW) U F(ITW)),
and therefore we have

a(H(W))

IN

a(co(G(IIW) U F(IIW)))
= o(GOW)U FIIW))
= max{a(GIIW)), a(F(IIW))} < a(IIW).

Thus H : U x [0,1] — C is a condensing map. Also since F|oy = G|av,
we have that Hy is fixed point free on QU for each ¢ € [0, 1]. In addition,
for each t € [0, 1] we have that H; : U — C is a continuous, condensing
map with H;(U) a bounded set in C. We need only check that H; : U —
C is a condensing map for each ¢ € [0,1]. Fix ¢ € [0, 1] and let Q be a
bounded subset of U with a(Q) # 0. Then a(2 x {t}) # 0 and

a(Hi(2)) = a(H(Q x {t})) < a(ll(2 x {t})) = a(9),

since TI(Q2 x {t}) = Q. As aresult, H, € CKyy (U, C) for each t € [0, 1].
Finally, Hy = F and H; = G, therefore F ~ G in CKyy (U, C).
We now show that (ii) implies (i). Let H : U x [0,1] — C be a
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continuous, condensing map with H(U x [0,1]) a bounded set in C,
H; € CKyy(U,C) for each t € [0,1], Hy = G and H; = F. Consider
B:={z€U:z=H(z,t) for some t € [0,1]}.

If B = @ then in particular F' = H; has no fixed point in U, therefore '
is inessential in CKyy (U, C). It therefore remains to consider the case
when B # @. Since B is closed in U and BN AU = @, there exists
a continuous function p : U — [0,1] with x(8U) = 1 and u(B) = 0.
Define a map J : U — C by

J(2) = H(z, p(x)).

Notice that J : U — C is a continuous, condensing map with J(U) a
bounded set in C. To show that J : U — C' is condensing, let  be a
bounded subset of U with «(Q) # 0. Let

QO = {(z,pu(x)) 12 € Q} CU x [0,1].
Note that a(€2*) # 0. Then since J(Q) = H(2*) we have that
a(J(Q)) = a(H (%)) < a(Il(Q)) = a().
In addition, J|sy = F|ou since if x € OU then
J(z) = H(z,1) = F(z).

Finally, z # J(z) for z € U since x = J(x) for some x € U means that
x € B and therefore u(x) = 0 (that is, x = G(z)) — a contradiction.
Consequently, J € CKyy(U,C) is fixed point free on U with J|oy =
Floy. As a result, F is inessential in CKay (U, O). O

Theorem 6.13 Let E be a Banach space, C' a closed, convex subset of
E and U an open subset of C. Suppose that F' and G are two maps in
CKpy(U,C) with F ~ G in CKay(U,C). Then the map F is essential
in CKay (U, C) if and only if G is essential in CKay (U, C).

Notes The results in Chapter 6 may be found in Dugundji and Granas
[55], Granas [84], Krawcewicz [114] and Precup [154].

Exercises
6.1 Let E = (E,| - ||) be a Banach space and

By={z€E:|z—ax <r}
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6.2

6.3

6.4

6.5

6.6

6.7

6.8

Continuation Principles for Condensing Maps

Suppose that F € Kypp (B, E) is an essential map with xq the only
fixed point of F. Show that for every ro € (0,7), the restriction
F|§r0 is essential in Kyp, (Br,, E).

Let E = (E,| - ||) be a Banach space, C' a closed, convex subset of
E, U an open subset of C and F,G € Kay (U, C) with

- < i — .
féla%”F(x) G(ﬂﬂ)ll_xle%fullz F(z)]

Show that F ~ G in Ky (U,C).

Let f : E — E be a continuous, completely continuous field in a
Banach space E = (E,| - ||). If

1f(z) = F)]| = Mz - y]| for some M >0,

show that f is a homeomorphism of F onto F.

Let E be a Banach space and C a closed subset of E. Show that
the continuous, compact field f : C — E is a closed, proper map,
that is, show that the image of each closed set in C' is closed in F,
and the preimage of each compact subset of E is compact.

Let U be a bounded, open neighbourhood of 0 in an infinite di-
mensional Banach space E = (E, || - ||) and let F : OU — E be a
continuous, compact map. Suppose that there exists a > 0 with
|F(x)|| > « for all z € OU. Show that there exist x € 9U and
w >0 with x = uF(z).

Let F be a Banach space, C' a closed, convex subset of E, U an
open, bounded subset of C with 0 € U and F : U — C a continuous,
compact map.

(a) Suppose that F(z) # A\x for all z € OU and A > 1. Show that
F is essential in Ky (U, O).

(b) Suppose that there exists ¢ € C, with ¢ # 0 and x — F(z) # Ac
for all z € QU and A > 0. Show that the map F' is inessential
in K{)U (U, C)

Show that it is enough to assume that E is a normed linear space

in Theorem 6.3, Theorem 6.5 and Theorem 6.6.

Let U be an open set in a Banach space E and f : U — E be a map
of the form

f(x) =z — [F(z) + G(2)]

where G is contractive and F' is continuous and completely contin-
uous. If f is injective show that
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(i) f is open,
(ii) f:U — f(U) is a homeomorphism.

"
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Fixed Point Theorems in Conical Shells

In this chapter we present Krasnoselskii’s compression and expansion of
a cone theorem and some generalisations. These results can be particu-
larly useful in establishing the existence of multiple solutions of operator
equations.

Throughout the chapter E = (FE, ||-||) will denote a Banach space and
C will be a closed, convex, nonempty subset of E with au + fv € C for
alla>0,8>0and u,v € C. Let p > 0 with

B,:={z:xz e Cand |z| <p}, S,:={z:2€C and|z| =p}
and of course Ep =DB,US,.
Theorem 7.1 Let E and C be as described above and let r, R be

constants with 0 < r < R. Suppose that F € K(Bgr,C) and assume the
following conditions hold:

(7.1) x # F(x) for x € S, U Sk,

(7.2) F: B, — C is inessential in Kg, (B,,C),
' that is, F|g is inessential in Kg, (B,,C),

and

(7.3) F :Br — C is essential in Kg,(Bg,C).

Then F has at least one fized point in Q :={x :2x € C and r < ||z|| <
R}.

Proof Suppose that F' has no fixed points in Q. Condition (7.2) implies
that there exists § € K(B,,C) with 0|s, = F|s, and = # 6(z) for

78
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x € B,. Define the mapping ® : B — C by

[ F@). r<|z <R,
(@) “{0<x>, 0<|laf <r

Notice that ® € K(Bg,C) and in addition, ® has no fixed points in Br
(since 6 has no fixed points in B, and F has no fixed points in ). This
contradicts the fact that F': Bg — C is essential in K (Bg,C). O

Theorem 7.2 Let E and C be as described above and let r, R be
constants with 0 < r < R. Suppose that the following conditions are
satisfied:

N : Bgr x [0,1] — C is a continuous, compact map,
(7.4) with N(x,0) =0 for all x € Br,and such that for each
t € [0,1], we have that © # N(x,t) for all x € Sg,

(7.5) H : B, x [0,1] — C is a continuous, compact map, such
' that for each t € [0,1], we have x # H(x,t) for all x € S,,

(7.6) H('vl)‘ﬁr = N('vl)‘ﬁr
and
(7.7) x # H(x,0) for all x € B,.

Then N(-,1) has a fized point in Q :={z:xz € C and r < ||z|| < R}.
Proof Note that Theorem 6.5 guarantees that the zero map is essential
in Kg,(Br,C). Condition (7.4) together with Theorem 6.3 implies that
(7.8) N(-,1): Bg — C is essential in Kg,(Bg,C).

In addition, (7.7) (and also (7.5)) implies that H(-,0) is inessential in
Kg, (B,,C). This together with (7.5), (7.6) and Theorem 6.3 gives

(7.9) N(-,1) = H(-,1) : B, — C is inessential in Kg _(B,,C).

Now (7.8), (7.9) (and also (7.4), (7.5) and (7.6)) imply that (7.1), (7.2)
and (7.3) of Theorem 7.1 hold with F(-) = N(-,1). The result now
follows from Theorem 7.1. 0

We now prove Krasnoselskii’s compression of a cone theorem.
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Theorem 7.3 Let E and C be as described above and let r, R be
constants with 0 < r < R. Suppose that F € K(Bgr,C) and assume the
following conditions hold:

(7.10) x # AF(z) for A€ [0,1) and x € Sk

and

(7.11) { there exists a v € C\{0} with

x # F(x) 4+ v for any § >0 and x € S,..
Then F has a fized point in Q= {z:x € C and r < ||z|| < R}.
Proof Suppose that 2 # F(x) for € S,.USRk (otherwise we are finished).
Choose M > 0 such that
|F(z)|| < M for all x € B,.
Next choose dg > 0 such that
(7.12) |dov]| > M + 7.
Let
N(-,t) :=tF(-) and H(-,t) := F(:) + (1 — t)dpv.

Conditions (7.10) and (7.11) (with 6 = (1 — ¢)dp) imply that (7.4) and
(7.5) are satisfied. In addition, (7.6) is true since

N(z,1) = F(z) = H(z,1) for x € B,.

Finally, (7.12) implies that (7.7) is satisfied (note H(z,0) = F'(z)+ dov).
The result now follows from Theorem 7.2. U

In the next theorem C' C E will be a cone. Let p > 0 with
Q= {z € B: ol < p}, 969, :={z € E: |lal| = p},

B,:={z:2€C and |z| < p} and S, :={z: 2z € C and ||z| = p}.
Notice that
B,=Q,NCand S, =0g(Q,NC)=002,NnC.
Theorem 7.4 Let E = (E,||-||) be a Banach space, C C E a cone and
let ||-|| be increasing with respect to C. In addition, let r, R be constants

with 0 < r < R. Suppose that F : QrNC — C is a continuous, compact
map and assume the following conditions hold:

(7.13) |E(z)|| < ||z|| for all x € OpQigNC
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and
(7.14) |E'(z)|| > ||| for all x € Op2- NC.

Then F has a fized point in CN{x € E :r < ||z|| < R}.

Proof Notice that (7.13) implies that (7.10) is true. To see this, suppose
there exist € Sg and A € [0,1) with & = AF(z). Then

R =z = A F@) < [F@)I <[] =R

— a contradiction. Also (7.14) implies that (7.11) is true. To see this,
suppose there exists v € C\{0} with x = F(z) + dv for some ¢ > 0 and
x € Sy. Since || - || is increasing with respect to C' we have, since dv € C,

[zl = [[F(2) + dv[| = [|F(z)] > [l
— a contradiction. The result now follows from Theorem 7.3. O

For our next two results we will again assume that C' C FE is a closed,
convex, nonempty set with au + v € C for all « > 0, § > 0 and w,
veC.

Theorem 7.5 Let E be a Banach space and C C E a closed, convex,
nonempty set with au + Gv € C for all a > 0, 8 > 0 and u, v € C.
In addition, let r, R be constants with 0 < r < R. Suppose that F €
K(Bg,C) and assume the following conditions hold:

(7.15) x # F(zx) for x € S, U Sk,
(7.16) F: B, — C is essential in Kg, (B,,C),
' that is, Fl|g s essential in Ks, (B,,C),
and
(7.17) F : Br — C is inessential in Ks, (Bg,C).

Then F has at least two fized points oy and x1 with xg € B, and ©1 €
Q={z:zeCandr < |z| < R}.

Proof We know from (7.16) that F' has a fixed point in B,.

Let W := F'|g, and suppose that V¥ : Q — C has no fixed points. The
fact that F : Bgr — C is inessential in Kg,(Bg,C) means that there
exists a continuous, compact map 6 : Bg — C with f|g, = F|s, and
x # 0(z) for x € Bg. Fix p € (0,7) and consider the map ® given by
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O(z) :=
R
Ly (;x> 0< |l < p,
- R—0p)r—(R—
Coplel (o=l ) gy
(R —p)r = (R —r)|z]| (r = p)ll=|
V(z), r<|z| <R.
Notice that ® : Bg — C is well defined since if p < ||z| < 7, then
(R—p)r—(R—
<[yt )
\xll

Also ® : Bp — C is a continuous, compact map. In addition,
(D‘SR = \I/‘SR = F|SR and (I)|§ = \P‘ﬁ = F|§7

and therefore ® has no fixed points in By (since # has no fixed points
in Br and F has no fixed points in Q).
Let us concentrate on ® : B, — C (that is, ®|5,). Now

therefore ® : B, — C is a continuous, compact map with ®|s. = F|g,
and ® has no fixed points in B,.. This contradicts (7.16). O

Next we prove Krasnoselskii’s expansion of a cone theorem.

Theorem 7.6 Let E be a Banach space and C C E a closed, convex,
nonempty set with au + pv € C for alla > 0, > 0 and u, v € C.
In addition, let r, R be constants with 0 < r < R. Suppose that F €
K(Bg,C) and assume the following conditions hold:

(7.18) x # AF(z) for A€ 1[0,1) and z € S,
and
(7.19) there exists a v € C\{0} with

' x # F(x)+ v for any 6 >0 and x € Sg.

Then F has a fived point in Q = {x:x € C and r < |z|| < R}.

Proof Assume that x # F(x) for x € S,.USg (otherwise we are finished).
The result follows immediately from Theorem 7.5 once we show that
conditions (7.16) and (7.17) are satisfied.
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Consider the homotopy H : B, x [0,1] — C defined by
H(z,\) := AF(z).

Notice that Hy = 0, H; = F and therefore since © # F(x) on S,, we
have Hy ~ H; in Kg, (B,,C) (this follows since H : B, x [0,1] — C
is a continuous, compact map with H; € Kg, (B,,C) for each t € [0, 1]
since (7.18) holds). From Theorem 6.5 we have that Hy : B, — C is
essential in Kg, (B,, C), and this together with Theorem 6.3 implies that
F: B, — C is essential in Kg_(B,,C). Thus (7.16) holds.

Let g > 0 be such that

(7.20) 160v]| > sup ||F(z)| + R.
TESR

Consider the homotopy N : Bg x [0,1] — C defined by
N(z,\) := F(z) + Aov.

Notice that IV is a continuous, compact map with Ny = F and N; =
F + dov. Then since (7.19) holds (for all 6 > 0, since we are assuming
that = # F(x) on Sg), we have

(7.21) No ~ N, in Kg,(Br, C).
Notice (7.20) implies for A € [0,1] and = € Sk that
1600 + AF(2)]| > R =[]
Thus
(7.22) x # AF(z) + dov if A € [0,1] and = € Sg.

Let G : B — C be the constant map G(x) := dyv. Consider the
homotopy J : Bg x [0,1] — C defined by

J(x, A) := dov + AF(z).

Notice J is a continuous, compact map with Jy = G and J; = N;. From
(7.22) we have that
(7.23) Ny ~ G in Kg,(Bg,C).
Now (7.21) and (7.23) imply

(7.24) No ~ G in Ks,,(Bg,O).

However since G(z) = dgv for z € Bg and §yv € C\Bg (see (7.20))
it is immediate that G is inessential in K, (Bg,C). Theorem 6.3 now
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implies that Ny = F is inessential in Kg,(Bg,C). Thus (7.17) holds.
O

Theorem 7.7 Let E = (E,||-||) be a Banach space, C C E a cone and
let ||-|| be increasing with respect to C. In addition, let r, R be constants
with 0 < r < R. Suppose that F : Qp N C — C (here Qp = {z €
E :||z|| < R}) is a continuous, compact map and assume the following
conditions hold:

(7.25) |E(z)|| > ||z|| for all x € OpQirNC
and
(7.26) |E(z)|| < ||z|| for all x € 0p2. NC.

Then F has a fived point in CN{x € E:r <|z| < R}.

Proof Notice that (7.25) and (7.26) imply that (7.18) and (7.19) are
true (see the ideas used in Theorem 7.4). O

We now combine some of the theorems in this chapter (and also Chap-
ter 6) to establish the existence of multiple fixed points.

Theorem 7.8 Let E = (E,| -||) be a Banach space, C C E a cone and
let ||-|| be increasing with respect to C. In addition, let r, R be constants
with 0 < r < R. Suppose that F : Qp N C — C (here Qp = {z €
E :||z|| < R}) is a continuous, compact map and assume the following
conditions hold:

(7.27) x # F(x) for all x € 00, NC,
(7.28) |E(z)|| > ||| for all x € OpQigNC
and

(7.29) |F ()] < |lz|| for all x € 0. N C.

Then F has at least two fixed points xg and x1 with zq € Q. N C and
1 €CnN (ﬁR\ﬁr)

Proof Theorem 6.6 (note (7.29) implies that x # AF(z) for all A € [0,1)
and = € 0pQ, N C) implies that F has a fixed point g € C N €. In
fact, (7.27) implies that zg € Q, N C. In addition, Theorem 7.7 implies
that F has a fixed point 71 € C'N (Qx\Q,). In fact, 71 € C N (Qr\Q).
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(To see this, note that if this is not true, then z; € C and ||z:|| = 7,
therefore x1 € g, N C. This contradicts (7.27).) O

Theorem 7.9 Let E = (E,| - ||) be a Banach space, C C E a cone
and let || - || be increasing with respect to C. In addition, let L, r, R
be constants with 0 < L < r < R. Suppose that F : Qg N C — C is a
continuous, compact map and assume the following conditions hold:

(7.30) x # F(x) for all x € 0gQ- N C,
(7.31) |E'(z)|| > ||| for all x € Op2p NC,
(7.32) |1E ()| <|lz|| for all x € 02, NC
and

(7.33) |1E(z)|| > ||z|| for all x € OpQir N C.

Then F has at least two fized points xo and x1 with xg € C' N (Q,:\Qr)
and r1 € C N (QR\Q,).

Proof Theorem 7.4 implies that F has a fixed point xg € CN(Q,\Qz). In
fact (7.30) guarantees that zo € C'N (Q,\Qr). Theorem 7.7 guarantees
the existence of 1 € C N (Qr\Q). However, (7.30) guarantees that
r1€CN (QR\QT) O

We now illustrate how the ideas and results in this chapter can be ap-
plied in practice. Our goal is to prove the existence of multiple solutions
of the nonlinear Fredholm integral equation

(7.34) y(t) = h(t) +/0 k(t,s) f(y(s))ds for t € [0, 1].

In particular we want to establish the existence of multiple nonnegative
solutions of (7.34). However before tackling this problem, it is reasonable
to first consider what conditions one requires on h, k and f in order for
(7.34) to have at least one nonnegative solution y € C[0, 1].

Theorem 7.10 Suppose that

(7.35) 0 < k(s) = k(t,s) € L*[0,1] for each t € [0,1],

(7.36) the map t — ky is continuous from [0,1] to L*[0,1],
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there exist 0 < M < 1, k € L*[0,1] and an
(7.37) interval [a,b] C [0,1], a < b, such that
k(t,s) > Mk(s) >0, forté€ la,b], a.e. s €]0,1],

(7.38) k(t,s) < k(s), t €[0,1], a.e s€][0,1],
h € C[0,1] with h(t) > 0 fort € [0,1], and
(7.39) min h(t) > M|hlo =M sup |h(t)],
t€[a,b] telo,1]
(7.40) f R — R is continuous and nondecreasing
' with f(u) >0 for u >0,
there exists o > 0 such that S >1
|hlo + K1f(a)
(7.41)
where K1 = sup / k(t,s)ds >0
te[0,1] J0
and
there exist 8 >0, 8 # «, and t* € [0,1] such that
(7.42) b <1

b
h(t*) + f(Mﬂ)/ k(t*, ) ds

hold. Then (7.34) has at least one nonnegative solution y € C[0,1] and
either

(A) O<a<lylo< B and y(t) > Ma, t € [a,b], ifa<f

or
(B) 0< B <lylo<aandy(t) > MB, t€lab], iff<a
holds.

Proof Define the operator F': C[0,1] — C[0,1] by
1
(143 Py =ht)+ [ beo)f () ds, te0.1)
0
the cone C' by

C:= {y € C[0,1] : y(t) > 0 for t € [0,1] and Ir[lili]y(t) > My|0} ;
t€la,
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and let
Qo :={y € C[0,1] : |lylo < a}
and
Qg :={y € C[0,1] : lylo < B}
Conditions (7.35), (7.36), (7.39) and (7.40) imply that (see Theorem 5.2)

F:C[0,1] — C[0,1] is continuous and completely continuous.

Also for y € C[0,1] with y(t) > 0 for t € [0,1], we have from (7.35),
(7.38), (7.39) and (7.40) that

te(0,1

(7.44) |Fylo = sup]<hft)+/0 k(t,s)f(y(s))ds)

IN

hlo + / w(5) £ (u(s)) ds

holds. Therefore for y € C[0,1] with y(t) > 0 for t € [0,1], this fact
along with (7.37) and (7.39) yields

min Fy(t) = min] (h(t) + /01 E(t,s)f(y(s)) ds>

t€la,b) tela,b

> ar (o + [ wlo)tats) )
> M][Fylo.
Consequently we have that
F : C — C is continuous and completely continuous.

The desired result will now follow from either Theorem 7.4 or Theorem
7.7 if we show that

(7.45) |Fylo < |ylo for y € 92, NC
and
(7.46) [Fylo > |ylo for y € 0Q5 N C

are true.
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We first show that (7.45) holds. Let y € 99, N C. In particular this
means that y(t) > 0 for ¢ € [0,1] and |y|o = «. Then from (7.35), (7.39),
(7.40) and (7.41) we obtain

1
swp [Fy(0)] = s (1) + [ kie.0)0(s) s )

tel0,1] t€[0,1]

1
sup h(t) + f(lylo) sup / k(t,s)ds
te[0,1] tel0,1] Jo

[hlo + K1 f(a) < o= ylo.

IN

IN

Therefore (7.45) is true.

We secondly show that (7.46) is true. Let y € 9QsNC. Then y(t) >0
for t € [0,1], |ylo = B and for t € [a,b] we have M3 < y(t) < B. Now
(7.35), (7.39), (7.40) and (7.42) imply that

Fy(t) = h(t*)+ / K(t*,5)  (y(s)) ds
> )+ [ k8 F(s) ds

b
> h(t*)+f(M6)/ k(t*, ) ds
> B =lylo.

Consequently (7.46) holds.

Hence by Theorem 7.4 or Theorem 7.7 there exists y € C' that solves
(7.34). In particular, if @ < [ then Theorem 7.7 implies that y €
C N (Q5\Q), while if 3 < « then Theorem 7.4 implies that in fact
y€CN(Q\Qs). ]

Remark 7.1 Condition (7.42) may be replaced by

there exists 3 > 0, [ # «, such that

(7.47) B /b
————— < 1 where Ky = sup k(t,s)ds,
K, f(MB) 2= 2 ), MY

since (7.46) also follows from (7.47). To see this note that for y €
Nz NC, (7.35), (7.39), (7.40) and (7.47) give

1
sup |Fy()] sup](h<t>+ [ st as)

te[0,1] te[0,1

sup / k(t, 5) f(y(s)) ds

te[0,1

Y
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> Kaf(MB)> B = |ylo.
Hence (7.47) implies that (7.46) is true. In particular if |h|o = 0, it is
better to replace (7.42) with (7.47).

Remark 7.2 It is easy to check that the requirement that f : R — R
(as described in (7.40)) be nondecreasing can be omitted, provided that
(7.41) and (7.42) be replaced with

(7.48) there exists o > 0 such that o+ Klasup 5 >1
z€[0,a]
and
there exist 3 >0, 8 # «, and t* € [0, 1] such that
(7.49) b 5 <1
h(t*) + ze[lz\r/}fﬁ,ﬂ] f(z)/a k(t*,s)ds
respectively.

Example 7.1 Consider the separable kernel
k(t,s) := k1(t)ka(s), t €[0,1], a.e. s € [0,1],

where k; € C[0,1] is such that 0 < ky(¢) < 1, ¢ € [0,1], with k1 (¢) > 0
on some interval [a,b] C [0,1], and ko € L'[0,1] is such that k2(s) > 0
for a.e. s € [0,1]. Then k satisfies (7.35)—(7.38) with x = ko and M

iy (6).
i, k(1)

Extracting some of the hypotheses of Theorem 7.10 we have the fol-
lowing existence result which also guarantees the existence of at least
one nonnegative solution y € C[0,1] of (7.34). In this result however,
it is possible that y = 0 may be the solution, whereas in Theorem
7.10 we have that the guaranteed solution is positive on some interval

[a,b] C [0, 1].
Theorem 7.11 Suppose that (7.35), (7.36), (7.40), (7.41) and
(7.50) h € C[0,1] with h(t) >0 fort € [0, 1]

hold. Then (7.34) has at least one nonnegative solution y € C[0,1] such
that 0 < y(t) < a fort € [0,1].
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Proof Define

* e f(y)a Yy Z Oa
f@*_{ﬂm,y<a

and consider the integral equation
1
(7.51) y(t) = h(t) +/ k(t,s)f*(y(s))ds for t € [0, 1].
0

As in Theorem 5.2, the operator F* : C[0,1] — C]0, 1] given by
Fry( /kts ))ds, t€][0,1],

is continuous and completely continuous. Let y € C[0, 1] be any solution
of

y(t) = A (h(t) —|—/O E(t,s)f*(y(s)) ds) for ¢ € [0,1], some A € (0,1).

Certainly y(¢) > 0 for t € [0,1]. In addition (7.40) implies that

o = &m( /kts () ds)
te[0,1]

[hlo + K1f(lylo),

and consequently we have from (7.41) that |y|o # .
Applying Theorem 5.1 with C = E = C[0, 1],

IN

U:={yeC[0,1]: |ylo < a} and F = F*,

we see that (7.51) has at least one solution y € C0,1] such that 0 <
lylo < a. However since y(t) > 0 for ¢ € [0,1], y is also a solution of
(7.34) and the result is proved. O

Remark 7.3 If h, k and f are such that the hypotheses of Theorem
7.11 hold and in addition y = 0 is not a solution of (7.34), then Theorem
7.11 implies that (7.34) has at least one solution y € C0, 1] that satisfies
0 <lylo < a.

Returning to Theorem 7.10 we note that conditions (7.41) and (7.42)
indicate the central role played by the nonlinearity f in establishing the
existence of at least one nonnegative solution y € C10,1] of (7.34). By
imposing further conditions of this type on f we now obtain the following
multiple solutions result for (7.34).



Chapter 7 91
Theorem 7.12 Suppose that (7.35)—(7.40),

there exist constants a; >0, i =1,...,n for
(7.52) somen € N =1{1,2,...}, such that for each

i€ {l,...,n}, (7.41) is satisfied with o = «;
and

there exist constants 3; >0 and t7 € [0,1], j =1,...,m,
(7.53) some m € N, such that for each j € {1,...,m},

(7.42) is satisfied with § = [ and t* =t}
hold.

M Ifm=n+1and0 < P < a1 < < By < ap < Pns1, then
(7.34) has at least 2n nonnegative solutions yi,...,yan € C[0,1]
such that

0<pfi<l|yfo<on < - <an <l|y2nlo < Bri-

(II) If m=n and 0 < B; < o1 < -+ < B < an, then (7.34) has at
least 2n — 1 nonnegative solutions yi,...,Yon_1 Such that

0< B <l|ylo <o <-- < By <|yan-ilo < an.

) Ifn =m+1and 0 < a1 < B1 < - < am < Bm < Qnt1,
then (7.34) has at least 2m+1 nonnegative solutions yo, . . ., Yam €
C0,1] such that

0 <|yolo < a1 <|yilo <B1 <+ < Bm < |Yamlo < m+1.

(IV) Ifm=nand 0 < a1 < 1 < -+ < ap < By, then (7.34) has at

least 2n nonnegative solutions yo, . .., Yan—1 € C[0,1] such that

0 <lyolo < a1 <|yilo < Bi <+ < an < |Y2n-1lo < Bn.

Proof In (IIT) and (IV), the existence of a solution yo € C[0,1] of (7.34)
such that 0 < |yglo < @1 follows from Theorem 7.11. The remainder of
the proof follows by repeated application of Theorem 7.10. O

Remark 7.4  Similarly to Remark 7.1, we note that (7.53) may be
replaced with

there exist constants 3; >0, j=1,...,m,
(7.54) for some m € N, such that for each j € {1,...,m},
(7.47) is satisfied with 3 = g;.

Suppose now that |h|g = 0. We give an example of a function f that
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satisfies conditions (7.41) and (7.47) (and hence (7.52) and (7.54) for
various n and m respectively).

Example 7.2 Let f(y) =47, 0 <~ < 1. Then f satisfies (7.41) and
(7.47) with

1
a> K and B < (KaMY)™

respectively. Note that § < « since Ko < K and 0 < M < 1.

Example 7.3 Suppose that f(y) = 4°, § > 1. Then f satisfies (7.41)
and (7.47) with

1 1
a< K" and 8> (KoM°) ™"

respectively. In this case o < 3 since < 0.

1-6
Example 7.4 Let
fy)=1+y +4°, 0<y <1<
Since
Y

Ky (L+ (My)7 + (My)®)
there exist 0 < §; < 5 such that f satisfies (7.47) with both g =
and 8 = [, where 1 € (0,61) and (B3 € (f2,00). In addition, if

sup % > 1,
yel0,00) K1(1+y7 +3°)

—0asy— 0" and y — oo,

then there exists & > 0 for which f satisfies (7.41). Note that we can
choose a such that 0 < 81 < a < fs.

Notes The fixed point theorems in Chapter 7 were adapted from Agar-
wal and O’Regan [2], and Simon and Volkmann [170]. Theorems 7.10-
7.12 were taken from Meehan and O’Regan [125].

Exercises

7.1 Let E be a Banach space and C C FE a closed, convex, nonempty
set with au+pv € C foralla > 0, 8 > 0 and u, v € C. In addition,
let r, R be constants with 0 < » < R. Suppose that F': Br — C
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7.3

7.4
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is a continuous, k-set contractive map (here 0 < k < 1) and assume

the following conditions hold:

(i) @ # AF(z) for A € [0,1) and z € Sg,

(ii) there exists a v € C\{0} with « # F(x) + dv for any 6 > 0 and
T € S,.

Show that F' has a fixed point in {z : € C and r < ||z|| < R}.

Let E, C, r and R be as in Exercise 7.1. Suppose that F': B, — C

is a continuous, k-set contractive map (here 0 < k < 1), and assume

the following conditions hold:

(ii) ® # AF(z) for A € [0,1) and = € S,

(iv) there exists a v € C\{0} with = # F(z)+ v for any 6 > 0 and
T € Sg.

Show that F' has a fixed point in {z : z € C and r < ||z|| < R}.

Let E = (E,| - ||) be a Banach space, C' C E a cone and let || - ||
be increasing with respect to C'. In addition, let r, R be constants
with 0 < r < R. Suppose that F': Qr N C — C is a continuous,
k-set contractive map (here 0 < k < 1) and assume either

V) |IF@)] < |lz|| for € 9gQr N C and ||F(z)|| > ||z| for z €
Q- NC
or

(vi) ||[F(z)]| > ||z| for z € OpQr N C and ||F(z)| < ||z|| for z €
0gQ-NC

holds.

Show that F' has a fixed point in CN{z € E:r < |z| < R}.

Let E, C, r and R be as in Exercise 7.3. Suppose that F : QrNC —
C is a continuous, 1-set contractive, demicompact map and assume
there exists a § > 0 with either

(vii) ||F(z)|| < ||z|| for x € OgQrNC and ||F(x)|| > (14 9)||z|| for
x €9 NC
or
(viil) ||F(2)]| > (1+0)|z|| for z € OpQtrNC and ||F(z)| < ||z|| for
r €I, NC
holding.
Show that F' has a fixed point in CN{x € E : r < ||z| < R}.
(Recall that F is demicompact if each sequence {z,,} C QrNC has
a convergent subsequence whenever {z,, — F(z,)} is a convergent
sequence in E.)
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Fixed Point Theory in Hausdorft Locally
Convex Linear Topological Spaces

This chapter presents fixed point results for maps defined on Hausdorff
locally convex linear topological spaces. We begin with the Schauder—
Tychonoff theorem which is an extension of Schauder’s fixed point theo-
rem, which in turn is an extension of Brouwer’s fixed point theorem. In
the proof we will need the following approximation theorem.

Theorem 8.1 Let E be a Hausdorff locally convex linear topological
space, A a compact subset of E and C a convex subset of E with A C C'.
Then given an open neighbourhood U of 0 (the zero element of E), there
exists a continuous mapping x — Py (x), from A into E, with

(i) Py(z) e LNC forxze A
and
(ii) Py(xz) —x €U forz e A;

here L is a finite dimensional subspace of E.

Proof Without loss of generality assume that U is convex and balanced.
Let

|z|y == inf{a>0:2 € aU}

be the Minkowski functional associated with U. Of course = — |z|y is
a continuous seminorm on E and

U={z:z€F and |z|y < 1}.

Since A is compact there exists a finite set {a1,...,a,} C A such that
n
i=1

94
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where U(a) := U + a for a € E. Define the function u;, i =1,...,n, by
wi(z) :=max{0,1 — |z — a;|y} for x € E.

Since |- |y is a continuous function on E we have that p;(-), i =1,...,n,
is also a continuous function on E. In addition for i =1,...,n,

0<pi(z)<lforzeFE
with
wi(z) =0if z ¢ U(a;) and p;(z) > 0 otherwise.
Let

Z Mz‘(x)ai
Z ()
i=1

Notice that Py is well defined since if z € A then z € U(a;) for some

Py(x) = for z € A.

n
i € {1,...,n} and therefore Z,ul(x) # 0. Note also that Py is a
i=1
continuous function on A. Its values of course belong to the linear
subspace L, generated by {a; : i = 1,...,n}. In addition since A C C
and C' is convex, we have that

Py(x) € C for each = € A.

Therefore
Py(z) e LNC for xz € A.

Next notice that

> pir)(a; — x)
Py(z) — == forze A

Z pi ()

and therefore

n
Zﬂi(xﬂai —zly
=1

|Py(z) — aly < =—;
Zui(w)

<lforzeA
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since for any i = 1,...,n, either u;(z) = 0 and |a;—z|y > 1, or p;(x) > 0
and |a; — x|y < 1. This immediately yields Py(z) —x € U for z € A.
O

Our next result is known as the Schauder—Tychonoff theorem.

Theorem 8.2 Let E be a Hausdorff locally convex linear topological
space, C' a conver subset of E and F : C' — E a continuous mapping
such that

F(C)CACC

with A compact. Then F has at least one fized point.

Proof Let U be an open, convex, balanced neighbourhood of 0 (the zero
element of F') and Py be as in Theorem 8.1. Define a function Fy; by

Fy(z) :== Py(F(x)) for x € C.

Since Py takes values in the space L (defined in Theorem 8.1), we shall
restrict our considerations to this space. From Theorem 8.1 we have
that

(8.1) Fy(LNC)C Py(A)CLNC
since if z € LN C then F(z) € A and therefore

Let K* denote the convex hull of the compact set Py(A) in L. Note
that K* is compact. In addition (8.1) and

Py(A)CK*CLNC
implies that
(8.2) Fy(K*) C K*.

Apply Brouwer’s fixed point theorem to deduce that there exists x € K*
with © = Fy(z). That is, x satisfies

(8.3) x—F(z)eU

since x = Fy(x) is equivalent to x = Py (F(z)), and therefore by Theo-
rem 8.1 we have that

Py(F(z)) — F(z) € U.
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We have shown:

(8.4) { to any open neighbourhood U of 0, there exists

at least one © € K* C C such that (8.3) holds.

Suppose now that « # F(z) for all € C. The continuity of F' and the
fact that F is Hausdorff guarantee that there exist two open neighbour-
hoods V,, and W, of 0 with the properties

(8.5) F(C NV, (x)) € Wa(F())

and

(8.6) Ve(z) N Wa(F(2)) # 2.

Choose U, to be another open neighbourhood of 0 such that

(8.7) 2U, CVpNW,.

Since A is compact there exists a finite set {a; : i =1,...,n} C A with

A g CJ Uai(ai).
i=1

We claim that for any x € C there exists j € {1,...,n} such that
(8.8) r— F(x) CUg,

cannot hold. Fix z € C. Since y = F(z) € A there exists j € {1,...,n}
with y € U, (a;). In addition we have

(8.9) U, (4) € Vi, (7).
To see this notice that
y = u+ a; for some u € U,
therefore if 2 € Uy, (y) there exists w € U,; with
z=w+y=w+u+aj
and consequently
2 € 2U,; +aj €V, (ay)

from (8.7).

Suppose that (8.8) is not true. Then for any x € C we have that = €
U, (y) with y = F(x), and therefore from (8.9), we see that x € Vg, (a;).
Now (8.5) guarantees that

y = F(x) € Wa,(F(ay)).
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However, y € W, (F(a;)) and (8.6) imply

Yy ¢ Vaj (a‘j)

which contradicts (8.9). Therefore (8.8) cannot be true.
Choose U such that

Uc ﬁU

i=1

From what we deduced above, it follows that
x—F(z) ¢ Uforallz e C.

This however contradicts (8.4). Consequently there exists x € C' with
x = F(z). O

Theorem 8.3 Let C be a convex subset of a Hausdorff locally convex
linear topological space E. Suppose that F : C — C is a continuous,
compact map. Then F has at least one fized point in C.

Proof Apply Theorem 8.2 recalling that F : C' — C'is compact if F(C)
is a relatively compact subset of C. O

Next we establish a nonlinear alternative of Leray—Schauder type for
maps defined on Hausdorff locally convex linear topological spaces.

Theorem 8.4 Let E be a Hausdorff locally convex linear topological

space, C a convex subset of E, U an open subset of C and p € U.

Suppose that F : U — C (here U denotes the closure of U in C) is a

continuous, compact map. Then either

(A1) F has a fired point in U, or

(A2) there are a u € QU (the boundary of U in C) and X € (0,1) with
u=AF(u)+ (1 —N)p.

Proof Suppose that (A2) does not hold and F' has no fixed points on

OU (otherwise we are finished). Consider
A:={zeU:x=tF(z)+ (1 —t)p for some t € [0,1]}.

Now A # @ since p € U. To see that A is closed (in C), let (z4) be a

net in A (that is, 2o = toF(zq) + (1 — to)p for some ¢, € [0,1]) with

o — = € U. Without loss of generality assume that t, — t € [0,1].

Let R:U x [0,1] — C be given by

R(z,t) :==tF(z) + (1 —t)p.
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The continuity of R together with
(Tarta) — (z,t) and z4 = R(xq, ta)
guarantees that
x = R(z,t) :==tF(z) + (1 — t)p.
Thus A is closed. In addition F : U — C being a compact map implies
that
A (= A) is compact.

Notice also that AN JU = @. Since C is completely regular, A is
compact and QU is closed, there exists a continuous function

p:U — [0,1] with u(A) =1 and p(0U) = 0.

Let

_ [ w@)F(x)+ (1 - pl@)p, zel,
Nie) == { P, zeC\T.

It is immediate that N : C — C' is a continuous, compact map since
F : U — C is compact. Theorem 8.3 guarantees the existence of an
x € C with z = N(z). Notice that © € U since p € U. As a result
x = p(z)F(x)+ (1 —p(z))p, therefore z € A and we have that u(x) = 1.
This implies that z = F(x). O

We now use Theorem 8.4 to derive a fixed point theorem of Furi-

Pera type. This will be particularly useful in applications as we will
demonstrate after the proof of the theorem.

Theorem 8.5 Let E be a metrisable locally convex linear topological
space, Q a closed, convex subset of E and 0 € Q. Suppose that F' : QQ —
E is a continuous, compact map and assume the following condition
holds:

if {(z5, ;)52 is a sequence in 0Q x [0, 1]
(8.10) converging to (x, A) with x = AF(z) and 0 < A < 1,
then \;F(x;) € Q for j sufficiently large.

Then F has a fized point in Q.

Proof Let r : E — @ be a continuous retraction (the existence of r
follows from Dugundji’s extension theorem).
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Remark 8.1 If 0 € int Q@ we may take
x

max{1, u(z)}

where p is the Minkowski functional on @, that is,

r(z):= for z € E,

pu(z) :=inf{a > 0:z € a@Q}.
Note that if int Q = @ then 0Q = Q.

From Remark 8.1 we may choose (and we do so) the retraction r as
above so that

r(z) € 0Q for z € E\Q.
Consider
B:={zx€FE:x=Fr(x)}.

Firstly B # @. To see this notice that since r is continuous, Fr: £ — E
is a continuous, compact map. Theorem 8.3 guarantees that F'r has a
fixed point and therefore B # @. In addition B is closed. To see this
let (o) be a net in B with , — « € E. By the continuity of Fr it
follows that « = Fr(z) and therefore z € B. In fact B is compact since
F:(Q — E is a compact map and

B C Fr(B) C F(Q).

It remains to show that BN Q # &. To do this we argue by contra-
diction. Suppose that BN @Q = @&. Then since B is compact and @ is
closed, there exists a 6 > 0 with dist(B, Q) > §. Choose m € {1,2,...}
with 1 < dm. Define

1
U; = {er:d(gc,Q)<;} forie {mym+1,...};

here d is the metric associated with E. Fix i € {m,m + 1,...}. Since
dist(B, Q) > & then we see that BN U; = @. In addition U; is open,
0 € U; and Fr : U; — E is a continuous, compact map. Theorem 8.4
guarantees, since B N U; = @, that there exists

(yi, Ni) € OU; x (0,1) with y; = N Fr(y;).
Consequently
(8.11) NFr(y;) ¢ Q for je {m,m+1,...}.
We now look at

D:={z € FE:x=MFr(z) for some X € [0,1]}.
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Notice that D # @ is closed and in fact compact since F' : Q — E is
compact. This together with

1
d(y;,Q) = = and |[N\;| <1forje{mm+1,...}
J

implies that we may assume without loss of generality that
Aj — A €[0,1] and y; — y* € 9Q.
In addition we have
Yi = AiFry;) — N Fr(y”)

and therefore y* = A* Fr(y*). Note that \* # 1 since BNQ = @. Hence
0 < A* < 1. However, (8.10) with

z; =1r(y;) € 0Q and z = y* = r(y*)
implies that \;Fr(y;) € @ for j sufficiently large. This contradicts
(8.11). Thus BN Q # @, therefore there exists x € Q with z = Fr(x) =
F(). O
We now illustrate how Theorem 8.5 can be applied in practice. In

particular we will establish existence principles and results for the second
order boundary value problems

y" +m2y = f(t,y), a.e. on [0, 00),
(8.12) { y(0) =a, lim y(t) =0
and

y" —m?y = f(t,y), a.e. on [0,00),
(5:13) { y(0) =a, lim y(t) =0

here m # 1 is a constant and y takes values in R. Let C([0,0),R)
be the space of continuous mappings from [0,00) to R, the topology
being that of uniform convergence on each compact interval of [0, c0). If
u € C([0,00),R) then for every m € {1,2,...}, we define the seminorms
pm(u) by
pml() == sup [ut)

te[0,t,]
where t,,, T 00; the metric (since the topology is determined by a count-
able number of seminorms) is defined by

1 pm(z—y)
d =\ _PmiTTY)
(x’ y) 2m 1+ pm(x - y)

m=1
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Note that C([0,00),R) is a Fréchet space (a complete metrisable locally
convex linear topological space). BC[0,00) will denote the space of
bounded continuous mappings from [0, c0) to R. If u € BC[0,00) then
we write
|uloo = sup fu(t)].
t€[0,00)

The Arzela—Ascoli theorem says that a set @ C C([0, 00), R) is relatively
compact if €2 is uniformly bounded and equicontinuous on each compact
interval of [0, c0).

Theorem 8.6 Assume that the following conditions are satisfied:

f:]0,00) x R — R is an L-Carathéodory function;
(i) s~ f(s,y) is measurable for any y € R,

(ii) y— f(s,y) is continuous for a.e. s € [0,00),
(

(8.14) iii) for each r > 0 there exists 7. € L'[0,00) such that
ly| < r implies | f(s,y)| < 7.(s) for almost all
2 2
s €[0,00) and tlim e ™ t/ e™ °1.(s)ds =0;
and
there exists a constant My > |a| with |u(t)| < My, t € [0,00),
(8.15) for any function u € BC(]0,00),R) N VVlicl([O, o), R)

which satisfies u” +m2u’ = \f(t,u) a.e. on [0, 00),
u(0) = a, 75lim u(t) =0 for0 < A < 1.
Then (8.12) has a solution y € BC([0,00),R) N W21([0,00), R).

loc

Remark 8.2

(i) Let I = [a,b]. The Sobolev class of functions u such that u(™~1) is
absolutely continuous and u(™) € LP(I) is denoted by W™»(I,R).

(ii) By a solution of (8.12) we mean a function

y € BC([0,00), R) N W2([0,00),R)

loc

which satisfies the differential equation almost everywhere on [0, 00)
and the stated boundary data.

(iii) If in addition f : [0,00) x R — R is continuous, then by a solution
of (8.12) we mean a function y € C?(]0,00), R) which satisfies the
differential equation everywhere on [0, c0) and the stated boundary
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data. Also, in assumption (8.15), in this case u € C?([0,),R)

and u satisfies the differential equation everywhere.

Proof of Theorem 8.6 It is easy to see from (8.14) that solving (8.12) is
equivalent to finding a y € BC([0, 00), R) which satisfies

(8.16) g = aet— L[ ps y(s)) as
.,
S [t ds
T O

Let E := C([0,00),R),
Q:={yeC([0,00),R):y € BC([0,00),R) with |y|lec < Mo+ 1= Ny}

and

Now @ is a closed, convex, bounded subset of C([0,00),R). We now
show that F': Q@ — C([0,0),R) is a continuous, compact map. First we
examine continuity. Let y, — y in Q. Then there exists 7, € L]0, 00)
with

|£(8,un(8))] < 7np(8) and | f(s,y(s))] < 7a, (s) for almost all s € [0, 00).
In addition for each ¢ € [0, 00) we have

f(s,yn(s)) = f(s,9(s)) for a.a. s € [0,00).

This together with the Lebesgue dominated convergence theorem implies
that Fy,(s) — Fy(s) pointwise on [0,t,,]. Let z,t € [0,¢,,] with ¢ < .
Then

2 2
— t —
e m m-x

[Fyn(t) = Fyn(2)] < |al e

1 xr
— d
+m2/t TN, (s) ds
t
_1_% [e—mz’t _ e—m2x} / TN, (S) ds
m 0

emet x
+ / TN, (8) ds
m? 0
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1 7'”’7/2 7777421/' >
+W |:6 t—e }A TNO(S)dS.

A similar bound can be found for |Fy(t) — Fy(z)|. Therefore, given
e > 0, there exists a § > 0 such that for any ¢,2 € [0,¢,,] and |t — 2| < §
we have

(8.17) |F'yn (t) — Fyn(z)| < € for all n
and
(8.18) |Fy(t) — Fy(z)| < e.

Hence (8.17), (8.18) and the fact that Fy,(s) — Fy(s) pointwise on
[0,t,,] imply the convergence is uniform on [0, ¢,,]. As a result F': Q —
E' is continuous.

We next show that F(Q) is relatively compact in E. This follows once
we illustrate the uniform boundedness and relative compactness of F'(Q)
on [0,t,,]. We know that there exists T, € L[0,00) with | f(s,u)| < 7n,
for almost every s € [0,00) and |u| < My. The equicontinuity of F(Q)
on [0, t,] follows essentially by the same reasoning as that used to prove
(8.18). In addition, F(Q) is uniformly bounded since for ¢ € [0, ¢,,] we
have that

3 o0
Fud)] < lal+ 5 [ 7 (s)ds
0

for each v € Q. Thus F(Q) is relatively compact in E and hence F :
@ — E is a compact map.

The result follows immediately from Theorem 8.5 once we show that
(8.10) is satisfied. Take a sequence {(y;,);)}32; in 9Q x [0,1] with
Aj — dand y; — y with y = AF(y) and 0 < A < 1. We need to
show that A\;F(y;) € Q for j sufficiently large. Take any v € E and
[v(t)] < Ng for t € [0,00). Then

1 [e%e) t
|Fo(t)] < |a|e_m2t +— / TN, (8) ds + e_mzt/ emZSTNO(s) ds
m= Jy 0

—m?t

5 /OO TN, (8) ds = W, (B).
0

Notice that tlim U, (t) = 0. This together with the fact that y; € Q
— 00

implies that there exists an ag > 0 with

e

+
m

|Fy;(t)] < Mo+ 1= Ny, for t € [ap,00) and j € {1,2,...}.



Chapter 8 105

Consequently
(8.19) |X;jFy;(t)] < Ny for t € [ag,00) and j € {1,2,...}.

Next consider the situation where ¢ € [0, ag]. Since F' is continuous on Q
we have that Fy; — Fy uniformly on [0, ap]. In addition since A; — A
and F(Q) is a bounded set in E we see that

A Fy; — AFy uniformly on [0, ag).
Thus there exists jo € {1,2,...} with
(8.20) I\ Fy; ()] < [AFy(t)| +1, t € 0, a0], for j > jo.
Now y = AF(y); therefore (8.15) implies for j > jo that
(8.21) [XjFy;(t)] < Mo+ 1= Ny for t € [0, ag).

Now (8.19) and (8.21) imply that X\;F(y;) € Q for j > jo. Consequently
all the conditions of Theorem 8.5 are satisfied and therefore (8.12) has
a solution. |

We also have an existence principle for (8.13).

Theorem 8.7 Assume that the following conditions are satisfied:

f:[0,00) x R = R is an LL-Carathéodory function;

(i) s+ f(s,y) is measurable for any y € R,

(il) y+— f(s,y) is continuous for a.e. s € [0,00),

(iii) for each r > 0 there exists 7, € L'[0,00) such that

(8.22) lyl < r implies |f(s,y)| < 7.(s) for almost all
¢

s € [0,00) together with tlim e_mt/ e 1.(s)ds =0
0

— 00

and lim emt/ e ™ 1.(s)ds = 0;
t

t—o0o

and
there exists a constant My > |a| with |u(t)| < My, t € [0,00),
for any function u € BC([0,00),R) N Wli’cl([O, o), R)

(8.23) which satisfies u” — m2u = A\f(t,u) a.e. on [0,00),

u(0) = a, tlim u(t) =0 for0 < A < 1.

Then (8.13) has a solution y € BC([0,00), R) N W2 ([0, 0), R).

loc
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Proof If follows from (8.22) that solving (8.13) is equivalent to finding
a y € BC([0,00), R) which satisfies

o) = aemt e S [T e o) as
emt o0 e—mt t
S | as - S / ems f(s,y(s)) ds.
Let

Q:={yeC([0,00),R) :y € BC([0,00),R) with |y|lec < Mo+ 1= Ny}

and

—mt o0

Fy(t) := ae_””t—i—% ; e f(s,y(s))ds

emt [ e

Syl ds = G [ e (o) ds

Essentially the same reasoning as in Theorem 8.6 will now establish the
result. O

“2m J,

The general existence principles derived above can now be easily used
to establish existence results for (8.12) and (8.13).

Example 8.1 Consider the boundary value problem

y" +mPy = f(t,y), 0 <t <oo, m#0,
y(0) =0, tlim y(t) = 0.
—00

Assume that (8.14),

(8.24)

(8.25) f:[0,00) x R — R is continuous

and

(8.26) { there exists a constant My > 0 such that

ly| > My implies that yf(¢,y) > 0 for all ¢t € [0, 00)

hold. Then (8.12) has a solution y € BC([0,00), R) N C?([0,00), R).

This follows immediately from Theorem 8.6 once we show that (8.15)
holds. To see this let u € BC([0,00), R) N C?([0,00),R) be a solution
of

u” +mPu = \f(t,u), 0<t<oo, 0<A<1,
u(0) =0, tlim u(t) = 0.
—00

We claim that |u(t)] < My for ¢ € [0,00). If A = 0 this is true since
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u = 0. Therefore suppose that 0 < A < 1. If there exists a t € (0, 00)
with |u(t)| > My then

t)| = |u(tg)| > M,
o [u(t)] = [u(to)| > My

with tg € (0,00) and «'(t9) = 0. Consequently

u(to)u (to) = ulto)[u”(to) +m2u(to)]
= )\u(to)f(to,u(to)) >0,
which contradicts the maximality of |u(tp)]. Hence |u(t)] < M, for

t € [0,00) and therefore (8.15) holds. Existence of a solution of (8.24) is
now guaranteed from Theorem 8.6.

Example 8.2 Consider the boundary value problem

{ yumey:f(tay% O§t<OO, m#oa

(527 y(0) =0, Jim y(t) = 0.

Assume that (8.22), (8.25) and

there exists a constant My > 0 such that
ly| > My implies that yf(¢,y) > 0 for all ¢ € [0, 00).

(8.28) {

Then (8.13) has a solution y € BC([0, 00), R) N C?([0,00), R).

The result follows immediately from Theorem 8.7. We need only check
that (8.23) holds. Let u € BC([0,00), R) N C?([0,00), R) be a solution
of

u’ —mPu = \f(t,u), 0<t<oo, 0<A<1,
u(0) =0, tlirglo u(t) = 0.

Again assume that 0 < A < 1 and max |u(t)] = |u(to)| > My with

t€[0,00)
to € (0,00). Then
u(to)u” (to) = m*[u(to)]® + Au(to) f (to, u(to)) > 0

— a contradiction.

Finally in this chapter we present a continuation principle for contin-
uous, compact maps defined on Fréchet spaces. In particular we present
the 0-epi map approach by Furi, Martelli and Vignoli. For the remainder
of this chapter E will be a Fréchet space and U an open subset of F (in
fact any normal locally convex linear topological space will suffice).
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Definition 8.1 We let My (U, E) denote the set of continuous maps
F:U — E with F(x) # 0 for x € 9U.

Definition 8.2 We let K (U, E) denote the set of continuous, compact
maps F: U — E.

Definition 8.3 We let OKyy (U, E) denote the maps F € K(U, E)
with F'(z) =0 for z € 9U.

Definition 8.4 A map F € Myy (U, E) is called 0-epi if for every
G € OKyy (U, E) there exists x € U with F(z) = G(z).

Remark 8.3 If F' € Mpy (U, E) is 0-epi then there exists x € U with
F(z) =0.

Theorem 8.8 Let E be a Fréchet space, U an open subset of E and
0 € U. Then the identity map i : U — E, given by i(x) := x, is 0-epi.

Proof Let G € OKpy(U,E). We must show that there exists x € U
with = G(z). Define the map J : E — FE by

| G(x), =€ U,
() = { 0, ze BE\U.

Notice that J : E — FE is a continuous, compact map. The Schauder—
Tychonoff theorem guarantees that there exists x € E with x = J(x).
In fact « € U since 0 € U and as a result © = G(x). O

We next show that the property of being 0-epi is invariant by homo-
topy for compact maps.

Theorem 8.9 Let E be a Fréchet space and U an open subset of E.
Suppose that F € Mayy(U,E) is 0-epi and H : U x [0,1] — E is a
continuous, compact map with H(x,0) = 0 for every x € OU. In addition
assume that

(8.29) F(z) # H(z,t) for allz € OU and t € [0,1]
holds. Then F(-) — H(-,1) : U — E is 0-epi.

Proof Let G € OKay (U, E) and consider
B:={zxe€U: F(x)=G(x) + H(x,t) for some t € [0,1]}.
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When ¢t = 0 we have
G() + H(v O) € OK@U(Ua E)

and this together with the fact that F' is 0-epi implies that B # @&. It
is immediate that B is closed and (8.29) guarantees that B NoU = @.
Thus there exists a continuous

p:U — [0,1] with 4(0U) =0 and pu(B) = 1.
Define a map J : U — E by
J(z) .= G(z) + H(z, u(x)).
Clearly J is a continuous, compact map. Also for x € QU we have that
J(x)=0+H(z,0)=0

and as a result J € OKpy(U, E). Now since F is 0-epi there exists
x € U with F(z) = G(z )—|— H(z,pu(x)). Thus x € B (by definition)
and consequently u(xz) = 1. Hence F(z) = G(z) + H(z,1) and we are
finished. O

We can deduce some applicable results from Theorem 8.9.

Theorem 8.10 Let E be a Fréchet space and U an open subset of E.
Suppose that F € Mpy (U, E) is 0-epi and G € K(U, E). Then either

(A1) there exists x € U with F(z) = G(z), or
(A2) there exists x € OU and A € (0,1) with F(x) = AG(z).

Proof Assume that (A2) does not hold and F(z) # G(z) for z € U
(otherwise we are finished). Consequently
(8.30) there exist € OU and A € [0,1] with F(z) = AG(x)
cannot occur. Let H : U x [0,1] — E be defined by

H(z,t) :=tG(x).

Clearly H is a continuous, compact map with H(x,0) = 0 for € U
(in fact for x € U). Now Theorem 8.9 implies that F(-) — G(-) is 0-epi,
therefore there exists @ € U with F(z) — G(x) = 0, in other words, (A1)
occurs. 0

Theorem 8.11 Let E be a Fréchet space, U an open subset of E and
0 € U. Suppose that G € K(U,E). Then either
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(A1) there exists v € U with v = G(z), or
(A2) there exist x € OU and X € (0,1) with x = A\G(x).

Remark 8.4 Of course Theorem 8.11 is our nonlinear alternative of
Leray—Schauder type in Fréchet spaces.

Proof of Theorem 8.11 Let F = I (the identity map). Theorem 8.8
implies that F' € May (U, E) is 0-epi. The result follows immediately
from Theorem 8.11. ]

Notes Theorems 8.5-8.7 are taken from O’Regan [139], while the 0-epi
map approach is adapted from Furi, Martelli and Vignoli [70].

8.1

8.2

8.3

Exercises

Let E be a Banach space and C C E a closed, convex set. Suppose
that F' : C' — C is weakly continuous and F'(C) is relatively compact
in the weak topology. Show that F' has a fixed point.

Let F be a Hausdorff locally convex linear topological space, U a
convex, symmetric neighbourhood of the origin in E, F : U — E
a continuous, compact map and F(—z) = —F(z) for all z € 9U.
Show that F' has a fixed point.

Let E be a Hausdorff locally convex linear topological space, C
a closed, convex subset of F and U an open subset of C. As in
Chapter 6, K (U, C) denotes the set of all continuous, compact maps
F:U — C, with Kyy(U,C) denoting the maps F € K(U,C) with
v # F(x) for ¥ € OU. A map F € Kuyy(U,C) is essential in
Koy (U, Q) if for every map H € Kay(U,C) with H|oy = Flou
there exists x € U with = H(z).

(a) Suppose that F,G € Kyy(U,C) with F ~ G in Koy (U,C)
(that is, there exists a continuous, compact mapping H : U x
[0,1] — C with Hy(+) : U — C belonging to Kay (U, C) for each
t € 10,1] with Hy = F and H; = G). Show that F' is essential
in Koy (U, C) if and only if G is essential in Kay (U, C).

(b) Suppose that p € U. Show that the constant map F(U) = p is
essential in Koy (U, C).

(¢) Let E be a Fréchet space and C a closed, convex subset of E.
Suppose that F' : C — E. Show for each 2 C C that there



Chapter 8 111

exists a closed, convex subset D, depending on F,C and (2,
with Q C D and

@(F(DNC)UQ) = D.

8.4 Let E be a Fréchet space, C' a closed, convex subset of F and
K a lattice with a minimal element (denoted by 0). A mapping
® : 2P — K is called a measure of noncompactness if for any A, B
in 2F
(a) ®(A) =0 if and only if A is precompact,

(b) ®(co(A4)) = @(A),

(¢) ®(AUB) = max{®(A),®(B)}.

Let E, C and ¢, a measure of noncompactness of F, be as described
above. Suppose that F': C' — C'is a continuous, ®-condensing map
(that is, F' : C — C is said to be ®-condensing provided that if
Q2 C C and O(F(£2)) > ©(£2), then Q is relatively compact). Show
that F' has a fixed point.
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Contractive and Nonexpansive Multivalued
Maps

In this chapter we present some fixed point results for multivalued con-
tractive and nonexpansive mappings. Throughout this chapter let (X, d)
be a metric space and B(z,r) the open ball in X, centred at x with ra-

dius r. Also B(C,r) will denote U B(z,r), where C' is a subset of X.

zeC
For C and K two nonempty closed subsets of X, we define

D(C,K) :=inf{e > 0:C C B(K,¢e), K C B(C,¢)} € [0, 00].

D is called the Hausdorff distance.

Let C' be a nonempty subset of X. A multivalued mapping F' : C — X
with nonempty, bounded, closed values is said to be contractive if there
exists a constant k, 0 < k < 1, with

D(F (), F(y)) < kd(z,y);
and is said to be nonexpansive if
D(F(x), F(y)) < d(z,y).

We begin by presenting the Banach contraction principle for contractive
mappings with closed values. This result is due to Nadler. It will follow
immediately from the next result.

Theorem 9.1 Let (X,d) be a complete metric space with xg € X and

r > 0. Suppose that F : B(xg,r) — X is a multivalued contraction with
nonempty, bounded, closed values such that

(9.1 dist(xo, F(x0)) < (1 — k)r
where 0 < k < 1 is the constant of contraction. Then F has a fized
point, that is, there exists © € B(xo,r) with x € F(x).

112
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Proof We first show (by induction) that there exists a sequence of points

{zp} in B(zg,r) with

(a)n ZTp € F(zp-1),
and
(b)n d(xp, Tn_1) < k" 11 — k).

Now (9.1) guarantees the existence of a point x1 € F(xg) with
d(x1,20) < (1 —Fk)r.

Next suppose that there exist points z; satisfying (a);, (b); for 1 <i < n.
Notice that

D(F(zy,), F(xn-1)) < kd(zp, Tn_1) < E"(1 — k)1,
therefore there exists x, 1 € F(x,) with
d(py1,Tn) < k™1 —k)r.
By induction there exists a sequence {z, } in B(zo, r) satisfying (a),, and
(b)p,. The estimate
A(TnipyTn) < (LA+k+ -+ P HE(1 = k)r
implies that {z,} is Cauchy and hence converges to a point 2 € B(xg, 7).

On the other hand, since F(x) is closed and

D(F(xy,), F(x)) < kd(zn, x) (therefore lim dist(zp41, F(z)) = 0),

n—oo
we have immediately that x € F(z). O

Our next result is known as Nadler’s fixed point theorem.

Theorem 9.2 Let (X,d) be a complete metric space and F : X — X
a multivalued contraction with nonempty, bounded, closed values. Then
F has a fized point.

Proof Let xg € X. Choose r > 0 with

dist(zg, F(x0)) < (1 — k)r,

where 0 < k < 1 is the constant of contraction. The result now follows
from Theorem 9.1. O

We next show that the property of having a fixed point is invariant
by homotopy for contractive multivalued mappings.
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Definition 9.1 Let U be an open subset of X, with F: U — X and
G : U — X two multivalued contractive maps with nonempty, bounded,
closed values; here U denotes the closure of U in X. We say that F and G
are homotopic if there exists H : U x [0,1] — X, a multivalued mapping
with nonempty, bounded, closed values, with the following properties:

(a) H(-,1) = F and H(-,0) = G;

(b) = ¢ H(x,t) for every € OU and t € [0,1] (here OU denotes the
boundary of U in X);

(c) there exists a, 0 < ae < 1, such that D(H(z,t), H(y,t)) < ad(z,y)
for all t € [0,1] and 2,y € U;

(d) there exists a continuous, increasing function ¢ : [0, 1] — R such that
D(H(z,t), H(z,s)) < |¢o(t) — ¢(s)| for all t,s € [0,1] and z,y € U.

Theorem 9.3 Let (X,d) be a complete metric space and U an open
subset of X. Suppose that F : U — X and G : U — X are two homotopic
contractions with nonempty, bounded, closed values and G has a fized
point in U. Then F has a fized point in U.

Proof Let H be the homotopy between F' and G. Consider the set
Q:={(t,x) €[0,1]] x U : z € H(z,t)}.

Notice that @ is nonempty since G has a fixed point. On @ we define
the partial order

2(¢(s) — o(t))

1—« ’

(t,x) < (s,y) if and only if t < s and d(z,y) <

where o and ¢ are as in Definition 9.1.
Let P be a totally ordered subset of (). We now show that P has an
upper bound in Q. Define

t* :=sup{t: (t,z) € P}.
Take a sequence {(t,,z,)} in P with
(tnaxn) < (tn+17$n+1) and tn — t*.

Notice that
2(¢(tm) B é(tn))

for all m > n.
l1—«

Thus {x,} is a Cauchy sequence and therefore converges to some z* € U.
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It is clear from the continuity of H (see Exercise 9.1) that (t*,2*) € Q.
It is also immediate that

(t,x) < (t*, ™) for every (t,z) € P,

therefore (t*,2*) is an upper bound on P. Consequently every totally
ordered subset of Q has an upper bound in ). It follows from Zorn’s
lemma that @ admits a maximal element (tg,xo) € Q.

To complete the proof we need to show that ty = 1. Suppose that this
is not true. Then we can choose r > 0 and t € (¢o, 1] with

26(t) — 9lto))

B dr=
(xo,7) CU and r o

Next notice that
diSt(.%'(), H({L‘(), t)) diSt(.’L'()7 H(.%‘O, to)) + D(H(.To, t0)7 H(.Z‘(), t))
d(t) — ¢(to) < (1 —a)r.

Theorem 9.1 guarantees that H(-,t) has a fixed point x € B(xzg,r).
Thus (t,z) € @ with (to,20) < (t,z). This however contradicts the
maximality of (o, zo). O

<
<

We next present a nonlinear alternative of Leray—Schauder type for
multivalued contractions in the particular case where X is a Banach
space.

Theorem 9.4 Suppose that U is an open subset of a Banach space X,
0€U and F:U — X a multivalued contraction with nonempty, closed

values such that F(U) is bounded. Then either
(A1) F has a fived point in U, or
(A2) there exist x € OU and X € (0,1) with x € AF(x)

1S true.

Proof Assume that (A2) does not hold and F has no fixed points on oU.
Then u ¢ AF(u) for all u € OU and A € [0,1]. Let H : U x [0,1] — X
be given by

H(z,t) :=tF(x)
and let G be the zero map. Apply Theorem 9.3 to deduce that there
exists z € U with © € F(x). O

As in Chapter 3 we now ask the question whether we can extend
Theorem 9.4 to nonexpansive multivalued maps. Let E be a Banach
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space and K a nonempty, closed subset of E. The following concepts
will be needed in the proof of our main result.

Definition 9.2 Let {z,} be a bounded sequence in E. The asymptotic
radius of {x,} in K is the number defined by

K {z,}):= inf li — x|
r(K,{wn}) = inf limsup |l — o

Definition 9.3 Let {z,,} be a bounded sequence in E. The asymptotic
centre of {x,,} in K is the (possibly empty) set defined by

A(K, {zn}) = {x eK: h?—?olip |l — x| < r(K, {xn})}

Definition 9.4 A bounded sequence {x,} is said to be regular relative
to K if

r(K,{zn}) = r(K,{zn,}) for every subsequence {z,, } of {x,}.

Remark 9.1 To become familiar with these concepts we advise the
reader at this stage to attempt Exercise 9.2 and Exercise 9.3.

Theorem 9.5 Let E be a uniformly convexr Banach space and U a
nonempty, open, bounded, convex subset of E. Suppose that F : U — E
is a multivalued nonexpansive mapping with nonempty, compact values.
Also assume that there exists a multivalued mapping H : U x [0,1] — E,
with nonempty, bounded, closed values, which has the following proper-
ties:

(a) H(-,1) = F;

(b) H(-,0) has a fived point in U;

(c) for every t € [0,1), there exists o, 0 < o < 1, such that for all x,
y €U and all s € [0,t] we have D(H(x,s),H(y,s)) < a|x —y|;

(d) there exists a continuous function ¢ : [0,1] — R such that for every
t, s € [0,1] we have D(H (z,t), H(x,s)) < |p(t) — ¢(s)].

Then either

(A1) F has a fired point in U, or
(A2) there existt € [0,1) and x € OU with x € H(z,t)

s true.
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Proof Assume that (A2) does not hold (in particular note that this
implies that H(-,0) has no fixed points on 9U). Now Theorem 9.3
guarantees that for every t € [0,1), H(-,t) has a fixed point in U. Thus
we can take sequences {t,} and {z,} such that

t, €10,1), z, € U, x, € H(zp,t,) and t,, — 1.

The sequence {z,} is bounded and we can assume that it is regular
relative to U by Exercise 9.3. Let

{z} := A(U,{z,}) and 1 := r(U, {x,}).

Since F'(x) is compact valued we may choose (see Exercise 9.5) y,, € F(x)
such that

(9-2) [0 = ynll < D(H (20, t0), F(z)).

Again since F(z) is compact valued, some subsequence {yn, } of {yn}
converges to y € F(x). Notice that (9.2), and (c¢) and (d) in the state-
ment of the theorem, yield

2, =yl < lene = ynll + [1yne = vl
< D(H(znytny), H(@ny, 1)) + D(H (2, 1), H(z, 1))

Fllyn =yl

< (tn,) = 6]+ llzn, — 2zl + lyne — -
Consequently
lim sup ||, — y|| < limsup ||z, — x| =
k—oo k—oo
Now Exercise 9.2 implies that y = x and therefore z € F(z). O

Theorem 9.6 Let E be a uniformly convex Banach space, U a
nonempty, open, bounded, convex subset of E and 0 € U. Suppose
that F : U — E is a multivalued nonexpansive mapping with nonempty,

compact values such that F(U) is bounded. Then either

(A1) F has a fived point in U, or
(A2) there exist x € OU and A € (0,1) with v € A\F(z).

Proof Let H : U x [0,1] — X be given by
H(x,t) :=tF(x)

and let G be the zero map. Now apply Theorem 9.5. O
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Notes The results in Chapter 9 were taken from Frigon [68].

9.1

9.2

9.3

9.4

9.5

9.6
9.7

9.8

Exercises

Let (X,d) be a metric space and C' a nonempty subset of X. A
multivalued mapping F' : C' — X with nonempty values is said to be
continuous if it is continuous with respect to the Hausdorff distance
D. Show that the mapping H in Definition 9.1 is continuous.

Let E be a uniformly convex Banach space, K a nonempty,
bounded, closed, convex subset of E and {x,} a bounded sequence
in E. Show that A(K,{x,}) is a singleton.

Let E be a Banach space. Show that every bounded sequence in E
has a subsequence regular relative to K.

Let (X,d) be a metric space, ¥, the collection of nonempty,
bounded (that is, d-bounded), closed subsets of X and let D be
the Hausdorff distance. Show that the set U4 equipped with D is a
metric space.

Let (X, d) be a metric space, D the Hausdorff metric and A and B
nonempty subsets of X.

(a) If B is compact, show that for each a € A, there exists some
b € B with d(a,b) < D(A, B).

(b) If A and B are both compact, show that there exist a € A and
b € B with d(a,b) = D(A, B).

Show that the fixed point in Theorem 9.2 need not be unique.

Let E be a Banach space, F' : E — E such that for allr > 0, F\m

is a multivalued contraction with nonempty, bounded, closed values.
Define

O(F):={x € E:x € \F(x) for some X € [0,1]}.

Show that either ®(F') is unbounded or F has a fixed point.

Suppose that U is an open subset of a Banach space E, 0 € U and
F : U — X is a multivalued contraction with nonempty, closed
values such that F(U) is bounded. Assume that for every = € 9U,
any one of the following conditions is satisfied:

(i) [F ()|l = DO, F(x)) <[],
(i) [|F(2)| < dist(z, F(2)),
(i) [|[F ()] < ([dist(z, F(2)]* + «]*)'/2,
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(iv) [[F(z)] < max{[|z], dist(z, F(z))}.
Show that F' has a fixed point.
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Multivalued Maps with Continuous
Selections

In this chapter we present some fixed point results for multivalued maps
which have continuous selections. To illustrate the methods involved
we will, for the convenience of the reader, restrict our attention to one
particular class of maps, namely the ®* maps. In addition an application
in abstract economies is given.

Suppose that X and Y are Hausdorff topological spaces and F : X —
Y. F is said to be of type ®*, and we write F' € &*(X,Y), if

(1) Y is convex,

(2) F(z) has convex values for all z € X,

(3) there exists a selection B : X — Y such that B(z) # @ for all
x € X and the fibres B~1(y) = {2 : y € B(2)} are open (in X) for
allyeY.

Remark 10.1 B is a selection of F' if B(x) C F(z) for all z € X.

Definition 10.1 The topological space X is paracompact if X is Haus-
dorff and every open covering of X has a locally finite open refinement
that covers X.

We now begin with a selection theorem for ®* maps.

Theorem 10.1 Let X and Y be Hausdorff topological spaces with F €
O*(X,Y). If X is paracompact then there exists a continuous, single
valued selection s : X — Y of F.

Proof Let B: X — Y be a selection of F. Then
{B™'(y):yeY}

120
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is an open cover of X. Since X is paracompact there exists a locally
finite refinement

{Ua}aca of {B7'(y) 1y €Y}

that covers X. For each o € A fix y, such that U, € B~!(y,). Let
{Aa}aca be a partition of unity subordinate to {Us}aca. For each
r € X there exists a finite collection

N, ={a1,...,a,}

with Ay (z) # 0 if and only if & € N,. Let s : X — Y be defined by

s(z) == Z Aa(T)Ya-

aEN,

It is easy to see that s : X — Y is continuous. In addition o € N,
implies that A, (z) # 0, which in turn implies that z € U,. Thus

a €N, =2 B  ya) © ya € B(x) C F(z).
Now since F(z) is convex it follows that

s(x) € F(z) for all x € X. O

We are now in a position to present fixed point theory for ®* maps.

Theorem 10.2 Let Q be a convex subset of a Hausdorff locally convex
linear topological space E and let G € ®*(Q, Q) be a compact map. Then
G has a fized point, that is, there exists x € Q with x € G(x).

Remark 10.2 Recall that G : Q — @ is compact if G(Q) is relatively
compact in Q.

Proof of Theorem 10.2 Choose a compact set X such that
GQCXCQ.

Let YV := co(X) (that is the convex hull of X). Let G* denote the
restriction of G to Y. We first show that

G* € &*(Y,Y).

To see this let B : Q@ — @ be a selection of G with B(z) # & for all
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r € Q and B 1(y) is open in @ for all y € Q. Let B* denote the
restriction of B to Y. Notice that for y € Y,

(B) 'y) = {ze€co(X):ye B (x)}
= {z€co(X):ye Bx)}
= co(X)NB~}(y)

which is open in Y = co(X). Consequently G* € ®*(Y,Y) (note
G*(Y) € X CY). It is also well known (see Exercise 10.1) that
Y = co(X) is paracompact. Now Theorem 10.1 guarantees that
G* : Y — Y has a continuous selection g : Y - Y. Thusg:Y — Y
is continuous and compact (since g(Y) C G*(Y) C X CY) and there-
fore the Schauder—Tychonoff theorem (Theorem 8.3) implies that g has
a fixed point. Thus G has a fixed point. U

Next we present a nonlinear alternative of Leray—Schauder type for
®* maps.

Theorem 10.3 Let Q be a convex subset of a Hausdorff locally con-
vex linear topological space E. Assume that U is relatively open in Q,
up € U, U (the closure of U in Q) is paracompact and G € ®*(U,Q) a
compact map. Then either

(A1) G has a fived point in U, or

(A2) there exist u € QU and X\ € (0,1) with u € AG(u) + (L — A\){uo}

s true.

Proof Suppose that (A2) does not hold and assume that G does not have
a fixed point in OU (otherwise we are finished, that is, (A1) occurs). Let
f: U — Q (note U is paracompact) be a continuous selection of G
(guaranteed from Theorem 10.1). Put

H:={zxecU:x=\f(x)+ (1 - Nug for some X € [0,1]}.

Notice that H # @ since up € U. In addition H is closed since f
is continuous. Moreover H is compact since G is compact map. Since
HNOU = & there exists a continuous function (note that E is completely
regular)

p:U — [0,1] with u(H) =1 and u(0U) = 0.
Let

_ [ p@) @)+ (1 - p@))uo, =€,
I(z) = { U, ’ z € Q\U.
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It is easy to see that J : Q@ — @ is continuous. In fact J is compact
since G is a compact map. The Schauder—Tychonoff theorem (Theorem
8.3) implies that there exists w € Q with w € J(w). In fact w € U since
ug € U. Thus

w = p(w)f(w) + (1 - p(w))uo = Af(w) + (1 - Aug

where 0 < X = u(x) < 1. Consequently w € H and therefore p(w) = 1.
Thus w = f(w) € G(w). 0

We also have a Furi—Pera type result for ®* maps.

Theorem 10.4 Let E be a metrisable (with metric d) locally convex
linear topological space with @ a closed, convex subset of E and 0 €
Q. Assume that G € *(Q, E) is a compact map and suppose that the
following condition is satisfied:

if {(z5,Aj)}5214s a sequence in 0Q x [0, 1] converging to
(10.1) (x,A) with x € AG(x) and 0 < X\ < 1, then there exists
Jo € {1,2,...} with {\;G(x;)} C Q for each j > jo.

Then G has a fized point in Q.

Remark 10.3 Note that @ is paracompact since metrisable spaces are
paracompact, and closed subsets of paracompact spaces are paracom-
pact.

Proof of Theorem 10.4 From Theorem 10.1 there exists a continuous
selection f: Q — F of G. Let r : E — @ be a continuous retraction
with 7(z) € 0Q for z € E\Q (see Theorem 8.5). Consider

X ={x€eE:x=fr(z)}

Notice that X # @; this follows from the Schauder—Tychonoff theorem
(Theorem 8.3) since fr : E — E is a continuous, compact map (note
fr(E) € G(Q)). In addition X is closed and in fact compact since
X < fr(X) € GQ).

It remains to show that X NQ # &. Suppose that X N Q = &. Then
there exists § > 0 with dist(X, Q) > ¢. Choose m € {1,2,...} such that
1 <dm. Fixie {m,m+1,...}. Let

U, := {er:d(x,Q)<%}.
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Thus X NU; = @. Now the nonlinear alternative for compact single
valued maps (Theorem 8.4) implies (since X NU; = @) that there exists

(yi, Ni) € OU; x (0,1) with y; = X fr(y;).
Now A, fr(y;) ¢ Q for i € {m,m+1,...} and therefore
(10.2) {NGr(y;)} € Q for each i € {m,m +1,...}.
Let
D:={zxe E:x=\fr(z) for some X € [0,1]}.

D is compact (since G is compact); therefore we may assume without
loss of generality that

Aj — A and y; — y* € 0Q.

In addition y* = A*fr(y*). Now A* # 1 since X N Q = &. Thus
0 < A* < 1. But in this case (10.1), with z; = r(y;), ¢ = y* = r(y*),
implies that there exists jo € {1,2,...} with {X\;Gr(y;)} C @ for each
j > jo. This contradicts (10.2). Thus X N Q # &, in other words there
exists w € Q with w € Gr(w) = G(w). O

Theorem 10.2 and Theorem 10.4 will immediately give us coincidence
type results for ®* maps.

Theorem 10.5 Let Ey and Eo be Hausdorff locally convex linear topolo-
gical spaces, Q@ a convexr subset of E1 and C a convex subset of Fs.
Suppose that G € ®*(Q,C) and F € ®*(C,Q) are compact maps. Then
G and F~! have a coincidence, that is, there exists (19,90) € Q x C
with yo € G(xo) and xo € F(yo).

Proof Define the map

U(x,y) := Fy) x G(x) for (z,y) € Q x C.

It is easy to see that U € ®*(Q x C,Q x C) and ¥ is a compact map
since ¥(Q x C) C F(C) x G(Q). Theorem 10.2 implies that there exists
(.’Eo,yo) € Q x C with ((E(),yo) S \I/(.’E(),y()). [

Theorem 10.6 Let E be a metrisable locally convex linear topological
space with Q and X closed, convex subsets of E and 0 € Q. Assume
that G € ®*(Q,X) and F € ®*(X, E) are compact maps and suppose
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that the following condition is satisfied:

if {(w5,A;)}5214s a sequence in 0Q x [0,1] converging to
(10.3) (x,\) with x € AFG(z) and 0 < A < 1, then there exists
Jo€{1,2,...} with {\;FG(z;)} C Q for each j > jo.

Then G and F~ have a coincidence, that is, there exists (zo,yo) € QXX
with yo € G(z0) N F~1(x0).

Proof (@ is paracompact. Let g : Q — X be a continuous selection of
G (guaranteed from Theorem 10.1) and note that Fg € ®*(Q, E) is a
compact map. Suppose that {(z;,A;)}72; is a sequence in 9Q x [0, 1]
converging to (x,A) with x € AFg(zx) and 0 < XA < 1. Then x €
AFG(z), therefore (10.3) implies that there exists jo € {1,2,...} with
{NjFG(z;)} € Q for each j > jo. Thus {\;Fg(z;)} C @ for each
j > jo. Apply Theorem 10.4 to deduce that there exists z¢p € @ with
xo € Fg(xo). O

To illustrate the generality of the fixed point theorems derived in this
chapter we discuss an application in abstract economies. First however
we need to present a generalisation of Theorem 10.2 which is particularly
useful in the abstract economy setting.

Theorem 10.7 Let I be an index set and {Q;}icr a family of nonempty,
convex sets, each in a locally convex Hausdorff linear topological space
E;. For each i € I, let G; € D*(Q,Q;) be a compact map; here Q :=

HQZ Then there exists
el
x* € G(x*) = HGi(m*);
el
that is,
xr € Gi(z™) foralli € I;

here x7 is the projection of x* on Ej;.

Proof For each ¢ € I, choose a compact set X; C E; with
Gi(Q) € X; CQ;.
Let X := HXi' Note that X is compact. Let Y := co(X) and from Ex-

icl
ercise 10.1 we see that Y is paracompact. Let G} denote the restriction



126 Multivalued Maps with Continuous Selections

of G; to Y. We now show that
G} € &*(Y,co(X;)) for each i € I.

(Note that G;(Y) C G;(Q) C X; C co(X;).) To see this, for each i € T,
let B; : Q; — Q; be a selection of G; with G;(z) # 0 for all z € @ and
B~(y) open in Q for all y € Q;. Let B} denote the restriction of B to
Y. Notice that for each i € I and y; € co(X;),

(BY)'(yi) = {z€co(X):y; € B(x)}
= {z€co(X):y; € Bi(x)}
— co(X) N B (i)

which is open in Y = co(X). Thus G} € &*(Y,co(X;)) for each i € I.
Theorem 10.1 guarantees that G; has a continuous selection g; : ¥ —
co(X;) for each i € I (in fact g; : Y — X since ¢;(Y) C G;(Y) C Xj;).
Let g : Y — Y be defined by

g(x) == [[ gs();

el

note that g(Y) C HXi =X CY. Also g is continuous and compact
i€l

since g(Y) € X. Now the Schauder—Tychonoff theorem (Theorem 8.3)

implies that there exists z* € Y C @ with

ot =g(@*) = [[g:(=*) S T[ Gisla"). O
il i€l
Let I be the set of agents (possibly uncountable). We shall describe
an abstract economy by

I'= (QZ? Fi7 Gi7pi)’iEI7

where for each i € I, Q; (C E;) is the choice (or strategy) set, F;, G; :
HQi = @Q — 29 are constraint correspondences and P, : Q — 29 is
iel

a preference correspondence. A point z* € @ is called an equilibrium
point for T' (or a generalised Nash equilibrium point) if for each i € I,

x; € Gi(z*) and Fi(z*) N P(z*) = @

(here x} is the projection of z* on E;); if such an z* exists we say that
I" has an equilibrium point.
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Theorem 10.8 Let I’ = (Q;, F;, Gi, P;)ier be an abstract economy such
that for each i € I the following conditions hold:

(10.4) { Q; is a nonempty, convex set in a Hausdorff

locally convex linear topological space E;;

for each z € Q = HQ“ we have F;(z) # &,
(10.5) icl
Fi(z) C Gi(z) and Gi(x) is conver valued;

(10.6) for each y € Q;, the set [(co(P;)) ™ (y;) U M| 0 E;  (ys)
’ is open in Q; here M; :={x € Q : Fi(z) N P(z)} = &;
(10.7) G;: Q — 29 is a compact map;

and

(10.8) { Jor each x € Q, x; & co(Pi(x));

here x; is the projection of x on E;.
Then T' has an equilibrium point x* € Q, that is, for each i € I,
x; € Gi(z*) and F;(x*) N P(a*) = @;

here x} is the projection of z* on E;.

Proof For each i € I let
N, ={ze€Q: Fi(x)NPiz) # 2}
and for each = € @ let
I(a) = {i € I: Fi(x) N Pi(x) # o).
For each i € I, define the correspondences A;, B; : Q — 2% by

[ co(Pi(x)) N Fi(x) if i € I(x) (that is, if x € N;),
Aile) = { Fy(x)ifi¢ I(x)

and
[ co(Pi(x))NGy(x) if i € I(z),
Biw) = { Gi(z) it i ¢ I(z).

It is easy to see (use (10.5)) that for each i € I and = € Q

B;(z) is convex valued, A;(x) # 0 and A4;(x) C B;(z).
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In addition for each i € I and y; € Q); we have

(Ai) " (w) {[(co(P)) ™ (ya) N F; ()| N Ni} U [F (i) 0 M)

[(co(P)) ™ (ya) N FT (a)] U [F (ya) N M
= [(co(P;))"(y;) UM;] N F M (yi)
which is open in @ by (10.6). Thus B; € ®*(Q, Q;) for each i € I. In
addition (10.7) implies that B; is a compact map for each i € I. Now
Theorem 10.7 implies that there exists z* € @ with z} € B;(z*) for all
i € I (here z} is the projection of z* on E;). Note that if ¢ € I(z*) for
some ¢ € I, then

Fi(z*) N Pi(z*) # @ and z € co(P;(z*)) N G;i(z™)

(in particular z} € co(P;(x*))). This contradicts (10.8). Thus ¢ ¢ I(x™)
for all ¢ € I. Consequently we have that F;(z*) N P;j(2*) = @ and
xr € Gi(z*) for all ¢ € I. O

Notes The results in Chapter 10 were adapted from Ben-El-Mechaiekh,
Deguire and Granas [18], and O’Regan [142,143]. Other maps of this
type are discussed in [52,87,126,178].

Exercises

10.1 Let D be a nonempty, compact subset of a Hausdorff topologi-
cal space E. Show that co(D) is o-compact (hence Lindeldf and
paracompact).

10.2 Let X and Y be Hausdorff topological spaces with F' € &*(X,Y).
If X is compact show that there exist a finite collection {y1, ..., ¥yn}
of elements of Y and a continuous single valued selection s : X —
Y of F with s(X) C co{y1,--.,Yn}

10.3 Let X be a nonempty, paracompact Hausdorff topological space
and Y a nonempty, convex subset of a topological vector space.
Suppose that S, T : X — 2Y are correspondences such that
(a) for each z € X, co(S(z)) C T'(z) and S(z) # @,

(b) for each y € Y, S71(y) is open in X.
Show that 7" has a continuous selection.

10.4 Let {X;};cr be a family of nonempty, convex sets, each in a locally
convex Hausdorff topological vector space E;, where [ is an index
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set. For each i € I, let D; be a nonempty compact subset of X;
and S;,T; : X = HXi — 2P be such that for each i € I,
iel

(a) for each z € X, co(S;(x)) C Ti(x) and Si(x) # @,
(b) for each y; € D;, S;*(y;) is open in X.
Show that there exists
x*eD= HD,» with z* € T'(2*) = HTi(m*).

i€l il
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Multivalued Maps with Closed Graph

In this chapter we extend the Schauder—Tychonoff theorem to the mul-
tivalued case. The basic results in this chapter are due to S. Kakutani,
I. L. Glicksberg and K. Fan.

We begin this chapter by presenting Sperner’s combinatorial lemma.

A set {xq,...,2z,} in a Euclidean space is said to be affinely independent
if

> Xwi=0and Y A =0imply Ag=--- =\, =0.

i=0 i=0

Definition 11.1 Let vg,vq,...,v, be an affinely independent set of
n + 1 points in a Euclidean space E. Their convex hull

{meE:x:i/\ivi, 0< N\ <1, i:)\izl}

i=0 i=0
is called the (closed) n-simplex and is denoted by vgvy ... v,. The points
Vg, V1, . . ., U, are called the vertices of the simplex.
For 0 <k <nand 0 < iy < iy < -+ < i < n, the k-simplex
Vi, Vi, - - - V;,, 1S a subset of the n-simplex vguy ... v,; it is called a k£ dimen-
n
sional face (or simply k-face) of vouy ...v,. In addition if y = Z Aiv;
i=0
we let x(y) = {i: \; > 0}.
Suppose that T = {79,...,Tm} is a collection of n-simplexes in
Vo1 . .. Uy such that

m
(a) UTi = VU1 ...Un
i=1

and
(b) 7;N7; is either empty or a common face of 7; and 7; (¢,5 =1,...,m).

130
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Then T is called a triangulation (or simplicial subdivision) of vovy ... v,.
The mesh of the subdivision is the diameter of the largest subsimplex.
Let T be a triangulation. A vertex of a simplex in T is called a vertex
of T. An (n — 1)-face of a simplex from T is called a boundary (n — 1)-
simplex of T if it is a face of exactly one n-simplex of T'.
We now sketch the proof of Sperner’s combinatorial lemma (the proof
here is based on an argument by Ky Fan).

Theorem 11.1 Let T be a triangulation of an n-simplex vgvy . .. v,. Let
¢ be a function which assigns to each vertex v of T' one of the integers
0,1,...,n (that is, p(v) € {0,1,...,n}) such that whenever

(11.1) VE VgV, - .- V4, then ¢(v) € {ig, i1, .., ik}

forO0<k<nand0<ip<iy <-- <ir <n (that is, such that ¢p(v) €
X (v) — we say that ¢ is a proper labelling of the triangulation). Then the

number of n-simplexes in T whose vertices receive n+ 1 different values
is odd.

Proof We may think of T" as a house; the n-simplexes are the rooms of
the house. A room will be considered a good room if its n + 1 vertices
are labelled with n+ 1 different integers, otherwise it will be called a bad
room. If the vertices of an (n — 1)-face of a simplex 7 of T are labelled
with the integers 0,1, ...,n—1, then that face is considered to be a door
to the room 7. A door which is a boundary (n—1)-simplex of T is called
an external door. It is clear that a good room has exactly one door and
a bad room has either no doors or two doors. We will now trace paths
through the house going through each door exactly once.

To start a path either we enter a room through an external door or
we leave a good room through its unique door. Every time we enter
a room through a door and see a second door in the room, we go out
through the second door. This will lead us to either the outside of the
house or a new room. According to this rule, our path will stop either
when we get to the outside of the house through an external door or
when we get to a good room. After going through each door exactly
once by tracing various paths, we pair off the two ends of each path.
In this way each good room is paired with either another good room or
an external door. In addition each external door is paired with either
another external door or a good room. This pairing implies that the
number of good rooms and the number of external doors are congruent
modulo 2 (that is, these numbers have the same parity). To complete
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the proof (Exercise 11.9) we note (use induction) that the number of
boundary (n — 1)-simplexes in 7" with vertices labelled 0,1,...,n — 1 is
odd. Il

We now use Sperner’s lemma to present the theorem of Knaster, Ku-
ratowski and Mazurkiewicz (KKM theorem).

Theorem 11.2 Let {Fy,...,F,} be a family of n+ 1 closed subsets of
an n-simplex vovy . .. v,. Suppose that for each 0 < k <n and 0 < iy <
i1 < - < i <n we have

(112) Vig Uiy -+ - Vg, QFZ-OUFil UU.FZ,C
Then ﬂ F;, + 2.
=0

Proof Let T be an arbitrary triangulation of the simplex vgv; . ..v,. For
each vertex v of T we assign the integer ¢(v) € {0,1,...,n} with

v € Fy(,y and ¢(v) € {io, ..., i} whenever v € {viy,vi,,...,vi, };

notice that (11.2) guarantees that this possible. Now Theorem 11.1
implies that there is a simplex wow; ... w, of T with

o(w;) =i fori=0,1,...,n.

Then
w; € Fyw,) = Fj fori=0,1,...,n.

Consider the sequence of triangulations {T (m)} of vgvy ... v, such that
the mesh of T(™ tends to zero as m — oo. For each m, there exists an
n-simplex w(()m)wgm) —wi™ in T with wgm) € Fyfori=0,1,...,n. The
compactness of vgv; ... v, guarantees that we can choose a subsequence
{m;} of {m} with m; < ms < --- and such that

(my)

lim w;

J—00

= g; exists for i =0,1,...,n.

Now since the mesh of T(") tends to zero as j — oo, it follows imme-

diately that go = ¢1 = -+ = ¢,. Thus

lim wgm") =gqforalli=0,1,...,n.

j—oo
Since F; is closed for eachni =0,1,...,n we have that q € F; for i =
0,1,...,n. Consequently m F;, # 2. Ul

=0
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We next present an infinite dimensional version of the KKM theorem.
This will be used to establish Ky Fan’s minimax theorem which is the
crucial result that is needed to establish the analogue of the Schauder—
Tychonoff theorem for multivalued maps.

Definition 11.2 Let @ be a convex set in a vector space X, A a
nonempty subset of Q and F : A — 29 (here 29 denotes the set of all
subsets of Q). The family {F(z) : z € A} is said to be a KKM covering
for @ if
co{z:z e N} C U F(z)
TEN

for any finite set N C A.

Theorem 11.3 Let Q be a convex set in a Hausdorff topological vector
space X, A a nonempty subset of Q, F : A — 29 and {F(z):x € A} a
KKM covering for Q. If there exists an a € A with F(a) compact, then

() F) #2.

TEA

Proof From a standard result in topology it suffices (since F'(a) is com-
pact) to show that the family {F(z) : © € A} has the finite intersection
property. Let {zg,...,z,} C A and let 0 = vyv; ... v, be an n-simplex.

Define ¢ : 0 — Q by

(11.3) P (Z Mi%‘) = Z,Ufixi
i=0 i=0

n

for each p; > 0 (i = 0,...,n) with Zui = 1. Now % is continuous,
i=0

therefore the set

Gi =y H(F(x;)) is closed in o

foreachi=0,...,n. f0<k<nand 0<ig<i; < - <i <n, we
claim that

k
VigUV4q « - - Uiy, Q U Gz]
Jj=0

n
If the claim is true, then Theorem 11.2 guarantees that ﬂ G; #+# @.
i=0
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However,

A6 = (Vo (Fla) = v (mm)
j=0 i=0 i=0

and therefore m F(z;) # @ and we are finished.
i=0
It remains to prove the claim. Since {F(x) : € A} is a KKM covering
for @ we have

k k
co{Tiy, Tiyy- - Ti ) C LJF;EZ C U
Jj=0 j=0
This together with (11.3) gives
VigVi, « - - Vi, = co{0i0, Ui,y -+, 05, } = ¥ (co{@iy, iy s, T4, })

and therefore

Vi Vi - - - U F( .73% U (. ( x” ) U Gi,.

We are now in a position to prove Ky Fan’s minimax theorem. A
real valued function ¢ on a topological space X is lower (respectively
upper) semicontinuous if the set {z € X : ¢(x) < A} (respectively {z €
X : ¢(x) > A}) is closed in X for each A € R. If @ is a convex set in a
vector space then a real valued function ¢ on @ is said to be quasiconcave
(respectively quasiconvez) if {x € Q : ¢(x) > A} (respectively {z € Q :
¢(x) < A}) is convex for each A € R.

Theorem 11.4 Let K be a nonempty, convexr, compact subset of a
Hausdorff topological vector space X and ¢ a real valued function on the
product space K x K satisfying the following conditions:

(11.4)  for each fized x € K, ¢(x,-) is lower semicontinuous on K
and

(11.5) for each fized y € K, ¢(-,y) is quasiconcave on K.
Then there exists y* € K with

d(x,y*) < sup ¢(z,2) for allz € K
zeK

(cmd therefore HllIl sup ¢(z,y) < sup ¢(z, :c))
€K zek reEK



Chapter 11 135

Proof Let A := sup ¢(x,z). We may assume that A # oo. For each
zeK
z e K let
F(z):={y € K:¢(z,y) < AL

Condition (11.4) guarantees that each F'(x) is closed and hence compact
in K (note that K is compact). We claim that

{F(x):2 € K} is a KKM covering for K.

If the claim is true then Theorem 11.3 guarantees that ﬂ F(z) # @.
zeK
Take y* € ﬂ F(z) and we are finished.

zeK
It remains to prove the claim. Suppose it is not true. Then there exist

{z1,...,2n} CKand a; >0 (¢ =0,1,...,n) with Zaizlsuchthat
=0

w=> ;¢ U F(x;).
=0 1=0

This together with the definition of F(x) yields

(11.6) qS(xi,Zaimi) = ¢(zi,w) > Afor i =0,1,...,n.
i=0

Finally (11.6) together with the quasiconcavity of ¢(-, w) guarantees that
¢(w, w) > A — a contradiction. O

Definition 11.3 Let X and Y be topological spaces and F : X — 2
be a set valued map (that is, for each z € X, f(x) € 2¥). We say that F
is upper semicontinuous at xo € X if for each open set G with f(x¢) C G,
there exists an open neighbourhood N(zg) of ¢ with F(x) C G for all
x € N(=zp). F is upper semicontinuous on X if it is upper semicontinuous
at every point of X.

Theorem 11.5 Let X be a Hausdorff topological vector space, Q a
nonempty subset of X and F : Q — 2% upper semicontinuous with F(x)
nonempty and bounded for each x € Q. Then for any g € X' (dual) the
map ¢q : Q@ — R, defined by

¢g(x) := sup Re(z,y) (note (z,9)=g(z)),
z€F(y)

is upper seimcontinuous in the sense of real valued functions.
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Proof Fix yg € Q. Let € > 0 be given and let

UG::{xEQ:|<as,g>|<§}.

Notice that U, is an open neighbourhood of 0. Since F(yo) + Ue is an
open set containing F'(yg), it follows from the upper semicontinuity of
F' at yo that there exists a neighbourhood N(yo) of yo in @ with

F(y) € F(yo) + Ue for all y € N(yo).

Thus for each y € N(yo) we have that

¢g(y) = sup Re(z,g)< sup Re(z,g)
z€F(y) €l (yo)+Ue
< sup Re(z,g)+ sup Re(z,g)
z€F (yo) zeU,
< QSQ (yO) + €,
therefore ¢, is upper semicontinuous. Ul

We are now in a position to prove the analogue of the Schauder—
Tychonoff theorem in the multivalued case, namely Ky Fan’s fixed point
theorem. In the proof we will use the following separation theorem (the
proof of which follows from the Hahn—Banach theorem and can be found
in any standard functional analysis text).

Theorem 11.6 Suppose that A and B are disjoint, nonempty, conver
sets in a Hausdorff locally convex linear topological space X. If A is
compact and B is closed, then there exist f € X' and v € R with

max f(A) <y <inf f(B).

Theorem 11.7 Let K be a nonempty, convexr, compact subset of a
Hausdorff locally convex linear topological space X and let F : K — 2K
be upper semicontinuous with F(x) a nonempty, closed, convex subset of
K for each x € K. Then there exists a y* € K with y* € F(y*).

Proof Suppose that the result is not true, that is, suppose y ¢ F(y) for
each y € K. Now for each y € K, Theorem 11.5 guarantees that there
exists f, € X’ with

(11.7) Re(y, fy) — sup Re(z, f,) > 0.
z€F(y)
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For each g € X', let

V(g):==qy €K :Re(y,g)— sup (z,9)>0,.
z€F(y)

Notice that (11.7) ensures that K = U V(g). In addition Theorem
geX’

11.5 implies that V' (g) is open in K. The compactness of K guarantees

the existence of

n
91,92, -+, gn € X' with K = U V(g:).
i=1

Let {A1,..., Ay} be a partition of unity on K subordinate to {V(¢1), ...,
V(gn)} (let V; =V (g;) for i = 1,...,n), that is, A1, ..., A, are continu-
ous, nonnegative, real valued functions on K with A; vanishing on K\V;

foreachi:1,...,nand2)\i(a:)zlforallxeK. Let : KxK - R
i=1

be given by

n

é(x,y) == > Ni(y)Rely —z,9:) .

i=1
It is easy to see that all the conditions of Ky Fan’s minimax theorem
(Theorem 11.4) are satisfied and therefore there exists yo € K with

d(z,y0) <0 for all x € K,

that is,
n

(11.8) Z Xi(yo)Re (yo — x,g;) <0 for all z € K.
i=1
Suppose that ¢ € {1,2,...,n} is such that A;(yo) > 0. Then yo € V(g;)

(since A; vanishes on K\V;) and consequently

Re (yo,9:) > sup (x,9:) > Re(xo,gi)
z€F(yo)

for all g € F(yp) (that is, Re (yo — xo, g;) > 0 for all zy € F(yp)). Thus
Xi(yo)Re (yo — xo, g;) > 0 whenever A\;(yo) >0 (fori=1,...,n)

for all 2y € F(yo). Since A;(yo) > 0 for at least one i € {1,2,...}, it

follows that

Z)\i(yO)Re (Yo — x0,gi) > 0 for all zg € F(yo).

i=1



138 Multivalued Maps with Closed Graph
This contradicts (11.8). O

We now present some results where we assume compactness on the
operator instead of compactness on the space K.

Theorem 11.8 Let K be a nonempty, closed, convex subset of a com-
plete Hausdorff locally convex linear topological space and let F : K —
2K be an upper semicontinuous, compact map (that is, F(K) is a rela-
tively compact subset of K ) with F(x) a nonempty, closed, convex subset
of K for each x € K. Then there exists a y* € K with y* € F(y*).

Proof Let @Q :=cto(F(K)). It is well known (Exercise 11.1) th
nonempty, convex, compact subset of K. In addition F(Q) C
Q. Theorem 11.7 guarantees that there exists y* € @ with y* €

)
(y

D"’Iﬂ gv

Theorem 11.9 Let K be a nonempty, closed, convex subset of a com-
plete Hausdorff locally convex linear topological space and let F : K —
2K be a closed (that is, having closed graph), compact map with F(x) a
nonempty, closed, convex subset of K for each x € K. Then F has a
fized point in K.

Proof Let Q := co(F(K)). Notice that F : Q — 29 with @ compact.
Also, F|g has closed graph, therefore Exercise 11.5 ensures that F|g is
upper semicontinuous. Now apply Theorem 11.7. Ul

Finally in this chapter we establish a nonlinear alternative of Leray—
Schauder type for closed maps.

Theorem 11.10 Let E be a complete Hausdorff locally convex linear
topological space, U an open subset of E and 0 € U. Suppose that
F : U — 2F is a closed, compact map with F(z) a nonempty, closed,
convex subset of E for each v € U. Then either

(A1) F has a fived point in U, or

(A2) there are a u € OU and a A € (0,1) with u € AF(u).

Proof Suppose that (A2) does not hold and F' has no fixed points on
OU (otherwise we are finished). Consider

A:={z €U :x € \F(z) for some \ € [0,1]}.

Notice that A # @ is closed. To see this let (x,) be a net in A (that
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is, To € AaF(24) for some )\, € [0,1]) with z, — 2o € U. Without

loss of generality, assume that A\, — Ao € (0,1]. Since z, € A there

exists Yo € F(xq) with 24 = Aqya. Now x4 — xp and y, — /\—xo. The
0

1
closedness of F' implies that 1 %o € F(zg) and therefore o € A. Thus
0

A is closed. In addition F : U — 2F being a compact map implies that
A (= A) is compact.

Notice that ANOU = @. Since E is completely regular, A is compact
and AU is closed, there exists a continuous function u : U — [0, 1] with

#(A) =1 and p(0U) = 0. Let

_ J w@)F(z), =€,
N(@):= { {0}, v € E\U.

It is immediate that N : E — 2F is a closed, compact map (see Exercise
11.1) and N(z) has nonempty, closed, convex values for each x € E.
Theorem 11.9 ensures the existence of an x € E with € N(z). Notice
that x € U since 0 € U. Thus

z € p(z)F(x) = AF(x) where 0 < A = p(x) < 1.

Consequently x € A, therefore p(z) =1 and we are finished. O

Remark 11.1 We remark that the results in Chapter 6 and Chapter
7 extend to upper semicontinuous, compact maps. We leave the details
to the reader.

Notes The approach in Chapter 11 is adapted from Fan [64] and Wong
[188]. We refer the reader to Aliprantis and Border [3], and Zeidler [191]
for other approaches. Theorem 11.10 is taken from O’Regan [141].

Exercises

11.1 Let E be a complete Hausdorff locally convex linear topological
space. Show that the closed convex hull of a compact subset of
FE is compact.

11.2 Show that an upper semicontinuous map F : X — 2Y is closed
if either
(i) F is closed valued and Y is regular, or
(ii) F is compact valued and Y is Hausdorff

hold.
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11.3

11.4

11.5

11.6

11.7
11.8

11.9

11.10

11.11

Multivalued Maps with Closed Graph

Let A be a subset of a regular space X and let F : A — 2% be
an upper semicontinuous, closed valued map. Show that the set
of fixed points of F' is closed.

Let @ be a closed, convex subset of a Fréchet space F, 0 € @0, and
let F': Q — 2% be a closed, compact map with F(x) a nonempty,
closed, convex subset of E for each = € Q. In addition assume
that

if {(z;,A;)}52, is a sequence in 9Q x [0, 1] converging to (z, )
with x € AF(z) and 0 < XA < 1, then there exists jo € {1,2,...}
with {\; F(z;)} C Q for each j > jo

is satisfied. Show that F' has a fixed point in Q.

Show that a closed valued map with compact Hausdorff range
space (codomain) is closed if and only if it is upper semicontinu-
ous.

Let K be a nonempty, convex, compact subset of a Haudorff
topological vector space X and let ¢ be a real valued continuous
function defined on K x K. If for each fixed y € K, the function
¥(-,y) is quasiconvex on K, show that there exists y* € K with

(x,y*) = P(y*,y*) for all z € K.

Complete the details in Remark 11.1.

Let A be a nonempty, convex subset of a complete Hausdorff
locally convex linear topological space and let F': A — 2K be an
upper semicontinuous map with F(z) a nonempty, closed, convex
subset of A for each € K. In addition suppose that F(A) is
contained in some compact subset C' of A. Show that F' has a
fixed point. (Note that we do not assume that A is closed!)

Complete the proof in Theorem 11.1 (that is, supply the induc-
tion argument).

Let X be a Fréchet space with metric d. Suppose that K C X is
compact, V is a neighbourhood of 0 and € > 0. Show that there
exists a convex neighbourhood of 0, W, such that W C V and
also such that whenever z € K and y € W then d(z + y,z) < e.

Let X be a Fréchet space, C C X closed and convex, and let F :
C — 2% be an upper seimcontinuous map with F(z) a nonempty,
compact, convex subset of X for each x € C'. Then given € > 0
and d a metric on X, show that there exists a continuous, single
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valued mapping f : C — X such that if z € C then there are a
y € C and z € F(y) such that d(z,y) < € and d(f(z),z) < e.



12
Degree Theory

In our final chapter we introduce the concept of the degree of a map.
It will be used here to provide another approach to presenting (i) fixed
point theory, and (ii) continuation principles.

We begin by defining the degree of a map defined on subsets of R".
Here

R" :={z=(x1,...,2p):x; ERfori=1,... n}

with |z] := max{|z;] : ¢ = 1,...,n}; p denotes the induced distance
(induced by |- |) and

B(y,r) :=={x: p(z,y) <7}

is the open ball with centre y and radius r. Let D be a bounded open
subset of R™ and p € R™. C(D) is the linear subspace of continuous
functions from D into R"™ with norm

If1l := sup |f(x)];
zeD

f'(zx) is the derivative of the function f at the point x; the symbol ¢ ;’

0
denotes the operator e and Jy(x) is the Jacobian of f at z, that is,
Ty

J¢(x) == det f'(x) = det(f; ;(x)).

We say that f € C1(D) if f € C(D) and there is an extension fof f
defined on an open set D(f) containing D such that f has continuous
first order partial derivatives in D(f); the norm on C1(D) is

[fllx:= sup [fi(z)]+ sup [|fi;(z)].
zeD xeD
1<i<n 1<i,5<n

C?(D) is the subspace of C*(D) consisting of those functions for which

142
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the corresponding extensions f have continuous partial derivatives of
the second order in D(f). Finally C§(D) (r = 1,2) is the subspace of
C"(D) consisting of those functions whose support is contained in D

(the support of f, denoted by supp(f), is {z : f(x) # 0}).

Definition 12.1 A point 2 € R" for which f(z) = p is called a p-point
of f. For f € C(D), f~1(p) is then the collection of p-points of f in D.

Definition 12.2 Let ¢ € C'(D). We say that x is a critical point of ¢
if Jy(x) = 0; then ¢(x) is a critical value of ¢. The set of critical points
of ¢ in D is denoted by Z4(D) or Z,. The set of critical values, ¢(Zy),
is called the crease of ¢.

Theorem 12.1 If ¢ € C'(D) and p ¢ crease ¢, then ¢~ 1(p) is finite.

Proof We claim that the p-points of ¢ in D are isolated. Suppose the
claim is true. Notice that ¢=1(p) is closed and also compact. Since the
p-points of ¢ in D are isolated, there exists an open covering {Aq }aeca
of $~1(p) with

¢71(p) - U Ao

acA

and with each A, containing at most one p-point of ¢ in D. We can
now extract a finite subcovering and as a result, ¢~*(p) is finite.

It remains to prove the claim. If this were not true then we would
have a sequence (z,,) in D convergent to zq say, with ¢(z,) = p for all
n. Then x¢ € D, ¢(x¢) = p and

(12.1) 0= ¢(zn) — ¢(x0) = ¢'(x0)(Tn — T0) + o(|75 — 0|) as N — o0.
Since ¢’ (xo) is nonsingular, there is an r > 0 with
(12.2) | (x0)(w)] > r|u| for u e R™.
For n sufficiently large we have from (12.1) that
18/ (20) 2 — 20)] < 37len — 0,

and this contradicts (12.2). O

Definition 12.3 Suppose that ¢ € C1(D), p ¢ ¢(0D) and p ¢ crease ¢.
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Define the degree of ¢ at p relative to D to be d(¢, D, p), where

d(¢,D,p) = Z sign Jy(x).
z€d~1(p)
Remark 12.1

(i) 0D denotes the boundary of D.
(ii) Since p ¢ crease ¢, Theorem 12.1 guarantees that the summation in
the definition is finite.

We have immediately the following result.

Theorem 12.2 Let I denote the identity map. If p € D then d(I, D, p)
=1, whereas if p ¢ D then d(I, D,p) = 0.
Our goal is to remove the restrictions that ¢ € C'(D) and p ¢ crease ¢

in Definition 12.3. We first give some definitions (the justifications will
follow).

Definition 12.4 If ¢ € C'(D) and p ¢ ¢(0D) but p € crease ¢, define
d(¢, D,p) to be d(¢, D, q), where ¢ is any point such that

q ¢ crease ¢ and |q — p| < p(p, $(0D)).

Remark 12.2 Since 9D is compact, ¢(9D) is closed and therefore as
a result p(p, (D)) > 0 since p ¢ ¢(9D).

To justify Definition 12.4 we need to show that we can find a ¢ as
described. In addition we need to prove that the degree does not depend
on the particular point g chosen.

Definition 12.5 Suppose that ¢ € C(D) and p ¢ ¢(0D). Define
d(¢, D, p) to be d(¢, D, p) where 1 is any function in C'(D) satisfying

\p(z) — (z)| < p(p, p(OD)) for € D.

To justify Definition 12.5 we need to show that the degree does not
depend on the function ¢ chosen.

We now gather together the results that will be needed to justify the
above definitions.

Theorem 12.3 Suppose that ¢ € C1(D) and p & ¢(Zy)Up(OD). Then
there is a § > 0, depending on p and ¢, such that if ||t — @|l1 < & then



Chapter 12 145

Proof 1f ¢~ 1(p) = @ take § = %p(p,gﬁ(@D)). Then if || — ¢|l1 < 0

we have [1)(z) — p| > & for x € D, that is, ¢ has no p-points in D.
Consequently d(¢, D,p) = d(¢, D, p) from Definition 12.3.

Suppose next that ¢=1(p) = {ay,...,ar} (we know that ¢~1(p) is
finite since p is not a critical value of ¢). We can take (Exercise 12.1)
disjoint balls B; := B(a;,r) and make a sequence of choices of r and
§ such that eventually every ¢ € C(D) satisfying ||¢) — ¢|l1 < & has
exactly one p-point in each B; and none elsewhere, and Jg and Jy, have
the same sign in each B;.

With r chosen as above, there is an ¢ > 0 with |¢(x) — p| > € for
r € A= D\B(r) where B(r) := B(ay,r7)U---UB(ax,r). By decreasing
d further if necessary we can ensure that |¢p(z) — ¢¥(z)| < % for z € D.
Thus if z € A,

[¥(x) = pl = |p(z) —p| = |¢(z) — P(z)| =

N ™

and therefore v~ (p) C B(r). Since no point of B(r) is a critical point
of ¥, we also have that p ¢ creasetp. Consequently

k
d(y,D,p) = Z sign Jy(z) = Zsign Jy(a;) =d(¢,D,p). O
z€P~1(p) i=1
Next we state, for the convenience of the reader, a version of Sard’s
well known theorem on manifolds which will be particularly useful here.

Theorem 12.4 Let ¢ € C1(D). Then the crease ¢(Zy) has zero mea-
sure in R™.

Remark 12.3 Since ¢(Z,;) has measure zero, it cannot have interior
points.

If X is a subset of R, we can write C' (X, R™) for the vector space of
continuously differentiable functions from X into R™, and C(X,R™)
for the subset consisting of those functions whose support is compact.
We now state two well known results. The proofs are not difficult (Ex-
ercise 12.2) and can be found in any standard analysis book.

Theorem 12.5 Let ¢ € C?(D) and v € CL(R™,R"™) with supp(v)
disjoint from ¢(0D). Then there is a function u € C}(D) with

(divu)(z) = Jy(2) - (divv)(o(z))-
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Theorem 12.6 Let f € C}(R™,R) and K = supp(f). Let (s) be a
path in R™ such that the tube

A={k+~(s): ke Kand 0<s <1}
is contained in D. Then there is a v € C}(D) with
(divo)(z) = f(z —~(0)) = flz —~(1)).
Our next result expresses the degree of a map as an integral.

Theorem 12.7 Suppose that ¢ € C1(D), p ¢ $(0D) and p ¢ crease ¢.
Let f. : R™ — R be a continuous function with

K. =supp(f.) € B(0,¢) and fe(x)de = 1.
R’n.
Then there is an €y, depending on p and ¢, such that if 0 < € < €y then

(12.3) 46.D.p) = [ f(6(@) =) p(w)

Proof Suppose that ¢~1(p) = {ai,...,ax} (note that p ¢ crease ¢). For
sufficiently small e there are disjoint neighbourhoods A;(e) of a; in D
such that for each 1,

#(A;(€)) = B(p,€) and ¢|4, is one-to-one.

In addition choose € such that the A;(¢) are disjoint from 0D and J, # 0
in them. As a result
k

Supp(fe(¢(') _p)) - U Ai(e)v

i=1

and therefore since Jy is one sign in each A;(¢) we have

k
[ £0@ —nas@rde = 3 [ 10 =) st do

k
- ;mgnbﬁb(ai)/& fe(y) dy

k
= Zsign Jy(ai) = d(¢, D, p). [
i=1

We are now in a position to prove the last theorem that will be needed
in the justification of Definition 12.4.
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Theorem 12.8 Let ¢ € C*(D) and suppose that p; and py are in the
same component of R"\¢(OD) with neither in the crease of ¢. Then

d(¢a Dapl) = d((ba D7p2)‘

Proof Suppose to begin with that ¢ € C2(D). Since ¢(dD) is closed,
we have that R"\¢(0D) is an open subset of R™ and therefore from a
standard topology course we know that its connected components are
path connected. Let £ be the component of R™\¢(9D) containing p;
and py. There exists a path y(s) in Q with v(0) = p; and (1) = ps.
Since {y(s) : 0 < s <1} is compact there exists an €; > 0 such that the
e1-neighbourhood of « is contained in 2. Let € < ¢; and let f. be chosen
such that d(¢, D, p1) and d(¢, D, p2) are given by (12.3). Next let

Ko :={z+7(s):zesupp(fe)}.

Notice that K, C Q for 0 < s < 1. Theorem 12.6 guarantees a v €
C¢(D) with supp(v) C Q and

(12.4) (divo)(z) = fe(x —p1) = fe(x = p2).

Theorem 12.5 (note that ¢ € C?(D) and supp(v) is disjoint from ¢(9D))
guarantees a u € Cg(D) with

(12.5) (divu)(z) = Jy(z) - (divo)(o(x)).
Now using (12.4), (12.5) and the divergence theorem we obtain
A0 D) = [ f6(@) =)o@ da
= / fe(o(z) — p2)Jy(z) do +/ Jp(x) - (dive)(¢(z)) dz

/ fe(o(z) — p2)Jy(z )dw—‘r/D(divu)(x)dx
= d(¢,D,p2).

It remains to consider the case when ¢ is no longer in C?(D). Of
course there is a sequence {¢,,}52 ; with

¢n € C*(D) and ¢,, — ¢ in C*(D) as n — oo.

Let v(s) be as above and let § = p(v,»(0D)) (note that § > 0 since
J
~v and ¢(9D) are compact). If ||¢p — ¢,| < 2 then for x € D and



148 Degree Theory

0 < s <1 we have for this n,
0
|6 (2) = ()] 2 [$(2) = (s)] = [é(2) = dn(2)] > 3
thus p; and po are in the same component of R™\¢,,(0D). Choosing n
sufficiently large we obtain from Theorem 12.3 (applied twice) that

d(¢7D7p1) = d(¢naDap1) = d(¢n7D7p2) = d(¢7Dap2) O

Justification of Definition 12.4 From Theorem 12.4 every ball B(p,r)
contains points ¢ ¢ crease¢. The component of p in R™"\¢(9D) con-
tains B(p, p(p, 9(0D))). Consequently Theorem 12.8 guarantees that
d(¢, D, q) has the same value for all ¢ ¢ crease ¢ satisfying |q¢ — p| <

p(p, (OD)).

We will need one more definition and theorem before we justify Defi-
nition 12.5.

Definition 12.6 A C' homotopy between ¢ and 1 of C*(D) is a
function H : D x [0,1] — R™ such that Hy = ¢, H, = v, H; € C}(D)
for 0 <t <1and ||H;—H;l||1 — 0as s — t; here H; denotes the function
x— H(x,t).

Theorem 12.9 Let ¢ € C1(D).

(i) d(¢, D,-) is constant on components of R™"\¢(0D).
(ii) If p ¢ ¢(OD) there is an € > 0, depending on p and ¢, with
d(¢, D,p) = d(¥, D, p) when ||¢ — |y <e.
(iii) Let H(z,t) be a C' homotopy between ¢ and 1) with p ¢ H(OD,t)
for allt € [0,1]. Then d(¢, D, p) = d(3, D,p).

Proof

(i) Let Q be a component of R"\¢(9D) with py, p2 € Q. For i = 1,2
choose (Theorem 12.4) ¢; ¢ crease ¢ with |¢; — p;| < p(pi, p(OD)).
Note that ¢1,¢2 € © and Definition 12.4 (applied twice) with The-
orem 12.8 give

d(d)yD)pl) = d(¢7D7Q1) = d(¢7D7QQ) = d((baDapQ)

(ii) Let 6 = p(p, #(9D)) and choose g such that |¢ — p| < /2 and ¢ ¢
crease ¢ (Theorem 12.4). Also choose € < §/2 such that |[|[p—1||1 < €
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implies ¢ ¢ creasety and d(¢, D,q) = d(¢, D,q) (Theorem 12.3).
Note that if x € 0D then
0

= (@) 2 |p = 6(2)] — |9(z) = ¥ (2)| > 3,

therefore p and ¢ are in the same component of R™\¢(9D) (also p
and ¢ are in the same component of R"\¢(9D)). Applying part (i)
twice we obtain

d(¢, D,p) = d(¢,D,q) = d(¥, D,q) = d(¢, D, p).

(iii) d(He, D, p) is defined for all ¢ € [0, 1] and it is easy to see from part
(ii) that it is a continuous function from [0, 1] into R. This together
with the fact that d is integer valued guarantees the result. ]

Justification of Definition 12.5 Let § = p(p,¢(0D)) and suppose for
i =1,2 that ¢ € C1(D) with ||¢ — ;|| < . Define the C* homotopy

hi(z) := t1(z) + (1 — t)tha(z) for z € D and 0 < ¢ < 1.
Notice that

|hie(z) — ()| = [tr(z) — d(2)) + (1 — 1) (Y2(x) — ¢(z))]
< 6+ (1—-1t) =4,
therefore if x € 9D then
Ip— hi(@)] = p — 6(2)| — |9(a) — ho(@)| > 6 — 5 = 0.

Thus p ¢ h(0D) for 0 < ¢t < 1 and therefore d(v1, D, p) = d(vs, D, p)
from Theorem 12.9 (iii). Consequently d(¢, D,p) is the same for all
W € CY(D) if |¢p(z) — ¢(x)| < 6 for x € D.

Theorem 12.10 Let ¢ € C(D) andp ¢ ¢(0D). If d(¢, D, p) is nonzero
then there is a ¢ € D with ¢(q) = p.

Proof If p ¢ ¢(D) take ¢p € C1(D) with ||¢ — ¢| < p(p,¢(D)). For
x € D note that
p =) = Ip = ¢(x)] = [p(z) — P(z)] > 0.

Thus p ¢ ¥(D) and therefore d(i, D,p) = 0 from Definition 12.3. As
a result d(¢, D,p) = 0 from Definition 12.5 — a contradiction. Hence
p € ¢(D), that is, there exists ¢ € D with ¢(q) = p. O
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Let X and Y be topological spaces. Two continuous functions f and g
are said to be homotopic (written f ~ g) if there is a continuous function
h:]0,1] x X — Y with h(0,z) = f(x) and h(1,z) = g(z) for all z € X.

Theorem 12.11

(i) Suppose that ¢ € C(D) and p & $(0D). If [l — || < p(p. $(9D))
then d(v, D,p) is defined and equals d(¢, D, p).

(ii) If h(t,z) := he(z) is a homotopy and p ¢ h(OD) for 0 <t < 1,
then d(hs, D, p) is independent of t € [0, 1].

Proof

(i) If x € 9D then

p— (@) = Ip = ¢(x)] - [d(z) — P(z)] > 0.

Thus p ¢ ¥(0D) and therefore d(v, D, p) is defined. Let o € C1(D)
be such that

llo =l + [l = ¢l < p(p, $(0D)).
This implies that

lo = oll < [lo =l + [l — 8ll < p(p, $(0D)),
therefore Definition 12.5 implies that d(¢, D,p) = d(o,D,p). In

addition since

p(p, #(0D)) < p(p, ¥ (0D)) + (|6 — ¥||

we have ||c — ¢|| < p(p,¥(9D)). Once again Definition 12.5 implies
that d(y, D,p) = d(o, D, p). As a result,

(ii) Notice that d(h, D,p) is defined for all ¢ € [0,1]. It is easy to see
from part (i) that t — d(h¢, D, p) is a continuous function from [0, 1]
into R. This together with the fact that d is integer valued implies
that d(ht, D, p) is a constant. O

We now use degree theory to give an alternative proof of Brouwer’s
fixed point theorem (Theorem 4.3).

Theorem 12.12 Let B™ denote the closed unit ball in R™. Then every
continuous map Y : B® — B™ has a fized point.
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Proof 1f ¢(xg) = xo for some 2y € B™ then we are finished.
For the remainder of the proof we suppose that ¢ (z) # « for z €
d(int B™) = 9B™. Consider

hi(x) =z —t(x) for x € B" and 0 <t < 1.
If x € 9(int B™) and 0 < ¢ < 1, then t¢(x) € int(B™) and therefore
hi(x) # 0 for x € O(int B") and 0 < ¢ < 1.

Also 0 ¢ hy(0(int B™)) since = # ¢(z) for x € d(int B™). We can apply
Theorem 12.11 (ii) to deduce that
(12.6) d(I —,int(B"),0) = d(I,int(B"),0);
here I denotes the identity map. Notice that Theorem 12.2 guarantees
that d(I,int(B™),0) =1 and this together with (12.6) yields

d(I — v, int(B™),0) = 1.
Theorem 12.10 guarantees that there is an x € int(B™) with (I —¢)(z) =
0, that is, © = ¢(x). ]

The following nonlinear alternative of Leray—Schauder type is also
easily deduced from degree theory.

Theorem 12.13 Let D be a bounded, open subset of R™ and ¢ € C(D).
Suppose that p € D is such that

(12.7) d(x) —p # p(x —p) for allz € OD and p > 1.
Then ¢ has a fized point in D.

Proof Assume that ¢ has no fixed points in 9D (otherwise we are fin-
ished). Consider

hi(z) =2 —p—t(¢p(z) —p) forz € Dand 0 <t < 1.
If hy(z) =0 for x € 9D and 0 < ¢t < 1 then
L
t’
which contradicts (12.7). Note also that hy(z) # 0 for x € 9D and

ho(x) # 0 for x € 0D since p € D. Theorem 12.11 (ii) with p € D
guarantees that

¢(x) —p = p(x —p) with p =

here [ is the identity map. Now apply Theorem 12.10. O
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Next we define the degree of a map defined on a normed linear space
(X, || - 1I)- Here D will denote an open, bounded subset of X and p will
be a point of X. As before, p will denote the induced distance (induced
by || - ]|). We shall consider maps ¢ = I — F where I is the identity and
F : D — X is continuous and compact. Suppose also that p ¢ ¢(9D).
In our definition of degree we will use as before p(p, $(0D)). We first
show

(12.8) § = p(p, p(0D)) > 0.

If 6 := inf{||p — #(x)|| : @ € D} = 0 then there exists a sequence (z,)
in 0D with ¢(z,) — p as n — oo. Since F : D — X is a compact map
we deduce that the set {F(z,)}5, is relatively compact and therefore
has a convergent subsequence. That is, there exists a subsequence S of

N with F(z,) — vy (say) as n — oo in S. Notice that y € F(D) and

ZTn = F(an) + ¢(xn) - y+pasn —ooin S.

Note that y + p € 9D since z,, € 9D and 9D is closed. The continuity
of F now implies y = F(y + p) and therefore ¢(y + p) = p. That is,
p € $(0D) — a contradiction. Thus (12.8) is true.

Next take ¢ with 0 < € < § = p(p,9(9D)). The Schauder approx-
imation theorem (Theorem 4.12) guarantees that there is a mapping
F.: D — X with finite dimensional range such that

|F(z) — F.(z)|| < € for x € D.

Let H. be the finite dimensional normed space spanned by F.(D) and
p, that is, H. = span{F.(D),p}. In addition let

D.=DnNH, and ¢.(z) =2 — F.(x) for v € D.

Clearly D. is a bounded, open subset of H, and d.D. C 9D (here 0.D.
is the boundary of D, in H.). In addition ¢.(D.) C H. and for z € 9D

[ = Fe(x) = pll = [l = F(x) = pll = | F(z) = Fe(2)[| > 6 — € > 0;

thus d(¢c, D, p) is defined.
We now claim

(12.9) d(¢e, D, p) is independent of e.

To see this take € and 7 both in (0,6). Let H,, H, be as defined above
and let

H, :=span{H,, Hy} and D, :=DNH,.
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Exercise 12.5 now guarantees that

(12.10) d(¢e, De, p) = d(e, Dy, p)
and

(12.11) d(¢n; Dy, p) = d(¢y, Dy, p).
Consider

hi(z) = toe(x) + (1 — t)¢py(x) for x € D, and 0 < ¢ < 1.
Notice that
[he(x) = o)l < tlge(z) = ¢(@)]| + (1 = 1)[lPn () — o(2)||
< te+(1—tnp<d

and therefore for x € 0D,, we have

[he(z) = pll > lp(x) — pll — |P(x) — he(2)]| > 0.
Thus

(12.12) d(¢e, Dy, p) = d(¢y, Dy ).

Now (12.10), (12.11) and (12.12) guarantee that (12.9) is true.
Finally if V is any finite dimensional space containing H, where 0 <
€ < 0, then with Dy = DNV, Exercise 12.5 guarantees that

d(¢€7DVap) = d(¢EaD6ap)'

We are now in a position to give the definition of the degree (Leray—
Schauder) of maps of the form I — F' where I is the identity and F is
continuous and compact.

Definition 12.7 Let D be an open, bounded subset of a normed linear
space X = (X,]||-||) and ¢ = I — F where F : D — X is continuous
and compact. Also let p € X\¢(9D). Take ¢ =1—F where F' is a
continuous mapping defined in D with finite dimensional range chosen
such that

IF(2) = F(2)]| < p(p, $(dD)) for z € D.

Choose a finite dimensional linear space V to contain F (D) and p and
let Dy = DN V. Define

d((b? D7p) = d(qgu Dva)’
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Theorem 12.14 Let D be an open, bounded subset of a normed linear
space X. If p € D then d(I, D,p) = 1 whereas if p ¢ D then d(I, D, p) =
0.

Proof In Definition 12.7 take F =0 and the space V' to contain p. Now
apply Theorem 12.2. ]

Theorem 12.15 Let D be an open, bounded subset of a normed linear
space X = (X,||-||) and ¢ = I — F where F : D — X is continuous and
compact. Suppose that p ¢ ¢(OD) and d(¢, D,p) # 0. Then there is an
x € D with ¢(x) = p.

Proof For all sufficiently small ¢, we can choose as in the Schauder
approximation theorem (Theorem 4.12) a mapping F. with finite di-
mensional range such that |[F(x) — F.(z)|| < € for x € D. Definition
12.7 together with d(¢, D,p) # 0 implies for n sufficiently large (that is
for n > ng, ng € N, say) that there exists an x,, € D with

Ty — F1(x,) = p.

Now {F(,)} 5L, is relatively compact, therefore there is a subsequence
S of {ng,mo+1,...} with F(z,) — y, say, as n — oo in S. In addition,

1
<77

I = Flwa) = pll = || Fa () = Flaa) | <

n

therefore z,, — y+p as n — oo in S. From the continuity of F' we have
y = F(y +p), therefore ¢(y + p) = p. O

Definition 12.8 Let D be an open, bounded subset of a normed linear
space X = (X,| - ||) and suppose h maps [0, 1] into K(D); here K (D)
denotes the set of continuous, compact maps from D into X. We say
that h is a homotopy of compact transformations on D if given e > 0

there is a § > 0, depending on €, with

[(h(#))(z) — (h(s))(z)|| < € for x € D and |t — s| < 6.

Theorem 12.16 (Invariance under homotopy) Let D be an open,
bounded subset of a normed linear space X = (X, || -||) and let h(t) be a
homotopy of compact transformations on D such that if ¢, = I — h(t),
p & ¢+(0OD) for 0 <t < 1. Then d(¢¢, D, p) is independent of t € [0, 1].
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Proof We claim there exists an r > 0 with
(12.13) |pe(z) — p|| > r for x € D and 0 < ¢t < 1.

If not then there are sequences (z,) in D and (¢,) in [0, 1] with

1
n) — < —.
61, (@) = pll <

There exists a subsequence S7 of N with ¢, — 7, say, as n — oo in
Sy. Since h(7) is compact there exists a subsequence S of S with
(h(7))(xn) — y, say, as n — oo in Se. In addition

[(h(T))(zn) = (h(tn))(2n)|| — 0 as n — oo in Ss,
and therefore

ly = (h(E)) (@)l < iy = () (@n) || + 1(h(T)) (2n) = (A(En)) (20|

— 0asn—oo0in Ss.
Therefore (h(ty))(xn) — y as n — oo in Sy and
Tn = (1, (zn) = p) + (h(tn))(zn) +p = y +p asn — oo in 5.
Now y 4+ p € 9D since x,, € 9D and 9D is closed. In addition
¢-(y+p)=y+p—y=np,

and this contradicts p ¢ ¢,(9D) for 0 <t < 1. Thus (12.13) is true.
We now define a relation on [0, 1] as follows:

(12.14) s ~tif d(¢s, D,p) = d(¢¢, D, p).
Clearly (12.14) defines an equivalence relation. We claim
(12.15) the equivalence classes are open subsets of [0, 1].

If (12.15) is true then by the connectedness of [0,1] we have only one
such class, therefore we are finished.
It remains to show (12.15). Take n € [0,1] and choose e such that

1
0<e< ypt here r is chosen as in (12.13). Corresponding to ¢, take a
r

vector space V and a mapping h(n) to approximate h(n) as in Definition
12.7 with

(12.16) [(he(m) (@) = (h(n)(@)]| < 4—17, for v € D.

Definition 12.8 guarantees a § > 0 such that |t — n| < § implies

(12.17) () (@) — () @) < ¢ for z € D.
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Combining (12.16) and (12.17) gives

1(R(8))(x) = (he(n))(@)]] < 217 for [t —n| < d and z € D,

that is, he(n) can be used as an approximation for A(t) in Definition
12.7. Consequently

d(¢t7 Dap) = d(I - he(n)’ Dva)

where Dyy = DNV and V is a suitably chosen finite dimensional space.
Notice that

d(I - he(n)vDV7p) = d(¢n7D7p)7
therefore t ~ 0 if |t — n| < §. Thus (12.15) holds. O

We can now use degree theory to give an alternative proof of
Schauder’s fixed point theorem (Theorem 4.14).

Theorem 12.17 Let C be a closed, bounded, convez subset of a normed
linear space X with 0 € int C'. Let ¢ : C — C be a continuous, compact
map. Then ¢ has a fized point in C.

Proof Let D =int C. Note that D = C and 0D = 9C. Consider
h(z) = x — te(x) forx € D and 0 <t < 1.

Assume that x # ¢(x) for € 9D (otherwise we are finished). If z € 9D
and 0 < t < 1 then t¢(x) € D and therefore hi(z) # 0 for x € 9D and
0 <t < 1. In addition 0 € h1(0D) since z # ¢(x) for z € dD. We can
apply Theorem 12.16 to deduce that

(12.18) d(I — ¢,D,0) = d(I,D,0).

Notice that Theorem 12.14 guarantees that d(I, D,0) = 1 and this to-
gether with (12.18) yields

d(I — ¢, D,0) = 1.

Now apply Theorem 12.15. ]

Remark 12.4 It is possible to define a topological degree for many
other classes of maps, for example, condensing maps, multivalued upper
semicontinuous maps etc. The details can be found in any standard
book on degree theory.
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Notes We follow the approach of Lloyd [121] in Chapter 12. Other
approaches may be found in Browder [31], Cronin [44], Deimling [50],
Mawhin [124] and Zeidler [191].

12.1
12.2
12.3

12.4

12.5

12.6

Exercises
Complete the details in the proof of Theorem 12.3.
Prove Theorem 12.5 and Theorem 12.6.

Suppose that X is a real normed space of dimension n. Note that
X can be identified with R™ once a basis has been chosen. Thus
the degree of mappings from X can be defined provided we can
show that the degree we have defined in R" is independent of the
basis shown. Let D C R™ be open and bounded, ¢ € C(D) and
p & $(OD). Show that d(¢, D, p) is invariant under a nonsingular
C' change of coordinates.

Let D C R™ be open and bounded and let ¢ € C(D). Use The-
orem 12.9 to show that d(¢,D,-) is constant on components of
R™\¢(9D).

Suppose that m < n, D is an open, bounded subset of R” and
¢ € C(D,R™). Let v : D — R™ be defined by

Y(x) =2+ ¢(x) for v € D.

Let D™ := R™ N D and let 1 be the restriction of 1) to R™ N D.
If p € R™\¢(0D), show that

d(¥, D,p) =d(n, D™, p).

Let D C R™ be open and bounded and suppose that p ¢ ¢(9D)
and ¢ € C(D).
(i) If D is the disjoint union of open sets D; (i = 1,2,...) show

d(¢, D, p) Zd ¢, D;,p).

(ii) If K C D is closed and p ¢ ¢(K) show that
d(¢’ D’p) = d(¢7 D\K7 p)'
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