FIXED POINT METHODS IN NONLINEAR ANALYSIS

ZACHARY SMITH

ABSTRACT. In this paper we present a selection of fixed point theorems with
applications in nonlinear analysis. We begin with the Banach fixed point
theorem, which we use to prove the inverse and implicit mapping theorems and
the Picard-Lindelof theorem for Banach spaces. We then prove in succession
the fixed point theorems of Brouwer, Schauder, and Schaeffer, after which we
conclude with two example applications for semilinear and quasilinear PDE.
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1. INTRODUCTION

— © 00 Ut WwWwNN—

We seek to provide a sampling of fixed point methods and their applications in

analysis. By fixed point, we mean the following:

Definition 1.1. Let X be a topological space and let T': X — X be a map. A
point x € X is a fized point if T'(z) = .

Fixed point theorems guarantee the existence of a fixed point under appropriate

conditions on the map T and the set X. Over the course of this paper we present
several major fixed point theorems and prove some fundamental results in analysis

by reducing nonlinear problems to fixed point problems. We assume knowledge of
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basic real analysis and linear algebra. Familiarity with select results from topology
and functional analysis is also helpful, but not required; outlines of the necessary
material can be found in the appendix.

Definition 1.2. A normed vector space X is a Banach space if the metric space
(X, d) is complete, where
d(z,y) = ||z —yl for all z,y € X.
The most common example of a Banach space is n-dimensional Euclidean space
R™, where the norm || is given by the Euclidean distance. Another example is the

space of continuous real-valued functions C(X), where X is the domain and the
norm ||-|| is given by

I£llox) = max|f(z)] for f € C(X).

2. DIFFERENTIAL CALCULUS ON BANACH SPACES
2.1. Banach Fixed Point Theory.

Definition 2.1. Let (X, d) be a metric space and T': M C X — X be a map. We
say T is a contraction if, for all z,y € M with © # y, there exists k € (0,1) such
that

d(T(2),T(y)) < kd(z,y).

Theorem 2.2 (Banach’s Fixed Point Theorem). Let (X,d) be a complete
metric space and M C X be nonempty and closed. If a map T : M — M is a
contraction, then T has a unique fixed point x € M.

Proof. Note that closed subsets of complete metric spaces are also complete metric
spaces, so it is sufficient to consider the case M = X. Fix some point 2y € X and
define a sequence {z,,} by z,+1 = T(z,). Then

d(ZEQ, zl) = d((T(%l), T(%O)) < k d(l’l, 1’0)
for some k € (0,1). Continuing inductively gives
d(xn-i-lv xn) < kn d(ﬂ?l, 1’0).

Thus, for n < m, we have

d(-’lfn; ‘Tm) < d(xnvxn+1) +ot d(xmil’ dm)
< (K + K™ o4 k) oy, )
k'fb
ST d(x1,m0),

where we have made use of the triangle inequality and the properties of sums. Since
k| <1, k"/(1 — k) — 0 as n — oco. Hence {x,} is Cauchy and has a limit z € X
by completeness. Contraction maps are continuous, so it follows that

T(x) = nh_}rr;o T(x,) = nh_)rr;o Xpy1 = T,

as desired.

To see that the fixed point z € X is unique, suppose there is ' # z in X such
that 2’ is also a fixed point. Then d(T'(z), T (")) = d(z, z') since both T'(z) = x and
T(z') = &'. But d(T(z),T(2")) < d(z,2’) since T is a contraction, a contradiction.

a
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Remark 2.3. Note that the requirement of d(T'(z),T(y)) < kd(z,y) for k € (0,1)
as opposed to d(T'(x), T(y)) < d(z,y) is essential in the proof of theorem When
we bound d(z,,, z,) in the latter case we could set k = sup{d(T'(z),T(y))/d(z,y) :
x,y € X}, but this might give &k = 1, which breaks the limit.

When applicable, the Banach fixed point theorem is especially useful as it both
guarantees the existence and uniqueness of a fixed point. Unfortunately, the re-
quirement that our map be a contraction limits its utility. In later sections we
will prove fixed point theorems that have relaxed conditions on the mapping but
stronger conditions on the domain and codomain. These theorems only assert the
existence of a fixed point, however, not the uniqueness.

2.2. Inverse and Implicit Mapping Theorems. We now turn our attention to
two major theorems in analysis: the inverse and implicit mapping theorems. We
first need to generalize our notion of differentiability to a Banach space.

Definition 2.4. Let X and Y be Banach spaces, and U C X be an open set. A
map f: X — Y is Fréchet differentiable at x € U if there exists a bounded linear
operator Df(z) : X — Y such that

If(z+h) — f(x) = (Df(x)h]ly

[l x —0 1Al

=0.

Such a map Df(x) is unique and is known as the Fréchet derivative at x. It’s
worth noting that bounded operator does not mean bounded in the general sense,
but rather that there exists M > 0 such that | Df (z)||y < M||z||y forallz € X. In
B(X,Y), the space of bounded linear operators from X to Y, we define the norm
[IDf]| to be the infimum of all such M. This norm makes B(X,Y") a Banach space.
Furthermore, the elements of B(X,Y") are all continuous mappings.

Lemma 2.5. Let X andY be Banach spaces and let U be an open convex subset of
X. If f:U =Y is a continuously Fréchet differentiable mapping and | Df (x)||, <
M for all x € U, then

[f(22) = fla)lly < Mljze =2l
for all x1,29 € U.
Proof. Fix x1,22 € X and define v : [0,1] — X by v(¢) := (1 —t)x1 + tze. We have
(f 09)'(8) = DFGE)(2).

Taking norms and applying the fundamental theorem of calculus then gives

f<x2>—f<w1>||y=H [ prooywa = [ proo)e - o)

Y B Y
1
< w2 — 2l / IDF )y dt < Mls — 21|
[}

Theorem 2.6 (Inverse Mapping Theorem). Let X be a Banach space and U C
X be an open set containing a. If f : U — X is continuously Fréchet differentiable
and Df(a) is invertible, then there are open sets V' containing a and W containing
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f(a) such that the restriction f : V. — W has a differentiable inverse f=1 : W — V.
For y € W, the Fréchet derivative of f~' is given by

_ _ -1
Df~Yy) = [DF(F ()] -
Proof. We first show that f is injective on an open set V in its domain. This will
guarantee that f~! exists on f(V). Set A = Df(a). Since A is invertible, we may
associate with each y € X amap T : U — X defined by
T(x) =2+ A (y — f(2)).
Observe that f(x) =y if and only if x is a fixed point of T. Now
DT(x) = I~ A Df() = A~ (Df(a) - Df()),

which is clearly continuous on U as Df is continuous on U. Since DT(a) = 0
and DT is continuous, we can choose § > 0 such that V := B(a;d) C U and
| DT (z)|| < 1/2 for all z € V. By lemma[2.5] it follows that

(2.7) T (z2) — T(x1)|| < ||w2 — x1]|/2 for all x1, 20 € V.

Hence T can have at most one fixed point in V. Using our previous observation,
for each y € X there is at most one x € V such that f(x) = y, implying that f is
injective on V.

Next we show that W := f(V) is open. Fix a point yo € W. Then there exists

xo € V such that f(z¢) = yo. Choose r > 0 such that B(xo;r) C V, and consider
the open ball B(yo; A\r) where X := (2||[A71|))~!. We see that

1T (o) — zoll = 1A (y = wo)| < 1AT] - [ly — woll < /2.
Thus for all & € B(zo;7), (2.7) implies
1T (z) = zol < T (x) = T(xo)ll + [T(x0) — ol
<z —zoll/2+r/2< 7.

Hence T(z) € B(zo;7), so (2.7) shows that T : B(zo;r) — B(xo;7) is a contraction
and the Banach fixed point theorem guarantees that there is an © € B(zo;r) such
that T(z) = z. For this z, f(z) = y, which implies y € f(B(zo;r)) C W. Our
choice of yo was arbitrary, so each point in W is contained in some open ball that
is a subset W, as desired.

To show that f=!: W — V is differentiable, pick y, (y + k) € W. Then there
exists z, (x + h) € V such that y = f(z) and y + k = f(z + h). We want to show

that
I k) — M)~ BR
k]l —0 1%
where B := [Df(x)]~!. Note that Df(a) is invertible for some point a in the open
set V, so we may assume Df(x) is invertible for x € V. To prove the limit above,
we will first find a relation between | k|| and ||h||. Using the same map T from
earlier,

0,

T(x+h)—T(x)=h+A"(f(z) - flx+h)) =h— A"k

Taking the norm and applying equation (2.7) gives ||h — A7'k|| < ||h||/2. Hence
IA= K]l > [|h]]/2 and

(2.8) IR < 20 A7 - 11k = [1&]/X
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Thus ||h|| — 0 as ||k|| — 0. Moreover, since
fHy+k) = f'(y) — Bk =h— Bk = —B(f(x +h) - f(x) — Df(x)h),
(2.8) implies

£+ k) = f7 ) = BE| _ 1Bl [If(z+h) - f() = Df(@)h]
il T 2] '

The right-hand side converges to 0 since f is differentiable, so the left-hand side
also converges to 0. Therefore f~!: W — V is differentiable and

Df Yy)=B=[Df(f )]

O

Corollary 2.9 (Implicit Mapping Theorem). Let X and Y be Banach spaces
and f: X XY — Y be a continuously Fréchet differentiable mapping. If there
is a point (a,b) € X xY such that f(a,b) = 0 and the map D, f(a,b) defined by
y +— Df(a,b)(0,y) is an invertible mapping from'Y to 'Y, then there are open sets
A C X containing a and B CY containing b and a Fréchet differentiable function
g : A — B with the following property: for each x € A there is a unique g(z) € B
such that f(z,g(z)) = 0.

Proof. Define the map F': X XY — X xY by F(z,y) = (z, f(z,y)). Then DF(a,b)
is given by

I 0
Da:f(aab) Dl/f(aab) ’
which is an invertible map from X x Y to X x Y. By the inverse mapping theorem,
there is an open set W C X x Y containing F'(a,b) = (a,0) and an open set in
X x Y containing (a,b), which we may take to be of the form A x B, such that
F : Ax B — W has a differentiable inverse F~! : W — Ax B. Clearly F~! is of the
form F~1(z,y) = (x,k(z,y)) for some differentiable function k. Let 7 : X xY — Y
be defined by 7 (x,y) :=y. Then 7o F = f and

fla,k(z,y)) = foF (z,y) = (mo F) o F~'(z,y)
=mo(FoF ') (z,y) =n(r,y) =y.
Thus f(x,k(z,0)) = 0, so we define the map g : A — B by g(x) := k(z,0). O

DF(a,b) =

Remark 2.10. Although we used the inverse mapping theorem in our proof of the
implicit mapping theorem, it is also possible to separately prove the implicit map-
ping theorem with fixed points, and then derive the inverse mapping theorem as a
corollary.

2.3. The Picard-Lindelof Existence Theorem.

Definition 2.11. Let (X,dx) and (Y,dy) be two metric spaces. A function f :
X — Y is said to be Lipschitz continuous on U C X if there exists a real constant
L > 0 such that, for all 1,25 € U,

dy (f(z1), f(x2)) < Ldx(x1,22)

For the next theorem, we adopt the notation C(I, X) to denote the set of con-
tinuous X-valued functions with domain I.
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Theorem 2.12 (Picard-Lindel6f). Let X be a Banach space with norm ||-|| and
z9 € R and yo € X be given. Consider the initial value problem
y' = f(z.y) y(xo) =10
Suppose f: R x X — X is continuous and bounded on some region
Q=A{(zy): |z -zl <oy -yl <b} (a,6>0)

and that f is Lipschitz continuous with respect to y on Q. Then there exists § > 0
and a continuous function ¢ : [xg — d,x9 + 6] = X such that y = ¢(x) is a unique
solution to the initial value problem.

Proof. Since f is Lipschitz continuous with respect to y on @), there exists L > 0
such that

[ f(z,91) = f(z,y2)| x < Lllyr — yellx for all (z,41), (z,y2) € Q;
since f is bounded on @ there exists K > 0 such that

sup |[|f(z,y)|| < K.
(z,y)€Q

We then define § := min(a,b/K) and I := [zg — 6,29 + d]. Now let Z := C(I, X)
be the Banach space with norm
1yl = max [ly(z)] x-
Also consider the norm
- —L|z—x0|
lyll 5 := maxe ly ()]l x-
Observe that, for all y € Z,

—Lo
e lyll, < llyll < Nyl

so the two norms ||-||, and |-||,, are equivalent—that is to say, they are within a
constant of each other. It follows that (Z,||-||,/) is also a Banach space. Define
M:={yeZ:|ly—yollz <b} and amap T': M C (Z, ||| ,-) = (2, ||| ;) by

T(y(x)) = yo + /Z f(t,y(t))dt.

Our goal is to show that T and M satisfy the conditions of Banach’s fixed point
theorem.

We claim that M is closed. To see this, let {y,} C M such that y, — y in
(Z,|-Il ;+)- By the equivalence of norms, y, — vy in (Z,||-||,). Since {y,} C M we
have ||y, — yoll, < b for all n € N and passing the limit as n — oo, we find that
lly —yollz < b. Thus y € M and M is closed.

We now show that T': M — M. For y € M we have

/ " () dt

IT@) = 5o, = max .

< max / £t y(®))]] dt
zo

We conclude T'(y) € M, as desired.
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Finally, we show that T is a contraction. Using the Lipschitz continuity of f in
y yields

—Llz—zo|

[ () = Fat0)

HT(yl) - T(y2)HZ/ = maxe
zel .

xr
< I;leafe_le_wOI / Llly:(t) — y2(t) |  dt
xo

7L|t7x0‘eL‘t7I(]| .

We multiply the integrand by e Since

lya (8) = y2(®) [l e 700 < lya — gl 1,
the inequality above becomes

x
IT () = T(y2)ll < Lliys = 2] 5o max e~ He=el / ellt=ol gy
xT

[¢]

=] — 1
L _
”yl yzHZ/ I;lg;(e |z—wo| — (eL\a: zo| 1)

<(1=e") = w2l

Therefore T' is a contraction on M in (Z, |-||,,) with contractive factor 1 — e~
Banach’s fixed point theorem then implies the existence of a unique fixed point
¢ € C(I,X), which is the unique solution to the initial value problem. ([

Ls

3. ToroLOGICAL FIXED POINT THEORY

3.1. Brouwer Fixed Point Theory.

Notation 3.1. Denote the unit ball in R” by B™ := B(0;1) = {z € R : |z| < 1}
and the unit sphere (the boundary of the unit ball) by S*~1 := {z € R" : |z| =
1} =0B™.

Definition 3.2. Let A be a subset of a topological space X. A retraction is a map
r: X — A such that r(z) = x for all x € A. If there exists a retraction from X to
A, we say A is a retract of X.

Lemma 3.3 (No-Retraction Theorem). There is no continuous retraction r :
B" S”_l.

Intuitively, it is not difficult to see why this lemma holds. If we fix every point
on the surface of the sphere, there is no function that continuously “makes room”
for every mapped point from the interior of the sphere. Proving the no-retraction
theorem for n-dimensional space, however, is not as trivial as it might seem. The
most common methods make use of tools far out of the scope of this paper, so we
will simply assume lemma [3.3] Proofs using algebraic topology can be found in
both [3] and [4].

Theorem 3.4 (Brouwer’s Fixed Point Theorem). Every continuous map T :
B™ — B™ has a fixed point.

Proof. Suppose there exists a map T : B" — B™ with no fixed points. Construct
the map r : B® — S"~! by extending a ray along the path from x to T'(z) and
defining r(z) to be the intersection of the ray with the sphere S"~1 (see Figure|1).
The map r is well-defined since x # T'(x) for any € B™, and continuous since T’
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is continuous. Moreover, (x) = z for all x € S"~1, so r is a retraction from B" to
Sn~1. But this contradicts lemma which says that no such retraction exists.
Hence T must have a fixed point. O

r(z)

FIGURE 1. The map r for n = 2.

Corollary 3.5. Let K be a nonempty, compact and convexr subset of R™. FEvery
continuous map T : K — K has a fixed point.

The general idea behind corollary is that K is homeomorphic to the closed
unit ball B™. For a detailed proof, see [1], [5], or [§].

3.2. Ascoli-Arzela Theory.
Definition 3.6. Let ¢ > 0. A subset S of a metric space X is an e-net of X if
X C U B(z;e).
zeS
A metric space X is said to be totally bounded if there is a finite e-net for all € > 0.

Definition 3.7. A subset S of a metric space X is precompact if S is compact.

Definition 3.8. Let X and Y be Banach spaces. A map f: X — Y is compact if
f(S) is precompact in Y whenever S C X is bounded.

We state, but do not prove, the well-known Heine-Borel theorem, which we will
use later in our proof of the Ascoli-Arzela theorem.

Theorem 3.9 (Heine-Borel). A subset S of a metric space X is compact if and
only if it is complete and totally bounded.

Corollary 3.10. A totally bounded subset S of a complete metric space X is pre-
compact.

Proof. 1f S is totally bounded, then so is its closure . S. A closed subset of a complete
metric space is itself a complete metric space, so S is compact by theorem [

Definition 3.11. A subset A C C(X) is equicontinuous at x € X if, given € > 0,
there exists d, > 0 such that

d(z,y) < d, implies |f(z) — f(y)| < e for all f € A.
If A is equicontinuous at each point € X, then we simply say that A is equicon-

tinuous.

Theorem 3.12 (Ascoli-Arzeld). Let X be a compact metric space. If A is an
equicontinuous, bounded subset of C(X), then A is precompact.
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Proof. Let € > 0. Since A is equicontinuous, for every x € X there exists §, > 0
such that |f(z) — f(y)| < €/4 for any f € A and y such that d(z,y) < d;. The
collection {B(x;d,)}zex is an open cover of the compact metric space X, so we
can extract a finite subcover, which we denote {B(x;;0;)} for j = 1,...,n. Thus
the equicontinuity of A gives

|f(z) — f(z;)] < e/4 for all x € B(z;;6;) and f € A.

The set A is bounded, so the set F' := {f(z;) : 1 < j < n,f € A} is bounded as
well. A bounded subset of R is totally bounded, so there are points y1,...,yn, € R
such that

FC U B(yise/4).

—:

i=1

For any map k: {1,...,n} — {1,...,m}, define
Ap={f € A: f(z;) € B(yx(j)ie/4),j =1,...,n}.

Note that there are only finitely many sets Ay since there are a finite number of
maps k. Also, each f € A belongs to one of the sets Ag. If we take f,g € Ay and
x € X, then z € B(xj;0;) for some j and

F(@) = 9(@)| < I£(@) — £@))] +1£(x;) — vy
+ luriy — 9(z;) + lg(z;) — g(z)] < e

Hence diam(Ay) < € and A can be covered by finitely many sets of diameter less
than e. The set A is totally bounded, so we conclude A is precompact by corollary
5. 101 ([l

3.3. Schauder Fixed Point Theory.

Definition 3.13. Let X be a normed vector space and F = {x1,22,...,2Z,} &
finite subset of X. Then conv(F), the convex hull of F| is defined by

conv(F) = {d7_  tjw; 0 35t =1,t; > 0}.

For future applications, we will need a more general definition to handle the case
in which F is infinite:

Definition 3.14. Let X be a normed vector space and F' a subset of X. The
convex hull conv(F) is the intersection of all convex sets S C X such that FF C S.

Proposition 3.15. Definitions[3.13 and [3.1] are equivalent for finite sets.

Lemma 3.16 (Schauder Projection Lemma). Let K be a compact subset of a
normed vector space X, with metric d induced by the norm ||-||. Given e > 0, there
exists a finite subset FF C X and a map P : K — conv(F) such that d(P(x),x) < €
for all x € K. This map is called the Schauder projection.

Proof. Take a finite e-net for the compact set K to obtain a set F = {z1,...,z,}.
For i =1,...,n, define functions ¢; : K — R by

bi(x) := {6 —d(z,z;) ifx € Blwie)

0 otherwise.
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We see that ¢; is strictly positive on B(x;;€) and vanishes elsewhere. Therefore
Sor ¢i(z) > 0for all z € K. We define the Schauder projection P : K — conv(F)
by

¢(x)

The map P is continuous since all the ¢; are. Moreover,
~ ir) - i) -
250" "L ew | T |
— ¢;(x) ~ i(z)

S g < G
because ¢;(x) =0 if ||x; — z|| > e. O

Theorem 3.17 (Schauder’s Fixed Point Theorem). Let X be a Banach space
and let M C X be nonempty, convex, and closed. If T : M — M 1is compact, then
T has a fized point.

P(z) = Z 9:(z) x; where ¢(x)= Zaﬁt(a:)

(z)

A(P). ) = o

T

-

Proof. Let K denote the closure of T'(M) which, by hypothesis, is compact. For
each natural number n, let F;, be a finite %—net for K and let P, : K — conv(F,,) be
the corresponding Schauder projection. The convexity of M implies that conv(F;,) C
K; define T}, : conv(F,,) — conv(Fy,) by Ty, := (P oT)|conv(F,)- Corollaryguar—
antees that T, has fixed points. For each n € N, we choose one such fixed point of
T, and call it z,,. Since K is compact {x,} has a convergent subsequence, which
we denote {x, }. This sequence converges to some = € K as n’ — oo, which we
claim is the desired fixed point. From lemma [3.16| we obtain
d(T(z),n) < d(T(x), T(xp)) + d(T(xpr), Ty (T0y)) =0 as n' — oo

since T is continuous and d(T(zy ), Ty () = d(T (X)), ) < 1/n'. Thus {x,}
converges to both x and T'(z). Limits are unique, so T'(z) = z, as desired. O

In practice, it is often awkward to apply Schauder’s fixed point theorem as one
needs to find an appropriate set M—and such a set is rarely obvious. This gives rise
to an alternative formulation, known as Schaeffer’s fixed point theorem, in which
we do not have to identify an explicit convex, compact set.

Theorem 3.18 (Schaeffer’s Fixed Point Theorem). Let X be a Banach space
and T : X — X be a continuous and compact mapping. If the set

{z € X : 2 =XT(x) for some X € [0,1]}
is bounded, then T has a fized point.
Proof. By hypothesis, we can choose a constant M so large that
|z < M if x = AT'(z) for some A € [0,1].
Define a retraction r: X — B(0; M) by
x if ||z]| < M
r(x) = :
(M/l|lzl)) = if [lz]] > M

and observe that the composition (roT) : B(0; M) — B(0; M) is compact since
T is compact. Let K denote the closed convex hull of (r o T)(B(0; M)). The set
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K is convex by definition, and the compactness of r o T implies K is compact. By
Schauder’s fixed point theorem, there exists a fixed point z € K of the restriction
(roT)|x : K — K. We claim that x is also a fixed point of 7. To show this, it is
sufficient to prove that T'(x) € K. Suppose not. Then || T(z)| > M and

(3.19) 2 = r(T(z)) = ”T]é)”T(a:),

which implies

=M.

ol = | g T

On the other hand, M/||T(z)| € (0,1), so our choice of M and (3.19) also imply
|z|| < M, a contradiction. O

3.4. The Cauchy-Peano Existence Theorem. We now revisit the ODE exam-
ple from section [2:3] Armed with the Schauder fixed point theorem, we can relax
the assumption of Lipschitz continuity to regular continuity.

Theorem 3.20 (Cauchy-Peano). Let (zo,y0) € R x X be given. Consider the
initial value problem

y' = f(z,y) y(0) = o
Suppose f: Q CR x X — X is continuous and bounded on some region
Q={(z,9) : |z —zo| < a,[ly —yol <} (a,b>0).

Then there exists § > 0 and a continuous function ¢ : [vg — 0,20 + 0] — X such
that y = ¢(x) is a (not necessarily unique) solution to the initial value problem.

Proof. Let K := max(, el f(z, )|y and define ¢ := min(a,b/K). We also define
sets

I:=zo—06,x0+0)and M :={y e Z:|y—uyol, <b},

where Z is the Banach space C(I, X) with norm |ly||, = max,cs||y(z)| . The set
M is nonempty, convex, closed, and bounded; if we define the map T': M — Z by

T@mw=m+/?mmmw

we have

<OK <b.

X

/UVW@Mt

— <
IT(y) = woll; < max

Thus T'(M) C M.
Next we show that T is continuous. Let {y,} C M be such that y, — y in M.
Then

1T () = T, = max | Tyn(@) - Tw(@)x

= max
xel

xo+9
</' 17ty (8)) — £y ()] dt.
x )

0—

[ 15t - 16.v0)) a

0

X
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Observe that f is uniformly continuous since f is continuous on a compact interval,
so we may pass to the limit as n — oo to obtain
o+

i [ T(y,) ~T(w)]l, < / i £t (6) — F(ty(0) ] dt = 0.

ngzi
Hence T(y,) — T'(y) in T(M), so T is indeed continuous. T'(.S) is equicontinuous
for every bounded set S C M because

sup 1T (y(21)) — T(y(x2))llx < Klwy —x2] = 0as |21 — 2| = 0.
ye
Moreover, T'(S) is bounded since

w+ [ Sty <l o+

Zo X
Thus T'(S) is precompact by the Ascoli-Arzela theorem for each bounded S C M,
so T is a compact map. Schauder’s fixed point theorem then implies T" has a fixed
point ¢ € M. By our choice of T, the map ¢ : I — X is a continuous solution to
our initial value problem. (|

sup | T(y(x))ll, = sup\
yeS yeS

4. EXAMPLE APPLICATIONS IN NONLINEAR PDE

4.1. Some Results in Functional Analysis. Before beginning our study of
partial differential equations, we first need some prerequisite facts about LP and
Sobolev spaces. Readers unfamiliar with LP and Sobolev spaces should consult the
appendix for an outline of their definitions. It should be noted that we restrict our
treatment to smooth, bounded subsets 2 C R"™, and that all the integrals appearing
in this section and the appendix are Lebesgue integrals.

Theorem 4.1 (Dominated Convergence Theorem). Let Q@ C R™ be open,
p € [1,00), and {f,} a sequence of measurable functions with domain Q. Suppose
{fn} converges pointwise almost everywhere to f and is dominated by some function
g € LP(Q), i.e., |fn(x)] < g(x) for eachm € N and x € Q\ N where N is a set of
measure 0. Then each f, as well as [ is in LP(Q) and f, — f in LP.

Corollary 4.2. Given f € C(R) such that |f(t)| < a(1+|t]) where a > 0, the map
u s f(u) is continuous from L*(Q) to L?(£2).

Definition 4.3. Define the gradient V of a function f : R” — R to be

_(of o
Vi (g ).

provided all the partial derivatives exist.

Definition 4.4. The Laplacian A of a function f: R™ — R is given by

n
o f
Af=) ==,
i=1
provided all the second-order unmixed partial derivatives exist.

Proposition 4.5. Let g € H1(Q) and p € [0,00). Then there exists a unique
v € HY(Q) such that —Av + pv = g in D'(Q) and this v is the unique solution to
the variational problem

/Vv~dex+u/vwdx:<g,w> for all w € H} ().
Q Q
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Furthermore, the map g — v is continuous from H~*(Q) to H}(Q).
This is a special case of the Lax-Milgram theorem; consult [2] for a proof.

Corollary 4.6. The map g — (=A + uly)~tg = v is continuous from L?(2) to
HL(Q), i.e.,

HU”HI(Q) C||9||L2
where C' is a constant dependent on Q.

Proof. Simply note that L?(Q) continuously embeds into H~1(2) and apply propo-
sition O

Theorem 4.7 (Poincaré’s Inequality). For p € [1,00) and u € Wol’p, there
ezists a constant C dependent on ) and p such that

||U‘HLP(Q) < C”VUHLP(Q)-
Corollary 4.8. A norm can be defined on H}(Q) by
||UHH3(Q) = ||VU||L2(Q)
foru € HE(). This norm is equivalent to the standard norm on H () as described
in proposition [A.9

We finally have all the tools we need to solve some PDEs.

4.2. Semilinear Elliptic Equations. In this section we study semilinear partial
differential equations of the form
—Au = f(u) inQ

u =0 on 0f).

where 2 C R" is open, bounded and smooth and f : R — R is a given function.

(4.9)

Theorem 4.10. Let Q C R™ be an open, bounded and smooth domain and f €
C(R) be a given bounded function. Then the boundary value problem (@) has a
weak solution u € H (), i.e., the following formulation holds:

/QVU~V¢d:c:/Qf(u)¢das.

Sketch of proof. Define a map T : L*(Q) — L*(Q) by u + (=A)"!(f(u)). Our
strategy is to show that T satisfies the hypotheses of Schauder’s fixed point theorem,
which will then yield the desired weak solution.

Step 1: T is continuous. Corollary - 4.2 shows that u — f(u) is continuous from
L?(Q) to itself; corollary - 4.6/ shows that (—A)~! is continuous from L?(Q) into
H}(9), which is continuously embedded in L?(Q2) by proposition

Step 2: Find a closed non-empty bounded convex set M such that T': M — M.
Given u € L?(2), T(u) satisfies

(4.11) / VT (u) VT (u)dx = / flu T < a|QH|T(u)HL2(Q)
by the Cauchy-Schwarz inequality. Using Poincaré’s inequality then gives
1T (w)l|72() < CIVT(W)[I72(0) < alQICIT (w)]] 12 (g

for some constant C. Set r = a|Q|C and choose M = {u € L*(Q) : ull o) < 7}
Hence T': M — M.
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Step 3: T is compact. Using Poincaré’s inequality on the right-hand side of

([@.11]), we obtain
2
IVT ()2 @) < KIVT(W)llL2(q)

for some constant K. Thus [|[VTu| ;2 < K, which implies Tu is bounded in

H(Q) by corollary and since the embedding of H'(f2) into L?(£2) is compact,
T is compact.

Step 4: Apply Schauder’s fixed point theorem to conclude T" has a fixed point u €
M. By our choice of solution operator, this u lies in the Sobolev space H}(Q). O

4.3. Quasilinear Elliptic Equations. Lastly, we consider a quasilinear partial
differential equation of the form

—Au+g(Vu)+pu =0 in Q

(4.12) u =0 on 9N.

where €2 C R” is an open, bounded and smooth domain and g : R™ — R is smooth
and Lipschitz continuous.

Theorem 4.13. Let Q C R"™ be open, bounded and smooth and g : R — R be
smooth and Lipschitz continuous. If p > 0 is sufficiently large, then there exists a
function w € H*(Q) N HY(Q) such that u is a weak solution of the boundary value

problem .

Sketch of proof. Given u € H}(Q), set f(u) := —g(Vu). Since g is Lipschitz con-
tinuous, it can be shown to satisfy the growth condition

lg(t)] < C(1 + [¢])

for some constant C and all ¢t € R™. Therefore f(u) € L?*(f2). By proposition
there exists a w € Hg () that is a weak solution of the linear problem

—Aw+ pw = f(u) inQ

(4.14) w = 0 on 0N.

By the elliptic regularity theorem (see [2]), we have w € H?(Q2) and the estimate
lwll g2 < Kl fll 20

for some constant K. We now write T'(u) = w whenever w is derived from v via our
definition of f and (4.14). Our strategy is to show that T satisfies the hypotheses
of Schaeffer’s fixed point theorem, which will yield our desired weak solution.
Step 1: T : H} () — HE(Q) is continuous and compact. Let u,, — u in Hg ().
By our growth condition we have
1T ()l g2y < Ll g ) + 1),
for some constant L, so it follows that

sup [|[wn|| g2 () < 00,
neN

where wy, := T'(u,). Thus there is a subsequence {w,} and a function w € H} ()
such that w, — w in H}(Q). Now

/an/ -Vvdx—i—u/ WV de = —/ g(Vuy)vdz
Q Q Q
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for each v € H}(Q). Consequently using the continuity imposed by our growth

condition yields
/ Vuw - Vvdx+u/ wv dr = —/ g(Vu)vdx
Q Q Q

for each v € H}(Q). Thus w = T'(u).

We have shown T'(u,,) — T(u) in H(2), so T is continuous. A similar argument
shows that T is compact, since if {u,} is bounded in H}(Q), the growth condition
asserts that {T'(u,)} is bounded in H?(Q2). The space H?(f)) embeds compactly
into H (), so {T'(u,)} possesses a convergent subsequence in Hg ().

Step 2: For sufficiently large p > 0, the set

M = {u € Hy(Q) : u = \T'(u) for some \ € [0,1]}

is bounded in H (). Assume u € Hg(Q) and u = AT'(u) for some A € [0,1]. Then
u/X = T(u); or, in other words, u € H?(2) N H}(Q) and

—Au+ pu = —Ag(Vu) almost everywhere in 2.
Multiply this identity by v and integrate over €2 to compute

/\Vu|2dx+u/ |u\2dx=—/Ag(vu)udxg/0(|Vu|+1)|u\dx.
Q Q Q Q

Applying the inequality ab < a?/(2¢) + €b?/2 for an appropriate choice of € > 0 to
the right-hand side, we see that

1
/|Vu|2dx+,u/ lu|? dz < f/ |Vu|2dx+B/(|u|2+1) dx
Q Q 2 Ja Q

for some constant B. We then subtract terms to obtain
1
f/ IVl da + (4 — B)/ luf2 dz < B|Q)|
2 Jo Q

As noted in proposition the left-hand side is of the same form as the norm on
HY(Q). Thus if 4 > 0 is large, we have ||u||Hé(Q) < R, for some constant R that
does not depend on X € [0, 1].

Step 3: Applying Schaeffer’s fixed point theorem in the space X = HE(Q), we
conclude T has a fixed point u € H{ (2)NH?(Q2), which in turn solves our boundary

value problem (|4.12)). O

APPENDIX: LP AND SOBOLEV SPACES

Definition A.1. Let p € (0,00) and Q@ C R™. If f : Q@ — R is a measurable

function, then we define
l/p
lsri = ([ 156@7ac)

The space LP(f2) is defined to be
L) = {f QR ey < 0 -

Definition A.2. The support of a real-valued function f with domain 2 is given
by

supp(f) :i={z € Q: f(z) #0}.
A function f is said to have compact support if its support is compact; for Q2 C R™,
the support is compact if and only if it is bounded.
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Notation A.3. Let C*(Q) by the set of infinitely differentiable real-valued func-
tions with domain 2. Denote the set of all C*° functions with compact support by

C§o(Q).

Definition A.4. Let  C R™ be open and connected. Let o := (aq,...,ay) be a
multi—indexﬂ For any ¢ € C°°(R"), define the differential operator D% by

v (DN (DY (0
D% := (83:1) <8a:2> (63%) 2

Now let f : @ — R be given. Then g : Q — R is the a-weak derivative of f for
some multi-index «, if for each ¢ € C§°(Q2), the following formula holds:

/"f@»Da¢m»dx=<—¢N“[/gcw¢m»dx
Q Q

where |a| = |aq| + - + |an].

Definition A.5. A Sobolev space WP(Q) consists of all locally integrable func-
tionﬁ u : 2 = R such that for each multi-index « with |a| < k, D*u exists in the
weak sense and belongs to LP(Q).

Proposition A.6. The Sobolev space W*P(Q) is a Banach space.

Notations A.7. Denote the closure of C§°(Q2) in WkP(Q) by Wé“’p(Q). For p =
2 we usually write W*P(Q) = H¥(Q)). The space of bounded linear maps f :
H}(Q) — R is denoted by H1().

Proposition A.8. The Sobolev space H} () embeds continuously into L*().
Proposition A.9. H'(Q) is a Hilbert space with inner product

um:AVﬂWM+Amm
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