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1 A Note on Fixed Point Theory

1.1 Introduction

This note contains topics from nonlinear functional analysis. It means that the
mappings that appear are not assumed to be linear unless explicitly stated to be so.

Our main problem is to solve equations of the form
T(u) =,

where T : X — Y is a mapping between Banach spaces X and Y. Here v € Y is
given and we look for solutions in X or some subset of X. For linear mappings 1" we
can often find a formula for the inverse operator. The solution has to be uniquely
defined in this case. An example of this is boundary value problems

u™ +ap_u™ D+ 4 a Fau=mv, in I
homogeneous boundary values on 01

The solutions are obtained as convolutions of the Green’s function for the problem
with the right hand side v of the differential equation.

However if T' is a nonlinear mapping then in general we can not find a formula
representing the solution/solutions. This is also the case when X =Y. We can no
longer prove the existence of a solution just by explicitly writing down the inverse
operator, but we have rely on mapping properties of T" to prove the existence of a
solution. It might be the case that there are several solutions.

In connection with integral equations for instance we have X =Y and the mapping
T takes the form

T(w) = u+ Gu),
i.e. T is a perturbation of the identity mapping. The problem can be formulated as
u= H(u),

where H(u) = v—G(u). Here we suppress the variable v and consider H as a function
of u with v as a parameter. The problem to find a solution is then equivalent to
find a fixed point of H, i.e. an element ug € X such that

Ug = H(UO)
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We recall that if G is linear and small in the sense that the operator norm of G is
less than 1 then the mapping T is a welldefined bounded linear mapping and can
be obtained as a Neumann series (see [5]).

The fixed point results that will be discussed here are of two types. The first type
deals with contractions and are referred to as metric fixed point theorems. One
example of such a theorem is called Banach’s fixed point theorem. The second type
deals with compact mappings. Those are called topological fixed point theorems and
are more involved. Names associated with such results are Brouwer and Schauder.

First let us consider a simple example. Assume that
f:10,1] = [0,1]

is a continuous function. Then there exists a zo € [0, 1] such that f(zo) = zo. This
is a consequence of the theorem saying that every real-valued continuous function
attains every intermediary value between any two given values and is based on the
fact that

1. [0,1] is a connected closed (i.e. a compact' and convex) subset in a Banach
space, here R, and that

2. f is a continuous function.

To prove the existence of a fixed point for f we just define the function g(z) =
x — f(z) on the interval [0, 1] and observe that g is a continuous function satisfying
g(0) <0 < g(1). We can then conclude that there is a xy € [0, 1] such that g(x¢) = 0.
This example can be considered as the 1-dimensional version of Brouwer fixed point
theorem. One feature here is that the method is not constructive, i.e. the position
of the fixed point is not given by the method. Nor does the method yield that the
fixed point is unique, which indeed is sound since there can be any number of fixed
points for f. To get some information on the position of one fixed point we can use
the strategy of repeatedly bisecting intervals into pieces as follows: Assume that
g(0) < 0 < g(1), since otherwise we already have one fixed point, and consider the
subintervals [0, 1] and [1,1]. If g(2) = 0 we have one fixed point namely z = 3.
If g(%) > 0 or g(%) < 0 we can apply the procedure to the the restriction of the
function g to the subintervals [0, 3] and [3,1] respectively. In this way we either
find a fixed point as an end point of an interval or we find an infinite set of nested
shrinking intervals that all contains a fixed point. For the later case we can for any
€ > 0 find an interval of length less than e that contains a fixed point. We also note
that this argument proves the intermediary value theorem provided we have that R
is a complete normed space, i.e. a Banach space. Compare the argument above with
the proof of Baire’s theorem.

Lef. g2 (0,1) = (0,1) with g(z) = £.



1.2 Banach’s fixed point theorem

First we look at the problem to find a fixed point for a real-valued continuous
function f : R — R in the spirit of Banach’s fixed point theorem. We then need f to
be a contraction meaning that there is a positive real number ¢ less than 1 such that
for any pair x,y of points the distance between the images under f of these points
is smaller by a factor ¢ than the distance between the points x and y. In formulas
this means

(@) = f(y)] < clz -yl

for arbitrary x,y € R. The conclusion from Banach fixed point theorem is that
there is a unique fixed point for f. This can be found by just fixing any element

z € R and then forming the sequence (77(2))22 ;. T™ denotes the operator obtained

by composing T" with itself n times, i.e. T" = T oT o...oT. The sequence is
—_—

n elements

converging with the fixed point as the limit point. On the other hand there is no
restriction on the domain of f being a convex compact set.

We first state and prove some general observations.

Theorem 1.1. Let T be a continuous mapping on a Banach space X. Then the
following statements hold true:

1. If there exist x,y € X such that

lim T"(z) =y

n— oo
then y is a fized point for T, i.e. T(y) = y.

2. If T(X) is a compact set in X and for each ¢ > 0 there ezists a x. € X such
that
[T (2e) — 2| <€

then T has a fized point.

Proof. Set y, =T"(x), n=1,2,.... If T'is a continuous mapping then

Ty) =T(lim y,) = lim T(y,) = lm y, =y,

n—oo

which proves the first statement.

Assume that the assumptions of 2) are satisfied. Then for n = 1,2,... there are
z, € X such that |
1T (2n) — @] < = (1)
n
T(X) is a compact set which implies that there exits a convergent subsequence

(T(xn,))52, of (T(xy,))52,. Call the limit point z. Then z is a fixed point for T" since
also the sequence (z,, )7, converges to x according to (1) and 7" is continuous. [

We now formulate one of the main theorems.



Theorem 1.2 (Banach’s fixed point theorem). Let T be a contraction on a Banach
space X. Then T has a unique fized point.

Proof. Fix an arbitrary element z € X and consider the sequence
(T (2))nZr-
Set z, =T"(z) for n =1,2,.... We note that

20 = 2zmll < |20 = 2Zacall + -+ [l2ma1 — 2wl =
= [|T(zn-1) = T(zp-2)[| + ... + [[T(zm) = T(zm-1)[| <

< cllzna1 — zn—a|| + .. Fllzm — 2ma]] < ... <

m

c
< (P4 M| - 2] < .

> _C||Z1_Z||a

where we (without loss of generality) have assumed n > m > 1. This yields

|zn — 2m|| — 0 as n,m — oo and hence (z,)5°, is a Cauchy sequence. Since X is a
Banach space the sequence converges, i.e. there is a o € X such that z, — zy as
n — oo. Here xg is a fixed point for 7" since

1T (z0) — zol| < [|T(20) — T(2n)|| + 2041 — wol| < cllzo — 2ull + |2n11 — 20|

where the LHS is independent of n and the RHS tends to 0 as n — oo. The
uniqueness follows from the contraction property for T'. If zy # yo both are fixed
points of T' then we get

|20 — voll = |T(z0) — T'(yo) |l < cllzo — woll < |0 — yoll
which results in a contradiction. O

From the proof we see that

1. the sequence (7T7"(2))22, converges to the unique fixed point independently
of the choice of z.

2. for an arbitrary element x € X we have

lz = zoll < T—llz = T(2)]],

—c
where xy denotes the fixed point of T, since
[z =zl < lz = T(x)| + T (2) = T(xo)|| < [l = T(@)|| + cllz — .
Banach’s fixed point theorem can be generalized in the following way.
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Theorem 1.3. Let T be a mapping on a Banach space X such that TV is a con-
traction on X for some positive integer N. Then T has a unique fixed point.

It is not necessary to assume that 7" is continuous.

Proof. Banach’s fixed point theorem implies that there exists a unique fixed point
for TN . Call this element xy. Now just note that

1T (20) — woll = IT™(T'(w0)) — T (o) < €llT'(wo) — o

implies that T'(z¢) = xo since 0 < ¢ < 1. The uniqueness is clear since a fixed point
for T is also a fixed point for T . O

Note that the conclusion of the previous theorem remains true if 7': F' — F', where
F is a closed set in the Banach space X, and TV is a contraction for some positive
integer N.

We end this section by two examples.

Example: Let K(z,y) be a continuous real-valued function for 0 < y < x <1
and let v(z) be a continuous real function for 0 < z < 1. Then there is a unique
continuous real function z(z) such that

/K:Uy y)dy, 0<z<1.

To prove this we consider the Banach space C([0,1]) with the sup-norm and define
the integral operator L : C'([0,1]) — C([0,1]) by

- / " K (e, y)=(y) dy

Clearly L™ will be an integral operator on C([0,1]) given by a kernel function
K,(z,y). To find this function set K;(z,y) = K(z,y) and assume that K,(z,y)
is known. Then we obtain

(L"12) /thL” t)dt = /Ka:t/Kty y) dy dt =

- / K / "R (e, 0Kt y) di)=(y) dy = / " Ko (e, )=(y) dy.

Hence -
Kone) = [ K@Kty 0<y<o<t
y
The function K (z,y) is continuous on the closed set {(z,y) : 0 <y <z < 1} and
so it is bounded, say

|K(z,y)| <M
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for all 0 <y < x < 1. Then again by induction we see that

M"e —y"
(n—1)!

for all 0 <y <z < 1. Indeed if this holds for n then for 0 <y <x <1

| K (z,y)] <

Mnt n—1 Mn+1 _ n
t—yl" o _ [z —y*
(n—1)! n!

| n+195y|</M

Hence if n is sufficiently large we have

N | —

for0 <y <z <1andso

(@@ < [ 1K)l ) dy < 5,

i.e. 1
127 < 5.

We now define T : C([0, 1]) — C([0,1]) by Tz = v + Lz. This gives
Tz = (SpZ LRy + L'z,

which yields that 7™ is a contraction on C([0,1]). By Theorem 1.3 the mapping T
has a unique fixed point.

Example: Let K(x,y) and f(y,z) be continuous real-valued functions for 0 <
xz,y <1 and z € R. Moreover let v(z) be a continuous real function for 0 < z < 1.
Assume that

|f(y,21) — f(y, 22)| < Nz — 2]

forall 0 <y <1 and 21, 25 € R. Our claim is that there exists a unique continuous
function z(z) on 0 < z < 1 such that

+ /OxK(w,y)f(y,Z(y)) dy.

As above we define L : C([0,1]) — C([0,1]) by

= /0 K(z,y)f(y, 2(y)) dy
and show that the map 7" : C(]0, 1]) — C(]0, 1]), given by
T(z) =v+ Lz

has a unique fixed point. Here comes a nice trick! For a > 0 we introduce a new
norm || - ||, on C([0,1]):

1
l2lle = / e |=(y)| dy.
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Then | - || is indeed a norm on C([0,1]) which is equivalent to the L' norm. Set
X, = (C([0,1]), ] - |lo) and let X, be the completion of X,. Clearly X, is the vector
space L'(]0,1]) with the norm | - ||,, and L extends to a map L : X, — X, given by
the formula for L. Furthermore with

M = max |K(z,y)|

0<zy<1

we have for z1, 29 € X,

IL21 — Lzolla = /0 e /Oy Ky, )(f(t, 21(t)) = f(t, za(t))) dt| dy <

1y 1 1
gMN/ / e_“y|zl(t)—zg(t)|dtdy:MN/ / =24 (1) — (1) dy dit =
0 0 0 t

— MN /01 #m(o ~a®ldt < M)z~ )
This shows that for a > M N the map

L:X,— X,
is a contraction and sois T = v+ L. It easily follows that T maps X, into X, so
the unique fixed point belongs to C'(]0, 1]), and is also the unique fixed point for 7.
Another version of the trick above is to equip C([0, 1]) with the norm

|z]la = sup |e”*z(z)]
z€[0,1]
with a large enough, which is equivalent to the standard sup-norm on C([0,1]). The
reader is asked to check that the calculations above go through, i.e. L will be a
contraction in (C([0,1]),|+|s). An advantage here is that we do not need to consider
any completion X,.

1.3 Brouwer and Schauder fixed point theorems

Let us formulate Brouwer’s fixed point theorem.

Theorem 1.4 (Brouwer’s fixed point theorem). Assume that K is a compact convex
subset of R™ and that T : K — K is a continuous mapping. Then T has a fixed
point in K.

Observe that it does not follow from Brouwer fixed point theorem that the fixed
point is unique. Consider for instance the identity operator on a compact convex
set K in R™ for which every z € K is a fixed point.

Example 1: Take a street map for Goteborg and place it on the floor of a lecture
room at Chalmers, say room MVF31. Then there will be a point on the map
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that coincides with the corresponding point in Goteborg. This follows from both
Banach’s fixed point theorem and Brouwer’s fixed point theorem, where the former
theorem also gives that the point is unique. Prove this to yourself!

Example 2: Let T, denote the rotation a degrees around the center for a closed
disc K of radius 1. Then Brouwer’s fixed point theorem gives the existence of a
fixed point for T, (of course it is overkill to use a fixed point theorem to see that)
while Banach’s fixed point theorem cannot be applied directly? since 7T, is not a
contraction. It is obvious that the center of K is a fixed point but Brouwer’s fixed
point theorem also tells us that it is not possible to compose the rotation with
a continuous deformation of the disc into itself in such a way that the composed
mapping has no fixed point.

We note that

e (generalization of Brouwer’s fixed point theorem): If there exists a homeomor-
phism, i.e. a continuous bijection with continuous inverse, between a compact
convex set K in R” and a set K, call the homeomorphism ¢, and T : K — K
is a continuous mapping then T has a fixed point. To see this consider the
mapping T = ¢ o T o ¢.

Exercise: Prove that 7" has a fixed point.

e it is enough to prove Brouwer fixed point theorem in the case K = B(0,1),
where B(a,r) ={z € R" : ||z —a| < r}.

There are many proofs for Brouwer’s fixed point theorem, both analytical, topolog-
ical and also combinatorial. One starting point for a proof could be the following.
Assume that K = B(0,1) and that 7" has no fixed point. Define the mapping
A : B(0,1) — B(0,1) as follows: For every inner point z in B(0,1) let & denote
the point on the boundary 0B(0,1) that is the intersection of the ray from T'(x)
through = and the boundary 0B(0,1). The ray is always well-defined since 7" has
no fixed point. Now set

m@:{i if xe B(0,1)

x if 2e€dB(0,1)

Then A is a continuous mapping from B(0,1) into 0B(0,1) (verify this!) such
that A|8B 01) = Ilap,1)- The challenge to show that 7" has no fixed point is now
reformulated as to show that there is no continuous mapping A : B(0,1) — dB(0, 1)
such that A’BB(O,I) = I|oB(0,1)- The statement that there is no such mapping is deep
but never the less intuitively obvious. Consider, for n = 2, an elastic membrane fixed
on a circular frame. The existence of a mapping A implies that it should be possible

2 Assume that the disc has its center at the origin in R™. Apply Banach’s fixed point theorem
to the operators T;, = (1 — %)T, n=1,2,.... We obtain a sequence of fixed points z,, to T, such

that 1
”T(xn) - an < E’ n=12,3,....

The result follows from Theorem 1.1 above.



to deform the membrane continuously in such a way that it in the end coincides
with the frame without being fractured. For fixed x € B(0, 1) the mapping

tis (1— ) +tA(x), te0,1]

describes how this point on the membrane is moved from x at t = 0 to A(z) €
0B(0,1) at t = 1, under the deformation. Do not forget that the membrane should
be fixed at the frame!!!

A beautiful proof based on Sperner’s lemma will be indicated in the Exercises [6].

We present Perron’s theorem as an application of Brouwer’s fixed point theorem.
Schauder’s fixed point theorem will be applied in the context of nonlinear differen-
tial /integral equations to prove the existence of solutions.

Theorem 1.5 (Perron’s theorem). Let A be a real nxn-matriz with positive entries.
Then there exists a positive eigenvalue for the linear mapping given by the matrix
A, with an eigenvector with positive entries

To prove Perron’s theorem let K denote the set
{(x1,...,xp) :x; >0 alld, X 2, =1}
and define T'(z) = Ax/||Az||px for € K. Apply Brouwer’s fixed point theorem.

In a finite-dimensional normed space compactness is equivalent to closedness and
boundedness. This is not the case in an infinite-dimensional normed space. The
following example due to Kakutani should be compared to the next fixed point
theorem due to Schauder.

Example: Let B denote the closed unit ball in [?(Z), where [?(Z) consists of all
clements x = (..., @1, 20,21 ...) such that [|x]| = (2°°__ |z.[|?)2 < co. It is clear
that B is convex and bounded. Let z be the element in [*(Z) that satisfies zo = 1
and z, = 0 for n # 0 and let S denote the shift operator defined by (S(%)), = xn_1
for n € Z. Now set

T:1%(2)— 1*(2),

where
T(z) = S(x) + (1 — [Iz])z.

For x € B we have
1T < IS + (1 = [I]]) = 1,

i.e. T'(x) € B. But T has no fixed point in B since

(T(%)n = o1, n#0

and
(T'(2)o =21 + (1 — []2]]),

which implies that zo =21 =...=2,=...andox_1=2_9=...=2_, = .... This
yields a contradiction since x € [*(Z).



From this example we see that a generalization of Brouwer’s fixed point theorem to
infinite-dimensional spaces should have the assumption that T'(K) is a compact set.
We next formulate two versions of Schauder’s fixed point theorem.

Theorem 1.6 (Schauder’s fixed point theorem). Assume that K is a convex compact
set in a Banach space X and that T : K — K is a continuous mapping. Then T
has a fixed point.

For applications the following generalization proves to be useful.

Theorem 1.7 (generalization of Schauder’s fixed point theorem). Let F' be a closed
conver set in a Banach space X and assume that T : F — F is a continuous
mapping such that T(F) is a relatively compact subset of F. Then T has a fized
point.

We recall that a set K; C X is compact? if every sequence in K; has a convergent
subsequence in K;. Moreover we say that Ky C X is relatively compact if every
sequence in Ky has a subsequence that converges in X. The limit element of the
converging sequence belongs to K,. The set K, being relatively compact implies
that K, is a compact set. Also an arbitrary subset of a compact set is relatively
compact.

To prove Schauder’s fixed point theorem we will make use of some new concepts and
facts for compact sets. We say that the convex hull of a set F', denoted by co F', is
the set defined by

N &

FCH,H convex

By a convex combination of the elements x1, 2, . . ., x,, we mean a linear combination
X Aixy,, where all A\; > 0 and X' ;\; = 1. An enet is a subset F, of F' with the
property that for each x € F' there exists a y € F, such that ||z — y|| < e.

Proposition 1.1. The following statements are true:

1. A set F is relatively compact iff for each € > 0 there exists a finite e—net.

2. A set K is compact iff it is closed and for every e > 0 there exists a finite
e—net.

3. The set co F' is the same as the set of all convexr combination of finitely many
elements in F.

4. K compact set implies that co K is compact.

3This definition of compactness and relative compactness is sometimes referred to as sequential
compactness and sequential relatively compactness in the literature. The words compactness and
relatively compactness are then reserved to mean the following: A set K in a normed space is
called compact if for each open cover of K there is a finite subcover. An open cover of K is a
collection of open sets Oy, A € A, whose union contains K as a subset. A finite subcover is a finite
subset of {Ox}xea whose union also contains the set K. It can be shown that for metric spaces X
the notions sequentially compact and compact are equivalent.
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The proof is left as an exercise.

Proof. (of the Schauder theorems) The second Schauder theorem is a consequence
of the first one. To see this assume that the hypothesis of the second theorem are
satisfied. It then follows that the closed hull R of R = T(F) is compact and so also
coR. Set K = coR. We see that K C F since F is closed and convex. Moreover
T : K — K is continuous. Hence the second theorem follows from the first theorem.

It remains to prove the first theorem. This will be done by approximating the
compact set K by compact sets K,,, n = 1,2,... in finite-dimensional spaces and
approximating the mapping 7' by continuous mappings 7,, : K,, — K,, where the
approximation becomes better and better for larger n. Brouwer’s fixed point theorem
gives a sequence of fixed points (z,,) for the sequence (7},), from which a converging
subsequence of points (z,,) can be extracted. The limit element of this sequence
will be a fixed point for T'.

For every positive integer n we define mappings P,, called Schauder projections,
as follows: The compactness of K implies that there are finitely many elements
x1,...,xr € K such that

k
1
K c| )B(zi, —).
i:U1 (i, )
Set .
fi(r) =max(0,— — ||z —x]|), i1 =1,... k.
n

For every z € K there exists an 4 such that f;(x) > 0. This implies that ¥¥_, fi(x) >
0 for all z € K. Now set K,, = co{x,...,xx} and

P,(x) = —Eéﬂzlfi(l.)xi r e K.

E?:lfi@) ’

Finally we define T,, = P,T|k,. We can now apply Brouwer’s theorem to every
mapping

T, K,— K, n=12,...

This yields a sequence of fixed points z,, for T,,, i.e.
P, T(Z,) = &,

and hence we get

1
T(Z,) — Tpl < —.
17 (@) = 2l <~

Schauder’s theorem now follows from Theorem 1.1. O

1.4 Continuity and applications

To apply the fixed point theorems above some results for continuous functions will
often be used.
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Theorem 1.8. Assume that T is a continuous mapping between two Banach spaces
X and Y. Then the following statements are true:

1. If K is a compact set in X then T(K) is a compact set in Y .

2. If Y =R then T attains its mazimum and its minimum on every compact set
K in X, i.e. there are xg,x1 € K such that

sup f () = T'(xo) = maxT(z)
€K ze

and
;glf{T(x) =T(z) = min T(x).

3. T 1s uniformly continuous on every compact set in X.

The different notions of continuity that will be used are the following:
Let T: X — Y be a mapping between two Banach spaces. Then T is called

continuous if for each € X and each ¢ > 0 there exists a 6 = (x,¢e) > 0 such
that for every y € X

ly —2llx <6 =[T(y) - T(x)ly <e

uniformly continuous on A, where A C X, if for each ¢ > 0 there exists a
d = 0(€) > 0 such that for every z,y € A we have

ly —zllx <0 =[T(y) = T()ly <e

If7T\: X =Y, X € Aisaset of mappings (finitely many or infinitely many) between
two Banach spaces then these are called

equicontinuous on A, where A C X, if for each € > 0 there exists a § = d(e) > 0
such that for every pair of elements z,y € A and every A € A we have

ly = zlx <= |Ta(y) = Ta(@)lly <e

Proof. (of Theorem 1.8) To prove statement 1) let 7" : X — Y be a continuous
mapping and K a compact set in X. Pick an arbitrary sequence (y,,) C T'(K). Then
there exists a sequence (z,,) in K such that T'(x,) = y, for all n. The sequence (z,,)
might not be uniquely determined since 7" is not assumed to be injective. But since
K is a compact set there exists a convergent subsequence (x,, ) of (z,) in K, i.e.
there is an element z € K such that z,, — x as k — oo. Moreover since T' is
continuous we have

T, = T =Yy, =T (x,,) = T(x) € T(K).

This proves 1).
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The proof of statement 2) is left as an exercise.

To prove statement 3) assume that K is a compact set of X and that 7 : X — Y is
continuous. Moreover assume that 7" is not uniformly continuous on K. Then there
exists an € > 0 such that for all positive integers n there are points x,,y, € K such
that

1
I = 2allx <~ #)

and
1T (yn) = T(xn)lly = € (3)

But K is a compact set and so there exists a convergent subsequence (x,, ) of (z,),
i.e. for some x € K we have z,, — x. From (2) it follows that y,, — = since we
have

||ynk - fEHX < ||ynk - xnkHX + ||xnk - "L‘”X
Moreover T' is continuous and so T'(z,,) — T(x) and T'(yn, ) — T'(x). This gives a
contradiction of (3). The statement 3) is proved. O

The Banach spaces that will be used in applications are C'(A) and LP(A), 1 < p < oo.
Here A stands for different subsets of R™ for n > 1. Of course the norms should be
the proper ones e.g. the sup-norm should be used for C'(A). We tacitly understand
that the proper norm is used unless something else is stated. In the context of
Schauder’s fixed point theorem it is important to be able to conclude whether or
not a subset of C(A) or LP(A) is compact. Our next result answers that question

for the case C'(A).

Theorem 1.9 (Arzela-Ascoli theorem). Assume that K is a compact set in R",
n>1(eg K =la,b CR). Then a set S C C(K) is relatively compact in C(K)
ioff the functions in S are uniformly bounded and equicontinuous on K.

To say that the functions in S are uniformly bounded means that there exists a
M > 0 such that
£l = Sulg!f(x)l <M al fes.
e

To say that the functions in S are equicontinuous on K means that for every e > 0
there exists an § > 0 such that for every x,y € K and every f € S we have

[z -yl <o = |f(x) - fW)l<e
The Arzela-Ascoli theorem can be generalized to the whole of R™ if we assume that
the functions uniformly tends to 0 at infinity i.e. as |z| — oc.
Next we formulate a criteria for compactness for sets of LP-functions.

Theorem 1.10 (Riesz, Kolmogorov). Assume that 1 < p < oo and that S C LP(R™).
Then S is relatively compact in LP(R™) iff the following conditions are satisfied:

1. S is a bounded set in LP(R™), i.e. there exists a M > 0 such that || f||» < M
forall f €8S,
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2. im0 [ |[f(y + ) — f(y)[P dy = O uniformly in S, i.e. for every e > 0 there
exists a 6 > 0 such that

2] <8 och feS=|f(+a) = FOl=(] |fly+a)—fyPdy)? <e

R

3. impsoo || fllLr@®m\BO,R) = (ﬁx‘>R|f(:v)|p dx)'? = 0 wuniformly in S, i.e. for
every € > 0 there exists a w > 0 such that

R > w och fES:>(/ |f(x)|P dz)VP < e.

|z|>R

The above results can be found in most textbooks on functional analysis.

We are now ready to apply Schauder’s theorem. Note the difference between
Schauder’s theorem and Banach’s theorem, namely to apply Banach’s theorem we
have to show that a mapping is “sufficiently small”, while to apply Schauder’s the-
orem we have to prove that a mapping is compact. This means, in the C(A) or
L? case, that we have to show that the image set for the mapping consists of more
“regular” functions.

Example (an integral equation of Hammerstein-type): Assume that K(z,y)
is a continuous function for 0 < z,y < 1 and that f(y, z) is a bounded continuous
function for 0 <y < 1 and z € R. Then the equation

_ / K(z,9)f(y, 2(y)) dy

has a continuous solution z(z).

We want to prove that T'(z), z € C([0, 1]), has a fixed point where

,/ny (y,2(y)) dy.

To show this we will apply the generalization of Schauder’s fixed point theorem. We
will choose a closed convex subset S C C([0,1]) such that the mapping 7" : S —
C([0,1]) is continuous and such that the image set T'(S) is relatively compact in
C([o,1]).

First we observe that 7' maps continuous functions to continuous functions, i.e. that
we have

T(c([o,1])) c €(]0,1]).
This can be seen as follows: From the hypothesis there exists a B > 0 such that
\f(y,2)| < B if (y,2) €0,1 xR.

Moreover K (z,y) is continuous on the compact set [0,1] x [0,1] and hence K is
uniformly continuous on [0, 1] x [0,1]. Fix an € > 0. Then there exists a 6 > 0 such
that ¢

|K({L‘,y) - K(‘%ag” < E if |(I7y) - (j7g)| < 0.
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Consequently for any z € C([0,1]) we have

[(T'(2))(x) — )| = |/ (z,y) — K(2,9))f(y, 2(y)) dy| <
S/O \K(x,y)—K(&y)Hf(y,Z(y))ldySB/o |K(2,y) — K(Z,y)|dy < e

provided |z — Z| < 4. This means that 7'(z) € C(]0, 1]).

A natural choice for the closed convex set S is
S={2€C([0,1]) : [|z]| < D},

where D > 0 is a constant that should be chosen such that T'(S) C S. We note that
since K is continuous on the compact set [0, 1] x [0, 1] there exists an A > 0 such
that

[K(z,y)l <A i (z,y) € [0,1] x [0,1].
This implies that

[(T'(2))(z)| = I/0 K(z,y)f(y, 2(y)) dy| S/O | K (z, )| f(y, 2(y))| dy < AB

for z € C([0,1]). Hence we get
IT(2)[l < D

provided we choose D > AB. Set D = AB. With this choice for S we get
T(S)cCS.

To apply Schauder’s theorem we have to show that T'(S) is relatively compact in
C([0,1]) and that T is continuous on S. The relatively compactness is consequence
of Arzela-Ascoli theorem once we have shown that 7'(.S) is uniformly bounded and
equicontinuous on S.

We have above verified that T'(C(][0, 1])) is uniformly bounded and equicontinuous
on S. It remains to prove that 7' : S — T'(S) is continuous. From the definition of S
it follows that |z(z)| < D for all € [0, 1]. The continuity of f(y, z) on the compact
set [0,1] x [—=D, D] implies that f is uniformly continuous on [0,1] x [-D, D]. Fix
an arbitrary € > 0. Then there exists a § > 0 such that

fw.2) = f@.D < i |w.2) = @2)] <8

Hence for arbitrary z;, 2o € S with |23 — 22|| < d we have

[T(21) = T(z2)[| = sup | [ K(2,9)(f(y, z1(y)) — f(y, 22(y))) dy| <

z€[0,1] 0

< sup/ K (2 )| (F v 21(9)) — Fly, 22())] dy <

<A I(f(y, 2(y) — fly, 22v))| dy < e.

Now we have shown that T is continuous on S. Schauder’s fixed point theorem
implies that the equation z = T'(z) has at least one solution.
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1.5 Some more fixed point theorems

We conclude this note with some additional fixed point theorems. The first one,
Schaefer’s fixed point theorem, is a version of Schauder’s theorem. Sometimes it is
called the Leray-Schauder principle and is an example of the mathematical principle
saying “apriori estimates implies existence”. The second one, Krasnoselskii’s fixed
point theorem, is a mix of Banach’s and Schauder’s fixed point theorems.

Theorem 1.11 (Schaefer’s fixed point theorem). Assume that X is a Banach space
and that T : X — X is a continuous compact* mapping. Moreover assume that the

set
U {reX: x=X\T(2)}

0<A<1
1s bounded. Then T has a fixed point.

Proof. Assume that the mapping T satisfies the hypothesis in the theorem. Pick a
R > 0 such that
r=A(z) and 0 <A <1

implies that
|lz|| < R.

Define the mapping T : X — X as follows:

T) i |T@)| <R
T(z) =

mT(:c) if |T(x)] >R
This implies that 7 : X — X is a compact operator. To show this take a
bounded sequence (z,);2; in X. Then there exists a subsequence (z,, )32, such
that [|T(z,,)|| < R for all k or [|T(z,,)|| > R for all k. In the first case (T'(zn,))32;
has a convergent subsequence since T'(x,, ) = T'(x,,) and T is a compact mapping.
In the second case we get that (7'(z,,))5>; has a convergent subsequence, denote it
by (T'(x;))2, for convenience. But then it follows that also (||7'(z;)[|)i2; converges,
where also ||T(z;)|| > R for all [. Hence we have T'(z;) = W};)HT(CL]).

K = coT(B(0,R)).

Here K is convex (it is the closed convex hull of a set), compact (the convex hull of
a compact set is compact and 7" is a compact mapping) subset of X such that

T:K = K.

Schauder’s fixed point theorem implies that 7" has a fixed point zo € K. But zo
is a fixed point for T if || T(z¢)|| < R. Assume that ||T'(x)|| > R. This yields a

4T is a compact mapping if (T(x,))S°; has a convergent subsequence for every bounded se-
quence (£,)52; in X. Usually by a compact (or completely continuous) mapping one means a
continuous mapping with the property above. For linear mappings the continuity follows from this
property but it is not true in general for nonlinear mappings.
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contradiction since xg = T'(x¢) = AT'(x0), where \ = W};o)\\ € (0,1), since according
to the hypothesis of the theorem it should follow that ||T(zo)|| = ||zo|| < R. This
proves the theorem. O

Note that to apply Schaefer’s theorem we do not need to prove that a certain set
is convex or compact. The problem is reformulated as to show a certain a priori
estimate for the operator 7.

Theorem 1.12 (Krasnoselskii’s fixed point theorem). Assume that F' is a closed
bounded convexr subset of a Banach space X. Furthermore assume that Ty and T5
are mappings from F into X such that

1. Ty(z) + To(y) € F forall xz,y € F,
2. Ty 1s a contraction,

3. Ty s continuous and compact.
Then Ty + Ty has a fixed point in F.

Proof. Assume that the mappings 77, T5 satisfies the hypothesis of the theorem. In
particular there exists a ¢ € (0,1) such that

|72 (2) = Ti(y)|| < clle —yll, 2.y € F.
This yields
11 = T1)(x) = (I = T) ()| = [z = 2[| = [ T1(z) = Ta(2) ]| = (L= )]z — =]
and
I(1 = T1)(x) = (I = T) ()| < [z = 2l + | T1(2) = Ta(2) ]| < (L+c)[lw — z].

Consequently I — T} : ' — (I — T1)(F') is a homeomorphism, and (I —T})~! exists
as a continuous mapping from (I —77)(F'). Furthermore we note that for each y € F
the equation

z="Ti(z) + Tr(y)

has a unique solution x € F according to Banach’s fixed point theorem. From this we
conclude that Ty(y) € (I—Ty)(F) for every y € F and also that (I—T1)"'Ty : FF — F
is a well-defined continuous mapping. Since 75 is a compact mapping it follows that
(I-T,)"'Ty : F — F is a compact mapping. Finally the generalization of Schauder’s
fixed point theorem yields the conclusion of the theorem. ]

We recommend anyone interested in fixed point theorems to browse through the
books [7] and [3] where additional results and many more references can be found.
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