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To the memory of my father Yorgos
To my mother Andromachi






PREFACE

This book has been designed for a two-semester course in Advanced Ordinary
Differential Equations. It is based on the author’s lectures on the subject at the
University of South Florida. Although written primarily for graduate, or advanced
undergraduate, students of mathematics, the book is certainly quite useful to en-
gineers, physicists, and other scientists who are interested in various stability, as-
ymptotic behaviour, and boundary value problems in the theory of differential
systems.

The only prerequisites for the book are a first course in Ordinary Differential
Equations and a course in Advanced Calculus.

The exercises at the end of each chapter are of varying degree of difficulty,
and several among them are basic theoretical results. The bibliography contains
references to most of the books and related papers which have been used in the
text.

The author maintains that this functional-analytic treatment is a solid intro-
duction to various aspects of Nonlinear Analysis.

Barring some instances in Chapter Nine, no knowledge of Measure Theory
is required. The Banach spaces of continuous functions have sufficient structure
for the development of the basic principles of Functional Analysis needed for the
present theory.

Finally, the author is indebted to Hindawi Publishing Corporation for the
publication of the book.

A. G. Kartsatos
Tampa, Florida
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CHAPTER 1

BANACH SPACES

In this chapter, we develop the main machinery that is needed throughout the
book. We first introduce the concept of a real Banach space. Banach spaces are
of particular importance in the field of differential equations. Many problems in
differential equations can actually be reduced to finding a solution of an equation
of the form Tx = y. Here, T is a certain operator mapping a subset of a Banach
space X into another Banach space Y, and y is a known element of Y. We next
establish some fundamental properties of the Euclidean space of dimension n, as
well as real # X n matrices. Then we introduce the concept and some properties of
a bounded linear operator mapping a normed space into another normed space.
We conclude this chapter by providing some examples of important Banach spaces
of continuous functions as well as bounded linear operators in such spaces.

1. PRELIMINARIES

In what follows, the symbol x € M, or M > x, means that x is an element of the
set M. By the symbol A C B, or B O A, we mean that the set A is a subset of the
set B. The symbol f : A — B means that the function f is defined on the set A
and takes values in the set B. By 9M, M, and int M we denote the boundary, the
closure, and the interior of the set M, respectively. We use the symbol {x,} C M to
denote the fact that the sequence {x,} has all of its terms in the set M. The symbol
& represents the empty set.

We denote by R the real line, and by R, R_ the intervals [0, %), (—00,0],
respectively. The interval [a, b] C R will always be finite, thatis, —c0o < g < b < +00.
We use the symbol B, (xp) to denote the open ball of R” with center at xo and radius
r > 0. The domain and the range of a mapping f are symbolized by D(f) and
R(f), respectively. The function sgn x is defined by

sgnx = |x| (1.1)
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By a subspace of the vector space X we mean a subset M of X which is itself a vector
space with the same operations. The abbreviation “w.r.t.” means “with respect to.”

2. THE CONCEPT OF A REAL BANACH SPACE; THE SPACE R"

DerINITION 1.1. Let X be a vector space over R. Let || - || : X — R; have the
following properties:
(1) llxll = 0ifand onlyifx = 0.
(ii) llax|l = |alllx|| for every « € R, x € X.
(iii) llx + yll < llxll + llyll for every x, y € X (triangle inequality).
Then the function || - || is said to be a norm on X and X is called a real normed
space.

The mapping d(x, y) = |lx — y|| is a distance function on X. Thus, (X,d) isa
metric space. In what follows, the topology of a real normed space is assumed to
be the one induced by the distance function d. This is the norm topology. We also
use the term normed space instead of real normed spaces. Without further mention,
the symbol || - || always denotes the norm of the underlying normed space.

We have Definitions 1.2, 1.3, and 1.4 concerning convergence in a normed
space.

DEerINITION 1.2. Let X be a normed space. The sequence {x,} C X converges
to x € X if the numerical sequence ||x, — x|| converges to zero as n — .

DEerINITION 1.3. A sequence {x,} C X, X a normed space, is said to be a
Cauchy sequence if

im [|%m — x4]] = 0. (1.2)

DerINITION 1.4. A normed space X is said to be complete if every Cauchy
sequence in X converges to some element of X. A complete normed space is called
a Banach space.

The Euclidean space of dimension # is denoted by R”. We let R = R!. Unless
otherwise specified, the vectors in R” are assumed to be column vectors, that is,
vectors of the type

X1
X2
x=1|.1, (1.3)
Xn
where x; € R, i = 1,2,...,n. Sometimes we also use the notation (xi,x2,...,
x,) for such a vector. The basis of R” is always assumed to be the ordered n-tuple
{e1,e2,...,en}, where e; has its ith coordinate equal to 1 and the rest 0.

Three different norms on R” are given in Example 1.5.
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ExampLE 1.5. The Euclidean space R" is a Banach space if it is associated with
any one of the following norms:

1/2
lxlly = (xf +25 +- - - +x7) ",
llxll2 = max{|x], [x2],. .., [xa4]}, (1.4)
lxll3 = lxo| + || + - - - + x4

Unless otherwise specified, R” will always be assumed to be associated with
the first norm above, which is called the Euclidean norm.

DEFINITION 1.6. Let X be a normed space. Two norms || - ||; and || - [|, on X
are said to be equivalent if there exist positive constants m, M such that

mlixlla < lixlle = Mllxlla (1.5)

for every x € X.
The following theorem shows that any two norms on R” are equivalent.
TueorEM 1.7. If || - I, and || - ||y are two norms on R", then they are equivalent.

Proor. We recall that {e;,e,,...,e,} is the standard basis of R”. Let x € R".
Then

n
x = Zx,e,-. (1.6)
i=1

Taking a-norms of both sides of (1.6), we get

Ixlla < > x| lleill, (1.7)
i=1
This inequality implies
llxlla < Mllxl1, (1.8)
where || - ||; is the Euclidean norm and

" 1/2
m=|Shel] 19)
i=1

Here, we have used the Cauchy-Schwarz inequality (see also Theorem 1.9). It fol-
lows that for every x, y € R", we have

Hixlla = lIyllal < llx = ylla < Mllx = ylh. (1.10)
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The first inequality in (1.10) is given as an exercise (see Exercise 1.1). From (1.10)
we conclude that the function f(x) = /x|l is continuous on R" w.r.t. the Eu-
clidean norm. Since the sphere

S={ueR": |ul, =1} (1.11)

is compact, the function f attains its minimum m > 0 on S. Consequently, for
every u € S we have |lull, = m. Now, let x € R” be given with x # 0. Then
x/||x|l; € Sand

M =m, (1.12)
lloelly 1g

which gives
lIxlla = mllxll;. (1.13)

Since (1.13) holds also for x = 0, we have that (1.13) is true for all x € R". Inequal-
ities (1.8) and (1.13) show that every norm on R" is equivalent to the Euclidean
norm. This proves our assertion. |

The following definition concerns itself with the inner product in R". Theo-
rem 1.9 contains the fundamental properties of the inner product. Its proof is left
as an exercise (see Exercise 1.13).

DEeriNITION 1.8. The space R” is associated with the inner product (-, -) de-
fined as follows:

(x,9) = > xiyi. (1.14)
i=1

Here, x = (x1,%2,...,%p) and y = (y1, Y2, .. Yn).

THEOREM 1.9. Forevery x, y € R", a, f € R, and for the Euclidean norm, we
have

(1) (x,p) = {y,x);

(2) (v ay+Pz) = alx, y) + f(x,2);

(3) llxll? = (x,x) = 0;

(4) (x,x) = 0ifand only ifx = 0;

(5) {x, )| < llxlllyll (Cauchy-Schwarz inequality);

(6) (Ax,y) = (x,ATy), where AT denotes the transpose of the matrix A €
M,,.

From linear algebra we recall the following definitions, theorems, and aux-
iliary facts. We denote by C the complex plane, C" the space of all complex n-
vectors, and M, the real vector space of all real n X n matrices. For A € M,, we
have A = [a;;],i,j = 1,2,...,n, or simply A = [a;;].
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DerinITION 1.10. Two vectors x, y € R” are called orthogonal if (x, y) = 0.
A finite set U = {x1,%2,...,x,} C R"is called orthonormal if the vectors in U are
mutually orthogonal and ||x;|l = 1,i=1,2,...,n.

DerINITION 1.11. The number A € C is called an eigenvalue of the matrix
AeM,if
[A—AIl =0, (1.15)

where | -| denotes determinant and I the identity matrix in M,,. If A is an eigenvalue
of A, then the equation (A —AI)x = 0 has at least one nonzero solution in C". Such
a solution is called an eigenvector of A.

TuEOREM 1.12. A symmetric matrix A € M, (AT = A) has only real eigen-
values. Moreover, A has a set of n linearly independent eigenvectors in R" which is
orthonormal.

DErINITION 1.13. A symmetric matrix A € M, is said to be positive definite if
(Ax,x) >0 Vx € R" with x # 0. (1.16)

Assume now that A is a symmetric matrix in M,,. Then the continuous func-
tion

¢(u) = (Au, u) (1.17)
attains its maximum Ay and its minimum A,, on the unit sphere
S={ueR":|ul| =1} (1.18)

Let Ayr = (Aug, up) and A, = (Avg, vo) for some ug, vy € S. Consider the function
gx) = x?+x3+ - - +x2— 1. Itis easy to see that V¢ (x) = 2Ax and Vg(x) = 2x
for all x € R”". Since S is the set of all points x € R" such that g(x) = 0 and
Vg(x) # 0, it follows from a well-known theorem of advanced calculus (see, for
example, Edwards [15, page 108]) that there exist real numbers A, 4 such that

Vé(uo) = AVg(uo), Vé(vo) = uVg(v), (1.19)

or Aug = Aug and Avy = pvy. Since (Aug, ug) = A, (Avy,vo) = 4, we have A = Ay
and y = A,,. We have proved the following theorem.

THEOREM 1.14. If Ay, Ay are the smallest and largest eigenvalues of a symmetric
matrix A € My, respectively, then

A = min (Au, u), Ay = max (Au, u). (1.20)

[full=1 [lull=1

If A is positive definite, then all the eigenvalues of A are positive.
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DEFINITION 1.15. A matrix P € M, is called a projection matrix if P> = P.

It is easy to see that if P is a projection matrix, then I — P is also a projection
matrix.

3. BOUNDED LINEAR OPERATORS

In what follows, an operator is simply a function mapping a subset of a normed
space into another normed space. In this section we obtain some elementary in-
formation concerning bounded linear operators. We also provide three norms for
the space M,, which correspond to the norms given for R” in Example 1.5. In par-
ticular, we recall some facts concerning linear operators mapping R” into itself.

We often omit the parentheses in T'(x) for operators that are considered in the
sequel.

DEerINITION 1.16. Let X, Y be two normed spaces, and let V be a subset of X.
An operator T : V — Y is continuous at x, € V if for every sequence {x,} C V
with x, — xo we have Tx, — Txo. The operator T is continuous on V if it is
continuous at each xy € V.

DEeriNITION 1.17. Let X, Y be two normed spaces and V' a subspace of X.
Then T : V — Y is called linear if for every o, f € R, x, y € V, we have
T(ax+pBy) = aTx+ BTy. (1.21)

DEeriNITION 1.18. Let X, Y be two normed spaces. A linear operator T : X —
Y is called bounded if there exists a constant K > 0 such that || Tx|| < K||x|| for
every x € X. If T is bounded, then the number

1T = sup || TxI| (1.22)
[lxll =1
is called the norm of T.
We usually use the symbol || - || to denote the norm of all Banach spaces and

bounded linear operators under consideration.
Theorem 1.19 characterizes the continuous linear operators in normed spaces.

THEOREM 1.19. A linear operator T : X — Y, with X, Y normed spaces, is
continuous on X if and only if it is bounded.

Proor. Sufficiency. From the inequality
ITxll < Klixll, xeX, (1.23)
it follows immediately that
[|Tx — Txo|| < K||x — x0]] (1.24)

for any x¢, x € X. Thus, if x, — xo, then T'x, — Tx.



BOUNDED LINEAR OPERATORS 7

Necessity. Suppose that T is continuous on X. We show that

Ko = sup || Tx| < +co. (1.25)
[lxll=1

In fact, let Ky = +o0. Then there exists a sequence {x,} C X such that ||x,|| = 1and
ITx,ll = o0.LetA, = || Tx,|l. We may assume that A, > 0 for all n. Let X, = x,/A,.
Then ||%,]| = (1/A)|lx.ll — 0 and ||TX,|| = 1, that is, a contradiction to the
continuity of T. Therefore, Ky < +oo. Let x # 0 be a vector in X. Then & = x/||x||
satisfies ||X]| = 1. Thus, [|TX|| = | Tx|//llx|l and || T%| < Ko. Consequently,

I Tx|l < KollxIl. (1.26)

Since (1.26) holds also for x = 0, we have shown (1.23) with K = K,. O

TuEOREM 1.20. Let X, Y be two normed spaces. Let T : X — Y be a bounded
linear operator. Then

IT] = sup [ Tx|. (1.27)
lxl<1
Proor. Obviously,
sup || Tx|| < sup [ Tx]l. (1.28)
llxll =1 [lxll<1

Let x € X be such that ||x|| < 1and x # 0. Then

X
1] =[xl ]T(—)H < sup | Txl,
Ixl P (1.29)
sup || Tx|l < sup [ Tx]l.
lxll<1 llxll=1
O

Let X, Y be two normed spaces. The space of all bounded linear operators
T : X — Y is a vector space under the obvious definitions of addition and multi-
plication by scalars (reals). This space becomes a normed space if it is associated
with the norm of Definition 1.18. For X = Y = R”", we have the following exam-
ple.

ExampLE 1.21. Let A be a matrix in M,,. Consider the operator T : R" — R”
defined by

Tx =Ax, xe&R" (1.30)
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Then T is alinear operator. Now, let A = [a;;],i, j = 1,2,..., n. Then R" associated
with one of the three norms of Example 1.5 induces a norm on T according to
Table 1:

TABLE 1
[BY] i
[l VA (A = the largest eigenvalue of ATA)
llxll2 max; > ; |aj;|
llxll3 max; 3; |ajj|

We prove the first assertion in Table 1. The other two are left as an exercise (see
Exercise 1.11).

THEOREM 1.22. Let R" be associated with the Euclidean norm. Let T be the
linear operator of Example 1.21. Then

ITI = A, (1.31)

where A is the largest eigenvalue of ATA.

Proor. We assume first that A is symmetric and that A, is an eigenvalue of A
such that

A | = max {[A:] }. (1.32)
Here, A;, i = 1,2,...,n, are the eigenvalues of A with corresponding eigenvectors
xi, i = 1,2,...,n, which form an orthonormal set. It should be noted that these

eigenvalues are not necessarily distinct. We show that these eigenvectors are lin-
early independent, although this fact has been stated in Theorem 1.12. Let

axitoxat---+eux, =0 (1.33)

with¢;, i = 1,2,...,n, real constants. Then
ci{xp,x1) + ca{x2,x1) + - - -+ cn{xux1) =0, (1.34)
showing that ¢; = 0. Similarly, ¢; = 0, i = 2,3,...,n. Thus, the ordered set
{x1,%2,...,%,} is a basis for R". Let x € R" be given and let {c;,c),...,¢n} be a

set of real constants with

X=cCX1+ Xyt -+ Xy (1.35)
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Then we have

Tx = T(c1x1+ Caxa + - - = + Cpxyy)

= cl/hxl + Cz/\zXz + e+ c,,/\,,xn,
) 2 2 2 (1.36)
ITx|I? = (Tx, Tx) = |cihi | "+ [eda| "+ -« + | cuku |
<R+l + -+ lel?) = BlxI%
It follows that || Tx|| < |A;]llx]| for every x € R". Since | Tx;|| = |A,[, we obtain
IT]l = |A1l. We also have the following characterization for || T'|:
Tl = max | (Ax,x) | = max | (Tx,x)|. (1.37)
Indeed, let x € R” be given with ||x]| = 1. Then
[(Tx,x)| < ITxIlIxl < I Tl =TI = |A]. (1.38)
Moreover, we have [(Tx,x)| = |A;| for x = x;. Consequently,
‘Tn”a% [(Tx,x)| = |M], (1.39)
=
proving (1.37).
Now, let A € M,, be arbitrary. We have
IT|I* = sup | Tx||* = sup (Tx, Tx)
[lxll=1 llxll =1
(1.40)
= HrnHal_Xl(Ax,Ax) = max (ATAx,x) = A,
where A = [A| is the largest eigenvalue of ATA. This eigenvalue is nonnegative
because (ATAx, x) = 0 (see Theorem 1.14). O

In the following discussion we identify A and T in Example 1.21 and we as-
sume (unless otherwise specified) that A € M, has norm [|A|| = || T|| = A asin
Theorem 1.22. It is easy to see that M, is a Banach space with any one of the norms
given in Table 1.

Let P € M, be a projection matrix. We also use the symbol P to denote the
linear operator defined by P as in Example 1.21. Then

= @ (1 — > .
R" = PR"@® (I - P)R" (1.41)

that is, R” is the direct sum of the subspaces PR"”, (I — P)R". The equation R" =
M & N, with M, N subspaces of R”, means that every x € R” can be written in a
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unique way as ¥ + z, where y € M, z € N. We first show that PR" N (I — P)R" =
{0}. Assume that x € PR" n (I — P)R". Then there exist y, z in R" such that
x = Py = (I — P)z. This implies that

Px=Py=Py=P(I—-P)z=(P-P*)z=(P-P)z=0. (1.42)

Thus, x = Py = 0.
Assume now thatx = y+z = y; +z; with y, y; € PR"and z,z; € (I — P)R".
Then

PR">y—-y1=z1—-z€(-P)R" (1.43)
implies that y — y; = z; — z = 0. This says that y = y; and z = z;.
We summarize the above in the following theorem.

THEOREM 1.23. Let P € M, be a projection matrix. Then R" = PR"&(I—-P)R".

Now, we give a meaning to the symbol e, where A is a matrix in M,,. We
consider the series

(1.44)

2

§|°>

Since M, is complete, the convergence of the series (1.44) will be shown if we prove
that the sequence of partial sums {S,,},_; with

< AF
sm=1+2k— (1.45)
is a Cauchy sequence. To this end, we observe that
< llAl
187 = Sull = > === (1.46)
i=m+1 :
for every m > m and that
> IATT_ i, (1.47)
i

It follows that {S,,} is a Cauchy sequence. We denote its limit by e*. It can be shown
(see Exercise 1.27) that if A,B € M, commute (AB = BA), then eA*8 = eA¢b.
From this equality we obtain

eled =gt =) = I (1.48)
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Thus, if A~! denotes the inverse of the matrix A, we obtain
-1 _
[e*] =e? VAeM,. (1.49)

We now recall some elementary facts from advanced calculus. Let ] be a real inter-
val. Let f : J] — R” be such that f(t) = (fi(t), fa(t),..., fu(t)), t € J. Then f is
differentiable at ¢, € J if and only if each function f; is differentiable at t,. We have

£/ (t0) = (f{ (t0), f5 (to)s- .. f (f0)). (1.50)

Similarly, f is (Riemann) integrable on [a, b] C ] if and only if each function f; is
integrable on [a, b], and we have

Lbf(t)dt - (Lbfl(t)dt, Lbfz(t)dt,...,Lb fn(t)dt>. (1.51)

An analogous situation exists for functions A : ] — M, with A(t) = [a;;(#)],
i,j = 1,2,...,n. Exercises 1.6, 1.7, and 1.24 contain several differentiation and
integration properties of vector-valued function f(¢). All these properties are as-
sumed to hold without further mention.

4. EXAMPLES OF BANACH SPACES AND LINEAR OPERATORS

If J is any interval of R, finite or infinite, and f : ] — R" is a bounded function,
we set

I flleo = su})Hf(t)H- (1.52)

Whenever the symbol || - || is used without reference to some interval J, it will
be assumed that J is the domain of the function under consideration. We let C,,(J)
denote the vector space of all bounded continuous functions f : J — R". If the
interval J is denoted by two points a, b with |al, |b| < o and a < b, then we often
drop the parentheses in C,(J) and other spaces. Thus we have the spaces C,[a, b),
Cyla, b], and so forth.

ExampLE 1.24. The space C,(J), with J any interval of R, is a Banach space
with norm

Il flleo =su§>||f(t)|1- (1.53)

ExampLE 1.25. Let T be a positive number and let P,(T) be the space of all
continuous T-periodic functions with values in R”, that is,

P,(T) = {x € C,(R); x(t+T) = x(t), t € R}. (1.54)
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Then P,(T) is a Banach space with norm
o = m tll. 1.55
£ te[&)T(] ||f( )H ( )

The space P,(T) can be identified with the space
{x € C,[0,T] : x(0) = x(T)}. (1.56)

In fact, every function f € P,(T) uniquely determines a function in (1.56)—its
restriction f on the interval [0, T']. Conversely, every function # in the space (1.56)
can be extended uniquely to a function u € P,(T) in an obvious way. The corre-
spondence f — f is an isomorphism onto and such that

I flleo = 1 flle- (1.57)

The space P,(T) is thus a closed subspace of the Banach space C,[0, T].

ExampLE 1.26. The space C}, of all functions f € C,(R.) with finite limit as
t — oo is a closed subspace of C, (R ). Thus, it is a Banach space with norm

I flle = sup || f(B)]]. (1.58)

teRy
The space C!, contains the space CY of all functions f € C/, such that

lim f(£) = 0. (1.59)

The space CY is a closed subspace of both C!, and C,,(R+). Thus it is a Banach space
with the sup-norm. The interval R, in this example can be replaced by any other
interval [fg, ), for some t; € R.

DerinITION 1.27. A function f € C,(R) is called almost periodic if for ev-
ery € > 0 there exists a number L(€) > 0 such that every interval of length L(€)
contains at least one number 7 with

llf(t+7)— f(D)]| <€ (1.60)

for every t € R.
The following theorem gives a characterization of almost periodicity.

TuEOREM 1.28. A function f € C,(R) is almost periodic if and only if every
sequence { f(t + 1)} -1 of translates of f contains a uniformly convergent subse-
quence. Here, {1,,} is any sequence of numbers in R.
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ExampLE 1.29. The space AP, of all almost periodic functions f € C,(R) is
a closed subspace of C,(R), and thus a Banach space with norm

I flleo = Stuulgllf(t)II. (1.61)

Several properties of almost periodic functions can be found in exercises at
the end of this chapter.

ExamprE 1.30. Let ] C R be an interval. We define the space (C’,‘,(]), k =

1,2,...,as follows:

(N ={feC.(): fPec.m} (1.62)

This space is a Banach space with norm

k k
1Al = ZSU}IPHf“)(t)H = 2. 1l (1.63)

i=0 t€
It should be noted here that the derivatives at finite left (right) endpoints of inter-
vals of R are right (left) derivatives. We also set f(© = f.

We now give some examples of bounded linear operators. An operator T from
a Banach space into R is also called a functional. A bounded linear functional is
given in Example 1.31.

ExamprE 1.31. Consider the operator T : C;[a, b] — R with

n
Tx = Z cix(t), (1.64)
i=1
where ¢y, ¢3,. .., cn are fixed real constants and ¢4, 1, . . . , t, are fixed points in [a, b]
with t; < t; < - - - < t,. Then T is a bounded linear functional with norm
n
1T => el (1.65)
i=1
In fact,
[Tx| < M||xll Vxe€ Cila,b], (1.66)

where M is the number in the right-hand side of (1.65). Now, it is easy to find
some X € Cq[a,b] such that ||X|]l = 1 and |Tx|] = M. This shows that (1.65)
holds.
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ExampLE 1.32. Let T denote the operator which maps every function x €
Cy,la, b] into the function

b
y (1) :J K(t,)x(s)ds. (1.67)

Here, K : [a,b] X [a,b] — M, is a continuous function, that is, all the entries of K
are continuous on [a, b] X [a, b]. Then T is linear and

b
ITx|lo < maxj [|K(t,9)||dsllx|l o (1.68)
telabl Ja
Thus,
b
1T < max | K (t5)]|ds. (1.69)
telab] Ja

ExaMmpLE 1.33. Consider the operator T : C3[a, b] — C,[a, b] with

(Tx)(t) = x"(t) +x(t), te€a,b]. (1.70)
Then || Txlle < llx|l,, where || - ||, is the norm in C3[a,b]. Let & € C3[a,b] be
given by
_ 1
x(t) = [0], t € [a,b]. (1.71)

Then [[X]l, = 1 and | T%|| = 1. Consequently, [|T]| = 1.

ExaMmpLE 1.34. Let the function A : R, — M,, be continuous and such that
J: I|A(8)][d < +oo. (1.72)
Consider the operator T : C,,(R;) — C. defined as follows:
(Tx)(t) = L+ fo A(s)x(s)ds. (1.73)

Here, L is a fixed vector in R". It is easy to see that (Tx)(¢) — L ast — co. We also
have

lerx)coll < 121+ ij@)x(s)dsH
<Ll + Lw A [|x(s)]|ds (1.74)

< |ILI +j0 1IAGS)|ds]lx] -
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If L = 0, we obtain
ITxlleo < Mllxll (1.75)
with
M- Lw IlAGe)]|d. (1.76)

This shows that, for L = 0, T is a bounded linear operator with || T|| < M.

EXERCISES

1.1. Let X be a normed space. Let x, y € X. Show that
[l =1yl < llx = pll. (1.77)

1.2. For f € Cy[a,b], let

1= ([ 1) 179

Show that C; [, b] is not complete w.r.t. this norm.

1.3. Show that the spaces (C’,‘,[a, b], C,(R,), (CL, CY are Banach spaces with
norms as in the respective examples of Section 4.

1.4. Let X, Y be normed spaces. Let T : X — Y be a linear operator. Show
that T is continuous at xy € X if and only if it is continuous at 0.

1.5. Let X, Y, Z be normed spaces. Let T : X — Y, U : Y — Z be bounded
linear operators. Show that

NUTI < IUNITI. (1.79)

Here, UT denotes composition, that is, (UT)(x) = U(Tx), x € X. Conclude that
for matrices A, B € M,, we have

IAB| < llAllIBI. (1.80)

1.6. Let f € Cyla, b]. Prove the following inequality, and then state and prove
an analogous inequality for M,-valued functions

Lbf(t)dtH < Lb £l (181)
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1.7. Assume that x, y € C,[a,b] and A, B : [a,b] — M, are differentiable at
the point t € [a, b]. Prove the following differentiation rules:

(i) [A(®)+B(H)]" = A’(t) + B'(¢).

(i) [cA(t)] = cA'(t),c € R.
(iii) [A(t)B(t)]" = A’(t)B(t) + A(t)B'(1).

(iv) [A()x(t)] = A’ (£)x(t) + A(H)x'(¢).

(V) {x(®), y(£))" = (x"(£), y (1)) + {x(L), y' (£)).

(vi) [A7Y(1)]) = —A~1(t)A’(£)A~1(¢) if A(t) is nonsingular on [a, b].

Show that integration properties hold analogous to those of (i) and (ii).
1.8. Show that if f : R” — R is a bounded linear functional, there exist
constants ¢j, ¢2,...,¢, € R such that

f(x) =cixi +exa+ -+ cuxy (1.82)

for every x = (x1,%2,...,%,) € R".

1.9. Show that if x is a given vector in R”, then there exists a bounded linear
functional f : R" — R such that f(xg) = llxell and || fIl = 1.

1.10. Let x € CLla,b] and f,t; € [a,b] be given. Show that there exists a
number f, properly between #, and #;, such that

llx(t1) = x(t)|| < [IX' Dl 6 —to]. (1.83)

Hint. Apply the mean value theorem to the function t — f(x(t)), where f : R" —
R is a linear functional with

fx(t) —x(t)) = |Ix(n) —x(t)|l, Ifll =1 (1.84)

See Exercise 1.9.
1.11. Prove the last two cases of Example 1.21.

1.12. Let T : X — Y (X, Y normed spaces) be a bounded linear operator
mapping X onto Y. Show that the inverse operator T~! : Y — X exists and is
bounded if and only if there exists a positive constant m with the property

Tx|| = m|lx|l, xe&X. (1.85)

1.13. Prove Theorem 1.9. Then show that the matrix A € M, is symmetric if
and only if

(Ax, y) = (x,Ay) (1.86)

for every x, y € R"™.
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1.14. Let P € M, be a projection matrix. Show that
(Px,(I-P)y) =0 (1.87)

for every x, y € R" if and only if P is symmetric. Hint. Use Exercise 1.13.

1.15. Complete the proof of Example 1.31. Find a function X there with the
desired properties.

1.16. Prove Theorem 1.28.
1.17. Show that every f € AP, is uniformly continuous.
1.18. Show that every T-periodic function is almost periodic.

1.19. Exercise 1.18 implies that for every positive number g the function
f(t) = sint + sin(qt) is almost periodic. Show that f(t) is not T-periodic, for
any number T > 0, if q is a positive irrational number.

1.20. Show that given two functions f,g € AP, we have the following prop-
erty: for every € > 0 there exists L(€) > 0 such that: every interval of length L(€)
contains at least one number 7 with

[[ft+71)— f(1)] <€, llgt+1) —g(t)]| <€ (1.88)

for every t € R. Then show that AP, is a Banach space. Hint. Consider the function

t— [g((tﬂ e R, (1.89)

Show that this function is almost periodic by using the result of Theorem 1.28.

1.21. Let M be a subspace of R”. Show that there exists a subspace N of R"
such that (x,y) =0forx e M,y € N,and R" = M & N.

1.22. Consider the function P : R? — R? which maps every point (x1,x;) €
R? into the point Q of the line x, = 3x; such that the distance between (x1,x;)
and Q is a minimum. Show that P is a projection operator, that is, the operator P
is linear and represented by a projection matrix in M,.

1.23. Let A : [a,b] — M, be a continuous function such that A(¢) is symmet-
ric for every t € [a, b]. Show that the largest and the smallest eigenvalues of A(t)
are continuous on [a, b].

1.24. Given A : [a, o) — M, continuous, we have

J;A(S)ds = [J: aij(s)ds]n , tE€la, ), (1.90)

ij=1
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where A(t) = [a;;(t)],1,j = 1,2,...,n,t € [a,0). Let

J 1A (s)||ds < +oo. (1.91)
Show that
t )
}i_mj A(s)ds = j A(s)ds (1.92)
exists as a finite matrix and
j Als)ds = “ 4 (s)ds] . (1.93)
a a ij=1

1.25. Show that if C1[0, 1] is associated with the norm of C,[0, 1], then it is
not complete.

1.26. Let C1[0,1] be associated with the sup-norm on [0, 1]. Let T : C[0,
1] — C;[0,1] be given by (Tx)(t) = 2x'(t) — x(¢t), t € [0, 1]. Show that T is not a
bounded linear operator.

1.27. Show that if A, B € M, commute, then eef = eA*E,

1.28. Let Lip[a, b] denote the space of all Lipschitz-continuous functions in
Ci[a, b], that is, given f € Lip[a, b], there exists a constant K = Ky > 0 such that

| fx)— fO)| <Klx—yl, xy€lab] (1.94)

Show that Lip[a, b] is a Banach space with norm

o 1f&) = f1
”fHLlp - ||f||°° +X’J/Sé1[};)b] |x - y| .
x#+y

(1.95)

Generalize this to functions f : R” D Q — R", where Q is open and bounded.

1.29. For p € (1,0), p # 2,and x € R", let

n 1/p
lxllp = {Z Ixilp} . (1.96)

i=1
Show that || - ||, is a norm on R".

1.30. Let [lx|l, be as in Exercise 1.29, but for p € (0, 1). Show that || - ||, is
not a norm on R”,
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1.31. Let T : X — Y be a bounded linear operator, where X, Y are normed
spaces. Is it always true that

T = sup | Tx||? (1.97)

llxli<1

1.32. Let U C R” be bounded (||x|]| < K for all x € U, where K > 0 is a
constant), open, convex and symmetric (x € U implies —x € U) with 0 € U. Let

Mx={t>o:§eU}, x € R", (1.98)

and ||x|ly = inf M,. Show that || - ||y is a norm on R” and U is the open unit ball
{x € R": ||x]ly < 1} for this norm. Hint. To show the triangle inequality, pick two
vectors x, ¥y € R" and two numbers s > 0, t > 0. Then

1 s 1 t 1
i s m(zx) +m(?y>' (1.99)

Show that M, = {t € Ry : t > |lx|ly} and thats € M, t € M, imply s+t € M,y,.
Thus, inf My, < inf M, +inf M,






CHAPTER 2

FIXED POINT THEOREMS; THE INVERSE
FUNCTION THEOREM

In Chapter 1, we stated that a large number of problems in the field of differential
equations can be reduced to the problem of finding a solution x to an equation of
the form Tx = y. The operator T maps a subset of a Banach space X into some
other Banach space Y and y is a known element of Y. If y = 0 and Tx = Ux — x,
for some other operator U, then the equation T'x = y is equivalent to the equation
Ux = x. Naturally, in order to solve Ux = x, we must assume that the domain
D(U) and the range R(U) have points in common. Points x for which Ux = x are
called fixed points of the operator U.

In this chapter, we state the fixed point theorems which are most widely used
in the field of differential equations. These are the Banach contraction princi-
ple, the Schauder-Tychonov theorem, and the Leray-Schauder theorem. We give
a proof of the Banach contraction principle in Section 1. The Schauder-Tychonov
theorem and the Leray-Schauder theorem are proven in Chapter 9.

In Section 2, we state and prove the inverse function theorem in Banach
spaces. This theorem generalizes the well-known theorem of advanced calculus
and has been an important tool in the applications of nonlinear functional analy-
sis to the field of differential equations.

1. THE BANACH CONTRACTION PRINCIPLE

TaeoreM 2.1 (Banach’s contraction principle). Let X be a Banach space and
M a nonempty, closed subset of X. Let T : M — M be such that, there exists a constant
k € [0,1) with the property

ITx — Tyl <kllx—yll Vx,y € M. (2.1)

Then T has a unique fixed point in M.
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Proor. Let xg € M be given with Txy # xo. Define the rest of the sequence
{Xm}m_o as follows:

Xj = ij,l, ] = 1,2,.... (2.2)

Then we have

[lxjer = 21| < kllxj = xj]] < K2 [lxj1 = x|

4 (2.3)
< -e skf||x1 —.X()H
for every j = 1. Thus, if m > n = 1, we obtain
% = 2all < |xm = 21| + |[xm-1 = 22 + - - - + [[%01 = ]|
< km’1||x1 —X()H +k’”’2||x1 —X()H + o +kn||X1 —X0||
<K'"(T4+k+k*+-- -+ )|x; — x0l| (24)

< (15 )l - ol
ST A

Since k" — 0 as n — oo, it follows that {x,,} is a Cauchy sequence. Since X is
complete, there exists ¥ € X such that x,, — %. Obviously, X € M because M is
closed. Taking limits as j — oo in (2.2), we obtain ¥ = Tx.

To show uniqueness, let y be another fixed point of T in M. Then

Ix =yl = ITx = Tyll <kllx - yl, (2.5)

which implies that X = y. This completes the proof of the theorem. ]

An operator T : M — X, M C X, satisfying (2.1) on M is called a contraction
operator (or mapping) on M.

ExampLE 2.2. Let X be a Banach spaceandlet T : X — X be a bounded linear
operator such that || T|| < 1. Then T is a contraction operator on X. This implies
immediately that the equation x = y + T'x, for a fixed element y € X, has a unique
solution xy € X. In fact, the mapping x — y + Tx is also a contraction operator
on X and has a unique fixed point in X by the above theorem. Other contraction
operators can also be found in Examples 1.32 and 1.34.

ExampLE 2.3. Let F: Ry X R" — R” be continuous and such that

[[F(t,x1) = F(t,x2)[| < A(8)||x1 — x| (2.6)
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for every t € Ry, x1,x, € R", where A : R, — R is continuous and satisfies

L= Lw A(t)dt < +oo, (2.7)
Assume further that
Lm I[F(t, 0)[|dt < +oo. (2.8)
Then the operator T with
(Tx)(t) = Loo F(s,x(s))ds, te€ R, (2.9)

maps the space C,,(R.) into itself and is a contraction operator on C,(R,) if L < 1.
In fact, let x, y € C,(R+) be given. Then we have

|wwms£ﬂw@mnmm

=< Jm ||F(t,x(t)) — F(t,0)||dt + Jm \|F(t,0)||dt
0 0

P . (2.10)
< [ M@lolldes | 1Fw0)ar
0 0
< [ adeisa+ [ IFGO s
which shows that TC,,(R;) c C,(R,). We also have
ITx — Tyl < J: [|F(t,x(t)) — F(t, y(1))||dt
(2.11)

< J: A [x(8) = y(8)||dt
< Lllx = yllo.

It follows that, for L < 1, the equation Tx = x has a unique solution % in C,(R;).
Thus, there is a unique ¥ € C,(R;) such that

x(t) = thF(s,x(s))ds, t € R,. (2.12)

It is obvious that we actually have x € CO.
It is easily seen that under the above assumptions on F and L, the equation

x(t) = f(t) + Jth(s,x(s))ds (2.13)
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also has a unique solution in C,(R,) if f is a given function in C,(R.). This solu-
tion belongs to C}, (CY) if f € C!, (f € CY).

2. THE SCHAUDER-TYCHONOV THEOREM

Before we state the Schauder-Tychonov theorem, we characterize the compact sub-
sets of C,,[a, b]. This characterization, which is contained in Theorem 2.5, allows
us to detect the relative compactness of the range of an operator defined on a sub-
set of C,(J) and having values in C,,(J), where J in an interval.

DEFINITION 2.4. Let X be a Banach space. A subset M of X is called bounded
if there exists K > 0 such that [|x]| < K for every x € M. A subset M of X is said to
be compact if every sequence {x,} C M contains a subsequence which converges
to a vector in M. The set M C X is said to be relatively compact if every sequence
{x,} C M contains a subsequence which converges to a vector in X.

It is obvious from this definition that M is relatively compact if and only if its
closure M is compact. The following theorem characterizes the compact subsets of
Cula, b].

THEOREM 2.5 (Arzela-Ascoli). Let M be a subset of Cy,[a,b]. Then M is rela-
tively compact if and only if the following statements hold:

(i) there exists a constant K such that
Iflle <K, feM, (2.14)

that is, M is bounded;

(ii) the set M is equicontinuous, that is, for every € > 0 there exists §(€) > 0
(depending only on €) such that || f (t,) — f(t2)|l < € forall t;,t, € [a,b]
with |t, — t,| < 6(€) and all f € M.

The proof is based on Lemma 2.7. We need another definition.

DEFINITION 2.6. Let M be a subset of the Banach space X and let € > 0 be
given. Then the set M; C X is said to be an €-net of M if for every point x € M
there exists y € M, such that [[x — y|| < €.

LemMa 2.7. Let M be a subset of a Banach space X. Then M is relatively compact
if and only if for every € > 0 there exists a finite €e-net of M in X.

ProOE. Necessity. Assume that M is relatively compact and that the condition
in the statement of the lemma is not satisfied. Then there exists some €y > 0 for
which there is no finite €y-net of M. Choose x; € M. Then the set {x;} is not
an €g-net of M. Consequently, [[x; — x1]| = € for some x, € M. Consider the
set {x1,x2}. Again, this set is not an €p-net of M. Thus, there exists x3 € M such
that [|x3 — x|l = € for i = 1,2. Continuing in the same way, we construct by
induction a sequence {x,},-; such that ||x,, — x,I| > € for m # n. Thus, {x,}
cannot contain any Cauchy sequence. It follows that no convergent sequence can
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be extracted from {x,}. This is a contradiction to the relative compactness of M.
We conclude that for every € > 0 there is a finite €-net of M.

Sufficiency. We assume that M is an infinite set. If M is finite, our conclusion
is trivial. Suppose that for every € > 0 there exists a finite €-net of M, and consider
a strictly decreasing sequence {€,}, n = 1,2,..., of positive numbers such that
lim,_. €, = 0. Then, for each n = 1,2,..., there exists a finite €,-net of M. We
construct open balls with centers at the points of the €;-net and radii equal to €,
and we observe that every point of M belongs to one of these balls.

Now, let {x,},-, be a sequence in M. Obviously, there exists a subsequence of
{xn}, say {x;}, which belongs to one of these €;-balls. Let B(y;) be this ball with
center at y;. Now, consider the €,-net of M. The sequence {x;,} has a subsequence
{x;/},n =1,2,...,which is contained in some €,-ball. We call this ball B(y,) (with
center at y,). Continuing in the same way, we obtain by induction a sequence
of balls {B(y,)},-; with centers at the points y,, radii equal to €,, and with the
following property: the intersection of any finite number of such balls contains a
subsequence of {x,}. Thus, we may choose a subsequence {x,, } of {x,} as follows:

j
Xn, € B(y1), %, € B(»2) mB(yl),...,x,,J IS ﬂB(y,-) (2.15)
i=1
withn; >n; > .- >mn. Since Xnj»> X, € B(y) for j = k, we must have
[, = X ]| < T2, = wrl| + |y = xne || < 26k (2.16)

This implies easily that {x, j} is a Cauchy sequence and, since X is complete, it
converges to a point in X. This completes the proof. ]

Proor or THEOREM 2.5. Necessity. It suffices to give the proof for n = 1. We
assume that M is relatively compact. Lemma 2.7 implies the existence of a finite
€-net of M for any € > 0. Let x1(t),x2(t),...,x,(t), t € [a, b], be the functions of
such an €-net. For every x € M there exists xx(t) for which [lx — x¢ll« < €. This
implies that

[x(0)] < [x() | + [x(t) = xi(t) |
< [kl + [l — 2l (2.17)
<||xkl| + €.
Choose K = maxy {||xx|l« } + €. Thus, M is bounded.

Since each function xi(t) is uniformly continuous on [a,b], there exists
O0c(€) >0,k =1,2,...,n, such that

|Xk(t1) —Xk(t2)| <€ for |t1 - t2| < O (€). (2.18)
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Let § = ming {0k }. Suppose that x € M and let x; be a function of the €-net for
which [lx — x|l < €. Then

|x(t) —x(t2) | < [x(t1) —x;(t1) | + |xj(01) = xj(82) | + [ xj(t2) — x(82) |
< |lx = xjllo + [xj(01) = x;(8) | +lx = x5,
<€e+e€e+e =3¢
(2.19)

forall t1,t, € [a,b] with [t; — £,] < §(€). It follows that M is equicontinuous.

Sufficiency. Fix € > 0 and pick § = §(€) > 0 from the condition of equiconti-
nuity. We are going to show the existence of a finite €-net of M. Divide [, b] into
subintervals [tx_1, ], k = 1,2,...,n,with ty = a, t, = b and t; — tx_1 < 0. Define
a family P of polygons on [a, b] as follows: the function f : [a,b] — [-K, K] be-
longs to P if and only if f is a line segment on [fx_1, ], fork = 1,2,...,n,and f is
continuous. This implies that if f € P, its vertices (endpoints of its line segments)
can appear only at the points (¢, f(#)), k = 0,1,...,n. It is easy to see that P is a
compact set in C; [a, b]. We show that P is a compact €-net of M. To this end, let
t € [a,b]. Then t € [tj 1,tj] for some j = 1,2,...,n. Let M; and m; be the max-
imum and the minimum values of x € M on [t; 1, ;], respectively. Assume that
X0 : [a,b] — [-K,K] is a polygon in P such that X(tx) = x(t), k = 0,1,2,...,n.
Then we have

m; < x(t) =< Mj, m; < J_C()(t) < M] (220)
forall t € [tj 1, ¢;]. This yields
|x(t) —%o(t)| < Mj —mj <€, te[tjt], (2.21)

which shows that P is an €-net of the set M. It is easy to check now that since P
itself has a finite €-net, say N, the same set N will be a finite 2€-net of M. This ends
the proof. |

The following two examples contain relatively compact subsets of functions
in Cy[a, b].

ExamprE 2.8. Let M C C}[a, b]. Assume that K and L are two positive con-
stants such that, every x € M satisfies the following properties:

@ lx®Il <K, t € [a,b];
(i) [lx"(Oll < L, t € [a,b].
Then M is a relatively compact subset of C,[a, b]. In fact, the equicontinuity of M

follows from the mean value theorem for scalar-valued functions or from Exercise
1.10.
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ExampLE 2.9. Consider the operator T of Example 1.32. Let M C C,[a, b] be
such that, there exists L > 0 with the property

x|l <L Vxe& M. (2.22)

Then the set S = {Tu: u € M} is a relatively compact subset of C,[a, b]. In fact, if

b
N = sup | ||K(t59)||ds, (2.23)

tela,b] Ja

then || fll < LN forany f € S. Moreover, for f = Tx we have

b
J [K(t1,5) — K(f2,5) ]x(s)ds

a

I (e) = 7)) = |
(2.24)

b
< LL 11K (t1,5) = K (£, )] |ds.

This implies easily the equicontinuity of S.

We now give an example of a bounded sequence in C, (R ) which is not equi-
continuous.

ExampLE 2.10. The sequence { f,(¢)},-; with
fu(t) =sinnt, t=0,n=12,..., (2.25)

does not have any pointwise convergent subsequence on R;. Thus, it cannot be
equicontinuous on R;.

The next two definitions are needed in the statement of the Schauder-
Tychonov theorem.

DeriNITION 2.11. Let X be a Banach space and M a subset of X. Then M is
called convexif Ax+ (1 —A)y € M forallx,y € MandallA € [0, 1].

DEerINITION 2.12. Let X, Y be Banach spaces and M a subset of X. An operator
T : M — Y is called compact if it is continuous and maps bounded subsets of M
onto relatively compact subsets of Y.

TaEOREM 2.13 (Schauder-Tychonov). Let X be a Banach space. Let M C X be
closed, convex, and bounded. Assume that T : M — M is compact. The T has a fixed
point in M.

For a proof of this theorem the reader is referred to Theorem 9.32 in Chap-
ter 9. It should be noted here that the fixed point of T in the above theorem is
not necessarily unique. In the proof of the contraction mapping principle we saw
that the unique fixed point of a contraction operator T can be approximated by
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the terms of a sequence {x,};_o with x; = Tx;_1, j = 1,2,.... Unfortunately, no
general approximation methods are known for fixed points of operators T as in
Theorem 2.13.

We give below an application of the Schauder-Tychonov theorem.

ExampLE 2.14. Consider the operator T : C,[a, b] — Cyla, b] defined by

b
(Tx)(t) = f(t) + L K(t,s)x(s)ds, (2.26)

where f € C,[a,b] is fixed and K : [a,b] X [a,b] — M, is continuous. It is easy to
show, as in Examples 1.32 and 2.9, that T is continuous on C,[a, b] and that every
bounded set M C C,[a,b] is mapped by T onto the set TM which is relatively
compact. Thus, T' is compact. Now, let

M= {ue Cyla,b]: |lulle <L}, (2.27)

where L is a positive constant. Moreover, assume that K + LN < L, where

b
K=1flle, N= sup | ||K(t5s)||ds. (2.28)

telab] Ja

Then M is a closed, convex, and bounded subset of C,[a, b] with TM C M. By
the Schauder-Tychonov theorem, there exists at least one xo € C,[a, b] such that
xg = Txg. For this xy we have

b
xo(t) = f(£) + L K(t,s)xo(s)ds, t € [a,b]. (2.29)

COROLLARY 2.15 (Brouwer). Let xg € R" and r > 0 be fixed. Let f : B,(x) —
B, (xo) be continuous. Then f has a fixed point in B, (xo).

Proor. This is a trivial consequence of Theorem 2.13, because every contin-
uous function f : B.(x9) — B,(xo) is compact. O
3. THE LERAY-SCHAUDER THEOREM

THEOREM 2.16 (Leray-Schauder). Let X be a Banach space and consider the
operator S : [0,1] X X — X and the equation

x—=8(t,x) =0 (2.30)

under the following hypotheses:
(i) S(t,-) is compact for all t € [0, 1]. Moreover, for every bounded set M C X
and every € > 0 there exists §(€, M) > 0 such that, ||S(t1,x) — S(t2, x)|| < €
forevery t1,t, € [0,1] with |t; — t2| < 8(€, M) and every x € M;
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(if) S(to,x) = 0 for some ty € [0,1] and every x € X;
(iii) there exists a constant K > 0 such that ||x;|| < K for every solution x;
of (2.30).

Then equation (2.30) has a solution for every t € [0, 1].

The operator S in the above theorem is what we call a homotopy of compact
operators in Chapter 9. The main difficulty in applying the Leray-Schauder theo-
rem lies in the verification of the uniform boundedness of the solutions (condition
(iii)). The reader should bear in mind that obtaining a priori bounds of the solu-
tions of ordinary and partial differential equations can be a painstaking process.

As an easy application of Theorem 2.16, we provide an example in R”.

ExampLE 2.17. Let F : R” — R" be continuous and such that
(F(x),x) < |lx|I*> whenever ||x|| > r, (2.31)

where 7 is a positive constant. Then F has at least one fixed point in the ball B,(0).

Proor. We consider the equation
(I+€)x—tF(x)=0 (2.32)

with t € [0,1], € > 0. Since every continuous function F : R" — R” is compact,
the assumptions of Theorem 2.16 will be satisfied for (2.32), with S(t,x) = [t/(1 +
€)]F(x), if we show that all possible solutions of x — S(¢,x) (or (2.32)) are in the
ball B,(0). Indeed, let %; be a solution of (2.32) such that ||x;|| > r. Then

(tF(%) = (1+ €)% %) =0 (2.33)
or
(tF (%), %) = (1+€) (&%) = (1+ )& (2.34)
This implies
(F(&),%) = (1+0)||%|, (2.35)

which is a contradiction to (2.31).

Theorem 2.16 implies that for t = 1 and every € > 0, equation (2.32) has a
solution x, such that ||x¢|| < r. Let€,, = 1/m, m = 1,2,..., and x,, = x¢,,. Since
the sequence {x,,} is bounded (||x, |l < r), it contains a convergent subsequence,
say, {Xmk}. Let Xk — xo € B,(0) as k — co. We have

(1 + L)xm,k = F(xmp) =0, k=12,..., (2.36)
my

which, by the continuity of F, gives F(xy) = xo. g



30 FIXED POINT THEOREMS; THE INVERSE FUNCTION THEOREM

4. THE INVERSE FUNCTION THEOREM

The inverse function theorem is an important tool in the theory of differential
equations. It ensures the existence of solutions x of the equation Tx = y under
certain differentiability properties of the operator T. Although T is not explicitly
assumed to be a contraction operator, the Banach contraction principle (Theo-
rem 2.1) plays an important role in the proof of this result (Theorem 2.27). This
section is also a good introduction to the properties of the Fréchet derivative of a
nonlinear mapping.
We start with the definition of the Fréchet derivative.

DEerINITION 2.18. Let X, Y be Banach spaces and S an open subset of X. Let
f:S—Y,u e Sbesuch that

flu+h)— f(u) = f'(wh+w(uh) (2.37)
for every h € X with u+h € S, where f'(u) : X — Y is a linear operator and
. w(u k)|
— 0 =0. 2.38
e (239

Then f'(u)h is the Fréchet differential of f at u with increment h, the operator f'(u)
is the Fréchet derivative of f at u (see Theorem 2.19 for the uniqueness of f'(u)),
and f is called Fréchet differentiable at u. If f is Fréchet differentiable at every u in
an open set S, we say that f is Fréchet differentiable on S.

We should note here that the magnitude of the open set S plays no role in the
above definition. All that is needed here is that equation (2.37) be satisfied for all
h is a small neighborhood of zero.

The uniqueness of the Fréchet derivative is covered by the following theorem.

TaEOREM 2.19 (uniqueness of the Fréchet derivative). Let f : S — Y be given,
where S is an open subset of the Banach space X and Y is another Banach space.
Suppose further that f is Fréchet differentiable at u € S. Then the Fréchet derivative
of f at u is unique.

Proor. Suppose that D;(u), D,(u) are Fréchet derivatives of f at u with re-
mainders wy (u, h), wo(u, h), respectively. Then

Dy(uw)h + wi(u, h) = Dy(w)h + wy(u, h) (2.39)

for every h € X with u+h € S, where S, is an open subset of S containing u. It
follows that, for h # 0,

[|D1(u)h — Dy (u)h|| _ [|wi (u, h) — wa(u, h)||
|kl Il

<G mll [lwa(u, b
~ il IRl

(2.40)
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The last two terms of (2.40) tend to zero as ||h|| — 0. Let
Tx = [Dy(u) — Dy(u)]x, x€X. (2.41)
Then T is a linear operator on X such that

im L2 (2.42)
Ixl—0 |lx]]

Thus, given € > 0 there exists §(€) > 0 such that || Tx||/||x|| < € for every x € X
with [[x]| € (0,8(€)). Given y € X with y # 0, let x = §(€)y/(2llyll). Then
lxll < 8(e) and (| Tx|l/llx]l < €, or [Tyl < €llyll. Since € is arbitrary, we obtain
Ty = 0 for every y € X. We conclude that D (u) = D, (u). O

The boundedness of the Fréchet derivative f'(u) is equivalent to the continu-
ity of f at u. This is the content of the next theorem.

THEOREM 2.20. Let f : S — Y be given, where S is an open subset of a Banach
space X and Y is another Banach space. Let f be Fréchet differentiable at u € S. Then
f is continuous at u if and only if f'(u) is a bounded linear operator.

Proor. Let f be continuous at u € S. Then for each € > 0 there exists §(€) €
(0,1) such that

f e = fall < 5,

c c (2.43)
sy = )= 7 omll < () 1l < 5
forallh € X with u+ h € Sand ||kl € (0,8(¢€)). Therefore,
, €
ILF )b < (5>+||f(u+h)ff(u)}| <e (2.44)

for [|hll € (0,8(€)), u+ h € S, implies that the linear operator f'(u) is con-
tinuous at the point 0. Exercise 1.4 says the f'(u) is continuous on X. Thus,
f'(u) is bounded by Theorem 1.19. The converse is left as an exercise (see Ex-
ercise 2.15). O

Theorems 2.22, 2.23, and 2.24 establish further important properties of
Fréchet derivatives. They are presented here in order to provide a better under-
standing of Fréchet differentiation. We denote by X* the space of all continuous
linear functionals on the Banach space X, that is, the space of all bounded linear
operators x* : X — R. The term continuously Fréchet differentiable, referring to a
function f and a point xg in its domain S, means that the function f has a Fréchet
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derivative f’(x) which is continuous at x, with the range of f'(xo) associated with
the bounded operator topology, that is, given € > 0 there exists §(€) > 0 such that

If'(x) = f ()l <€ (2.45)

for every x € S with [|x — xo|| < 8(€). If f is continuously Fréchet differentiable at
Xo as above, then

I[(f"(x) = ' (x0))hl| < €llAll (2.46)

for every x € Swith [[x—xy|| < §(€) and every h € X. Naturally, the assumption of
the continuity of the Fréchet derivative of f at xo implies that the Fréchet derivative
f'(x0) is a bounded linear operator. This fact implies, by Theorem 2.20, that f is
continuous at xo. The term continuously Fréchet differentiable on a set S is defined
accordingly. This term is used in Theorems 2.23, 2.24, and 2.27.

Lemwma 2.21. Let X be a Banach space. Then for each x € X with x + 0 there
exists x* € X* such that x*(x) = ||x|| and ||x*|| = 1.

For a proof of this lemma the reader is referred to [42, page 161] (see also
Exercise 1.9 for X = R"). For x, y in the Banach space X, with x # y, we denote
by [x, y] the line segment {tx + (1 —t)y;t € [0,1]}.

THEOREM 2.22 (mean value theorem for real-valued functions). Let X be a
Banach space and let S be an open subset of X. Assume further that f : S — R is
Fréchet differentiable on [x,x + h] C S, where x is a point in S and h #+ 0 a point in
X. Then there exists a number 6 € (0, 1) such that

flx+h)— f(x) = f'(x+6Oh)h. (2.47)
Proor. Consider the function g(t) = f(x+th),t € [0, 1]. Itis easy to see that

g is continuous on [0, 1], differentiable on (0, 1), and g'(¢) = f’(x+th)h. Applying
the mean value theorem for real-valued functions of a real variable, we obtain

g(1) —g(0) = g'(0), (2.48)

for some 0 € (0, 1). We have
flx+h)— f(x) = f'(x+6h)h. (2.49)
O

THEOREM 2.23 (mean value theorem in Banach spaces). Let X, Y be Banach
spaces and S an open subset of X. Let f : S — Y be continuously Fréchet differentiable
on [x,x+h] CS. Then

f(x+h) = fQ)| < up {1 (x+6m)|[} Il (2.50)
<(0,1
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Proor. Let y* € Y* be such that

y (fleth) = f) =[Ifx+m) = f&I Iyl =1. (2.51)

Such a functional exists by Lemma 2.21. Applying Theorem 2.22 to the function
g(x) = y*(f(x)), we obtain

gx+h)—gx)=y*(flx+h) —y*(f(x))

= y*(f(x+h) — f(x)) =g (x+Oh)h, (2.52)

where 8 = 6(y*) € (0,1). However, g’ (x+6h) = y*(f'(x+0h)) (cf. Exercise 2.6).
Thus,

If(x+h) = fell = y*(f (x+6h)h
< ly*[IIf"(x+ 6n)[| 1Al (2.53)

=||f (x+6n)|| IRl
el .
THEOREM 2.24. Let X, Y be Banach spaces. Let S C X be open and xy € S.
Assume that f : S — Y is continuously Fréchet differentiable on S. Then for every
€ > 0 there exists 6(€) > 0 such that

W, W)l < sup  {|If"(u) = f"(x0)[[} 1l (2.54)

u€ [xg,x0+h]

forall h € X with ||hl| < §(€), where w is the remainder in (2.37).

Proor. Consider the mapping ¢ : x — f(x) — f'(x9)x. We have g'(x) =
f'(x) = f'(xo). Given € > 0, let §(€) > 0 be such that xo + h € Sforallh € X
with ||kl € (0,8(¢€)]. Applying the mean value theorem (Theorem 2.23) to the
function g, for such h, we obtain

[[w(x0, B)|| = [lg (xo + 1) — g (x0)|

= uE[i:E)+h] Ul @131l (2.55)
=l h]{llf'(u)—f'(xo)H}Ith

because

[x0,x0 +h] = {x € S:x=0x0+ (1 —0)(xo+h) for some 6 € [0,1]}
2.56
= {x € S:x = xy + 6h for some 0 € [0,1]}. ( D)

The following result is a well-known theorem of linear functional analysis. It
is called the bounded inverse theorem (see Schechter [51, Theorem 4.11]).
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Lemma 2.25 (bounded inverse theorem). Let X, Y be Banach spaces and let
T : X — Y be linear, bounded, one-to-one, and onto. Then the inverse T~' of T isa
bounded linear operator on Y.

The concept of local invertibility, which is the content of the inverse function
theorem, is the purpose of the next definition. In the rest of this chapter, B*(uy)
denotes the open ball of a Banach space with center at 4 and radius a > 0.

DEFINITION 2.26. Let S be an open subset of the Banach space X and let f
map S into the Banach space Y. Fix a point 4y € Sand let vo = f(u). Then f is
said to be locally invertible at uy if there exist two numbers « > 0, f > 0 with the

following property: for every v € BB(vy) C Y there exists a unique u € B*(up) C S
such that f(u) = v.

We are now ready for the main result of this section.

THEOREM 2.27 (inverse function theorem). Let X, Y be Banach spaces and
S an open subset of X. Let f : S — Y be continuously Fréchet differentiable on S.
Moreover, assume that the Fréchet derivative f'(ug) is one-to-one and onto at some
point ug € S. Then the function f is locally invertible at u.

Proor. We may assume that 1y = 0 and f (1) = 0. If this is not true, we can
consider instead the mapping f(u) = f(u+ug) — f(up) on the set S=8S—u =
{u— ug;u € S}. We have that S is open, 0 € S, f(O) =0, and f’(O) = f"(uo).

Let D = f’(0). Then the operator D~! exists on all of Y and is bounded
(Lemma 2.25). Thus, the equation f(u) = v is equivalent to the equation
D' f(u) = D~'v. Fix v € Y and define the operator U : § — X as follows:

Uu=u+D'[v-f(u)], ues (2.57)

Obviously, the fixed points of U are solutions of the equation f(u) = v. By a
suitable choice of v, we show that there exists a closed ball inside S with center at
0 on which U is a contraction operator. To this end, we Fréchet-differentiate U to
obtain

Uu)=I-D'f'(u)y=D'[f(0)- f'(w)], ues (2.58)
(see Exercise 2.6). Since f'(u) is continuous in u, given € € (0,1) there exists

a = a(€) > 0such that || U (u)]| < € forall u € Swith ||u|| < «. Fix such an € and
choose a so that B¥(0) C S. By Theorem 2.23, we also have

[Uu = Uwa]| = [[U (u2 + (1 — 1)) — U]

IA

sup ||U" (uz + 0(uy — ) || ||u1 — u
06(0]%’1)” 2 1 2D e 2|l (2.59)

< €||u1 - u2||
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for all uy,u, € B*(0), because uy + 0(u; — up) = Ou; + (1 — O)u, € B*(0) for all
6 € (0,1). Let

(1-¢€)a
= 2.60
A= (260
and [[v|l < 8. Then
IUull < [[Uu— U]+ [[U0)]]
< ellull +|D7H| vl

B (1-¢€)a - (2.61)

< €Ex+ [W]”D 1||

=a
whenever ||ull < a. It follows that, for v € BF(0), the operator U maps the closed
ball B%(0) into itself. By the Banach contraction principle, U has a unique fixed
point in B%(0). We have shown that f is locally invertible, that is, for every v €
BF(0) there exists a unique u € B%(0) such that f(u) = . O

In the following example we find the Fréchet derivative of a large class of func-
tions which are important for the applications of the inverse function theorem to
differential equations.

ExampLE 2.28. Let J] = [a,b] and let B"(0) be the open ball of C,(J) with
center at 0 and radius r > 0. We consider a continuous function F : ] X B,(0) — R"
and the operator U : B"(0) — C,(J) defined as follows:

(Ux)(t) = E(t,x(t)), te], xe B(0) (2.62)

We note first that U is continuous on B"(0). In fact, since F is uniformly continu-
ous on the compact set ] X B,(0), for every € > 0 there exists §(€) > 0 such that

[|[F(t,u) — F(t,v)|| < € (2.63)

for every u,v € B,(0) with [|u — v|| < §(€) and every ¢ € J. This implies that
lUx - Uyllo <€ (2.64)

whenever x, y € B"(0) with [[x — yll < 8(€). In order to compute the Fréchet
derivative of U, we assume that the Jacobian matrix

Fx(ta u) = I:%(ta U)], i,j,: la 2a~')n) (265)
J
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exists and is continuous on J X B,(0). Then, given a function xy € B"(0) (where
r1 € (0,7)), we have that xo + h € B"(0) for all sufficiently small h € C,(J). For
such functions h we have

|U (x0 +h) = Uxg — Fy(+, x0(-)) h(-)]|

=su?IIF(t,xo(t)+h(t))— (t,x0(2)) — Fue (8, x0(£)) h(1)]|

(2.66)
<sup {[[[ 000+ 60n0) | = Elo o) [f1ml
te] i,j=1
where the functions 6;(¢), i = 1,2,...,n, are lying in the interval (0, 1). Here, we

have used the mean value theorem for real functions on B, (0) as follows:
Fi(t,xo(t) + h(t)) — Fi(t,x0(t)) = (VFi(t,z;(t)),h(t)), i=1,2,...,n, (2.67)

where z;(t) = xo(t) + 6;(t)h(t). From the uniform continuity of the functions
VFi(t,u),i=1,2,...,n,0on] X B, (0) and (2.66), it follows that the Fréchet deriv-
ative U’ (xo) exists and is a bounded linear operator given by the formula

[U" (x0) ] (£) = Fx(t, x0(£)) h(2) (2.68)
for every h € C,(J) and every t € J.

EXERCISES

2.1. Let f € C{(R) be such that f(0) = 0 and f'(0) = 0. Show that there
exists a g > 0 such that f : [—g,q] — [—¢,q] and f is a contraction mapping on
[—¢,g]. Can you generalize this to the case of functions f : R” — R” which are
continuously differentiable on R"?

2.2. Consider the operator T with

(Tx)(t) = f() + y(t) Jm e*x(s)ds, teR,, (2.69)
where y € C;(R,) satisfies

sup {e* | y(t)]} < L. (2.70)

tER,

and f € C;(R;). Obviously, T is not well defined for all x € C;(R;). We consider
the “weighted” norm

x|l = sup {e*|x(t)|} (2.71)

teR;
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and the space
Co={ue C(Ry) : llull, < +oo} (2.72)

associated with this norm. Show that C, is a Banach space. Using the contraction
mapping principle, show that for every f € C, the operator T has a unique fixed
point in C,.

2.3. Let X, Y, Z be Banach spaces. Let T : X — Y, U : Y — Z be compact.
Show that the operator UT : X — Z is compact. Here, UT is the composition of
UandT.

2.4. Let X be a Banach space and Sy : X — X a compact operator. Let
|ISox[| < Allxll + m, (2.73)

where A < 1, m are positive constants. Show that Sy has at least one fixed point in
X. Hint. Apply the Leray-Schauder Theorem to the operator S(x, u) = uSox, u €
[0, 1]. Actually, here we may also apply the Schauder-Tychonov theorem. (How?)
2.5. Let M C C!, have the following properties:
(i) for every € > 0 there exists §(€) > 0 such that

If@) - f(t)ll<e (2.74)

for every t,t" € Ry with [t — t'| < §(€) and every f € M;

(ii) there exists a constant L > 0 such that || f || < L for every f € M;

(iii) let Iy denote the limit of f(f) as t — +co. Then for every € > 0 there
exists Q(€) > 0 such that

IIf(t)=Ifll<e Vi>Q(e), feM. (2.75)

Show that M is relatively compact.
Hint. Consider the mapping T : C, — C,[0, 1] such that g = T'f with

t
g(t) = (i) rewon, (2.76)
lf, t=1.

2.6. Let X, Y be Banach spaces and S an open subset of X. Let T : X — Y

be a bounded linear operator and let f : S — X have Fréchet derivative f'(u) at
up € S.Showthat Tf : S — Y is Fréchet differentiable at 1y with Fréchet derivative

(Tf) (uo) = T(f" (uo)). (2.77)
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2.7. Consider the operator T : C,[0,1] — C,[0, 1] defined by
! /3
(Tx)(t) = J [1-x%(s)] "ds. (2.78)
0

Show that T has a fixed point.
2.8. Let the operator T be defined on C;(R.) as follows:

(Tx)() = £() + (%) L e~ sin (x(s))ds. (2.79)

Here, f € C;(R;) is a given function. Show that T has a unique fixed point in
Ci(Ry).

2.9. Let F : R" — R" be continuous and such that

[|IF(x)|| < llxll  whenever [|x|| > 7, (2.80)

where r is a positive constant. Show that F has a fixed point in the ball B, (0).

2.10. Let T : C5[a, b] — Cy|a, b] be defined as follows:
(Tx)(t) = x3(t) +sin (x2(t)) — x1(t) exp {x3(t)}, t € [a,b], (2.81)

where x(t) = (x1(t), x2(t), x3(t)). Find a formula for the Fréchet derivative T’ (xq)
atany xo € Cs[0, 1].

2.11. Let X, Y be Banach spaces and let f : X — Y be compact and Fréchet
differentiable at xy € X. Show that f'(xy) : X — Y is a compact linear operator.
Hint. Assume that the conclusion is false. Then, for some € > 0 and some {x,} C X
with [[x, | =1,

[ (x0)xn — f(x0)xm|| >3€, n#m. (2.82)
Show that, for some § > 0 such that ||w(xg, )|l < €|kl for all h € Bs(0), we have

[|f (x0 + 6xm) — f(x0+ Oxn)|| >8€, m#n, (2.83)

which contradicts the compactness of f.

2.12. Let S be an open subset of a Banach space X with norm || - ||. Let f :
S — X have Fréchet derivative f'(u) at some point uy € S. Show that if || - ||, is
another norm of X, equivalent to || - ||, then the Fréchet derivative of f w.r.t. || - ||,

at ug is also f'(uo).
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2.13. Let the operator T be defined as follows:

(Tx)(1) = F() + LtK(t,s)F(s,x(s))ds, (2.84)

where f € Cy[a,b] and K : [a,b] X [a,b] — R, F : [a,b] X R — R are continuous.
Provide further conditions so that the Fréchet derivative of T exists on C;[a, b],
and obtain a formula for it.

2.14. In the setting of Theorem 2.27, show that there exist open neighbor-
hoods N(uy) and N(vy) such that f maps N(u) homeomorphically onto N(vy).

2.15. In the setting of Theorem 2.20, prove that if f'(u) is a bounded linear
operator, then f is continuous at u.

2.16. Show that there is a unique function x € C;(R) such that
x(t) +sin (0.4x(t)) +tan~' (0.5x(¢)) = e”!, teR,. (2.85)

2.17 (directional derivative). Let X, Y be Banach spaces and let S be an open
subset of X. Fix xo € S, h € X. We say that f : S — Y has a directional derivative
at xp in the direction A, if the limit

lim f (xo + th) — f(xo)
t

t—0

(2.86)

exists. This limit is called the directional derivative of f at xy and is denoted by
Dy, f (x0). In general, the operator Dy, f (x) is neither linear nor continuous w.r.t.
the variable h. Show that if the Fréchet derivative f’(x,) exists, then Dy, f (xo) exists
in every direction h and Dy, f (x9) = f'(x0)h.

2.18 (Géteaux derivative). In the setting of Exercise 2.17, if there exists a
bounded linear operator f'(xo) : X — Y such that Dy, f(xo) = f'(x0)h, we say that
f is Gateaux differentiable at xy and we call the operator f'(xo) the Gdteaux deriv-
ative of f at xy. Show that if the Gateaux derivative f'(x) of f exists on a neighbor-
hood N(xo) of the point xg € S and is continuous at xo (|| f'(x) — f"(x0)ll — 0 as
X — Xo), then the Fréchet derivative also exists at xo and equals f'(xo). Hint. Let the
Gateaux derivative f’(x) exist on N(xo) and be continuous at xo. Let [x,x0 +h] C
S.Lety* € Y*and g(t) = y*(f(xo+th)),t € [0,1]. Then g'(t) = y*(f' (xo+th)h)
and g'(f) = g(1) — g(0). Thus,

y* (f(xo+h) = f(x0)) = y* (f (xo + th)h). (2.87)
Add —y*(f'(x0)h) above to get

y*(f(xo+h) = fxo) = f'(x0)h) = y*((f (xo +h) = f'(x0))h).  (2.88)
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Picking a more appropriate functional y*, as in Lemma 2.21, show that
Ilf (xo +h) = f(x0) = f"(xo)hll < [|f" (30 + Eh) = £ (o) [[II 1]l (2.89)

Use the continuity of f’ at xy to show that for every € > 0 there exists §(e) > 0
such that

IIf (xo +h) = f(x0) = " (x0)h] ce
A

(2.90)

for ||kl € (0,6(€)).

2.19 (zero Fréchet derivative). Assume that X, Y are Banach spaces and that
S C X is open and connected. Let f : S — Y be Fréchet differentiable on S. Show
that if f'(x) = 0 on S, then f is constant on S. Hint. Fix xy € S and consider the
set

M={xeSf(x)=f(x0)} (2.91)

Show that M is closed in S, and then show that M is open in S. To do the latter,
pick a point Xy € M and a ball B,(Xy) C S. Using the Mean Value Theorem on an
appropriate line segment [%o, Xo + k], conclude that B, (%) C M, for all sufficiently
small r > 0. Since S is connected, the only subsets of S which are both open and
closed in S are the empty set and S itself. Thus, M = S.

2.20. Which theorems on the Fréchet derivative (in Section 4 above) are ac-
tually true in any normed spaces X, Y?



CHAPTER 3

EXISTENCE AND UNIQUENESS; CONTINUATION;
BASIC THEORY OF LINEAR SYSTEMS

In this chapter, we study systems of the form
x" = F(t,x), (3.1)

where F : ] x M — R" is continuous. Here, J is an interval of R and M is a subset
of R".

In Section 1, we state and prove the fundamental theorem of Peano. This the-
orem ensures the existence of local solutions of (3.1) under the mere assump-
tion of continuity of F. The uniqueness of the local solution then follows from
an assumed Lipschitz condition on F. This is the Picard-Lindelof theorem (Theo-
rem 3.2), which we prove by using the method of successive approximations as in
the scalar case.

In Section 2, we concern ourselves with the problem of continuation of solu-
tions of (3.1). Roughly speaking, we show that the boundedness of the solution
x(t), t € [a,b), or the boundedness of the function F(t, u) on an appropriate sub-
set of R”, implies the continuation of x() to the point b, that is, the existence of
an extension of x(¢) to t = b which is still a solution of (3.1). A similar situation
exists for left end-points of existence of x(¢).

Section 3 is devoted to the establishment of some elementary properties of
linear systems. These properties are used in later chapters in order to obtain further
information about such systems or perturbed linear systems.

1. EXISTENCE AND UNIQUENESS

TaEOREM 3.1 (Peano). Let (ty,xo) be a given point in R X R". Let ] = [ty —
a,tgp+al, D = {x € R" : ||[x — x0ll < b}, where a, b are positive numbers. For the
system (3.1) assume the following: F : ] X D — R" is continuous with |[F(t,u)|| < L,
(t,u) € J X D, where L is a nonnegative constant. Then there exists a solution x(t)
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of (3.1) with the following property: x(t) is defined and satisfies (3.1) on S = {t € ] :
[t — to| < a} with « = min{a, b/L}. Moreover, x(ty) = xo and ||x(t) — x|l < b for
allt € [ty — a, to + «a.

Proor. If L = 0, then F(t,u) = 0 and x(t) = x¢ is the only solution to the
problem. Hence, we assume that L # 0. We apply the Schauder-Tychonov theorem
(Theorem 2.13). To this end, we consider first the operator

(Tu)(t) = xﬁf F(su(s))ds, te i, (3.2)
where J; = [ty, tg + «]. Let
Dy ={ue C,(J1) : ||lu—xl|, < b} (3.3)

We note that Dy is a closed and convex set. To show that T' maps Dy into itself, let
u € Dy. Then

1(Tw)(8) = x| < L“ “1IF (s, u(s))||ds < oL < b. (3.4)

Thus, TDy C Dy. To show that TDj is equicontinuous, let u € Dy. Then

It e) = Tl < | [ 11 ut) as

<Ll —t|, t,tbe].
(3.5)

According to Theorem 2.5, TDj is relatively compact.

Given € > 0, there exists §(€) > 0 such that u,v € Dy, [|[u — vl < §(€) imply
that [F(-,u(+)) — F(+,v(+))llo < €. This follows from the uniform continuity of F
ontheset Dy = [ty, fo+a]x{x € R": [|[x—xoll < b}. For the proof of the continuity
of T on Dy, let u,, u € Dy be such that [lu, — ulle — 0asn — oo. Then given € > 0,
there exists N(€) > 0 with [|u, — ullo < 8(€) for n > N(€). Thus, we easily obtain
ITu, — Tullw < a€ for n > N(€). The Schauder-Tychonov theorem applies now
and ensures the existence of a fixed point of T, that is, a function u € Dy such that
Tu = uor

u(t) = xo + Jt F(s,u(s))ds, t€ [to,to+al. (3.6)

The same method can be applied to show the existence of a solution #(t) of (3.6)
on the interval [ty — a, fp]. Both functions u(¢) and #(t) satisfy (3.1) on their re-
spective domains. Now, consider the function

te[ty—ato],

() = Ho, (3.7)
T, teltot+al '
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This function satisfies the equation

x(t) = xo + tF(s,x(s))ds, te], (3.8)

to

and it is the desired solution to (3.1). O

The uniqueness of the above solution can be achieved by assuming a Lipschitz
condition on F w.r.t. its second variable. This is the content of Theorem 3.2.

TaeoreMm 3.2 (Picard-Lindelof). Consider system (3.1) under the assumptions
of Theorem 3.1. Let F : ] X D — R" satisfy the Lipschitz condition
||F(t,x1) —F(t,XZ)” Skal —X2|| (39)
for every (t,x1), (t,x2) € J X D, where k is a positive constant. Then there exists a
unique solution x(t) satisfying the conclusion of Theorem 3.1.

Proor. We give a proof of the existence of x(¢) which is independent of the
result in Theorem 3.1. The method employed here uses successive approximations
as in the scalar case. In fact, consider the sequence of functions

Yo(t) = xo,
t (3.10)
Yue1 (1) = x0 + L F(s,yu(s))ds, n=0,1,...,
0
for t € [ty, to + a]. Then it is easy to show that for n > 1 we have
[lyn(t) = xol| < b,
Lkn(t_ to)n+1 (311)
||yn+1(t) - yn(t)” = (n+1)! ,
for every t € [ty, tp + «]. It follows that the series
xo+ D [ynn(8) = yu(D)], (3.12)

n=0

whose partial sum S, equals y,, n = 1,2,..., converges uniformly on [fo, ty + «]
to a function y(t),t € [ty, o + «]. In fact, this is a consequence of the Weierstrass
M-Test and the fact that the terms of the above series are bounded above by the
corresponding terms of the series

L& (k“)n+1
||xOII+%’§) (s D0 (3.13)
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which converges to the number ||xoll + (L/k)(ek* — 1). This shows the uniform
convergence of {y,(t)} to y(t) as n — oo. This function y(t) satisfies

y(t) = xo + J: F(s, y(s))ds, t€ [to,to+a]. (3.14)

Thus, y(to) = xo, ly(t) — x0ll < b, t € [to,to + ], and y(¢) satisfies (3.1) on
the above interval. This process can now be repeated on the interval [ty — «, tp] to
obtain a solution y(t) with the required properties on this interval. The function
x(t),t € [ty — a, tp + ], which is identical to y(t) on [ty — &, 1], and y(t) on
[to, to + «], 1s a solution on [fy — «, ty + «]. Now, let x1(t) be another solution
having the same properties as x(¢). Then we can use the equation

Mm=m+fF@m@Ms (3.15)

to obtain by induction that

£ (k“)n-H
k(n+1)!

[lyn(t) — x1(1)|] < t € [to, to + at]. (3.16)

Taking limits as n — oo, we obtain x(t) = x;(t), t € [to, fo+a]. One argues similarly
on the interval [ty — «, ty]. This completes the proof of the theorem. O

ReEMARK 3.3. It is obvious that the interval J in Theorems 3.1 and 3.2 may be
replaced by one of the intervals [¢) — a, ty] or [to, tp + ], in which case the solution
found to exist will be defined on [ty —a, ty] or [ty, to + ], respectively. We will refer
to Peano’s theorem in the sequel even in cases where our assumptions involve only
one of these two intervals.

By a solution of equation (3.1), we mean a continuously differentiable func-
tion x(t) which is defined on an interval J; C J and satisfies (3.1) on J;.

The uniqueness part of Theorem 3.2 can be shown with the help of an in-
equality—Gronwall’s inequality. In Theorem 3.2 we gave a proof using successive
approximations in order to exhibit the method in R”. This method actually goes
over to Banach spaces, where a continuous function F(t,x) does not necessarily
give rise to a compact integral operator as in the case of Theorem 3.1.

Gronwall’s inequality, which will be needed several times in the sequel, is con-
tained in the following lemma. Its proof is given as an exercise (see Exercise 3.1).

LEmMa 3.4 (Gronwall’s inequality). Let u,g : [a,b] — R, be continuous and
such that

mosK+J}@mg@ L€ [abl, (3.17)
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where K is a nonnegative constant. Then

u(t) < Kexp { J;g(s)ds}, te labl. (3.18)

2. CONTINUATION

In this section, we study the problem of continuation (or extendability) of the
solutions whose existence is ensured by Theorems 3.1 and 3.2. In what follows, a
domain is an open, connected set. We have the following definition.

DerINITION 3.5. A solution x(¢), t € [a,b), a < b < +0c0, of system (3.1) is
said to be continuable to t = b, if there exists another solution x(¢), t € [a,c],
¢ = b, of system (3.1) such that x(t) = x(¢), t € [a,b). A solution x(¢), t € [a,b),
a < b < +oo, of system (3.1) is said to be continuable to t = ¢ (b < ¢ < +c0), if it
is continuable to t = b, and whenever we assume that x(¢) is a solution on [a, d),
for any d € (b, c], we can show that x(t) is continuable to the point t = d. Such a
solution is continuable to +oo if it is continuable to t = ¢ for any ¢ > b. Similarly
one defines continuation to the left.

The words “extendable” and “continuable” are interchangeable in the sequel.

THEOREM 3.6. Suppose that D is a domain of R X R" and that F : D — R" is
continuous. Let (ty,%o) be a point in D and assume that system (3.1) has a solution
x(t) defined on a finite interval (a,b) with ty € (a,b) and (t,x(t)) € D, t € (a,b).
Then if F is bounded on D, the limits

x(a*) = tlir;}x(t), x(b™) = tlirbr} x(t) (3.19)

exist as finite vectors. If the point (a,x(a*)) ((b,x(b™))) is in D, then x(t) is continu-
abletot =a(t=0b).

Proor. In order to show that the first limit in (3.19) exists, we first note that
t

x(t) = x +J F(s,x(s))ds, t€ (ab). (3.20)
to

Let ||[F(t,x)ll < L for (t,x) € D, where L is a positive constant. Then if t;,f, €
(a,b), we see that

(81 — x(8)|] < ‘L2||F(s,x(s))||ds <Llt-t] (3.21)

Thus, x(t;) — x(t,) converges to zero as t; and f, converge to the point t = a from
the right. Applying the Cauchy criterion for functions, we obtain our assertion.
One argues similarly for the second limit of (3.19).
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We assume now that the point (b,x(b~)) belongs to D and consider the
function

t), t € (a,b),
2 - | (@0) (3.22)
x(b™), t=b.
This function is a solution of (3.1) on (a, b]. In fact, (3.20) implies
t
x(t) = x +J F(s,%(s))ds, t€ (a,bl, (3.23)
to

which in turn implies the existence of the left-hand derivative X" (b) of x(¢) at
t=b.
Thus, we have

%' (b) = F(b,x(b)), (3.24)

which completes the proof for t = b. A similar argument holds for ¢ = a. O

It should be noted that if the point (a,x(a*)) is not in D, but F(a,x(a*)) can
be defined so that F is continuous at (a,x(a")), then x(¢) is continuable to t = a
with value x(a") there. A similar situation exists at (b, x(b™)).

In the rest of this chapter we are mainly concerned with the continuation of
a solution to the right of its interval of existence. The reader should bear in mind
that corresponding results cover the continuation to the left of that interval. The
following continuation theorem is needed for the proof of Theorem 3.8. More
general theorems can be found in Chapter 5.

THEOREM 3.7. Let F : [a,b] X R" — R" be continuous and such that || F(t,
x)|l < L forall (t,x) € [a,b] xR", where L is a positive constant. Then every solution
x(t) of (3.1), defined on an interval to the left of b, is continuable to t = b.

Proor. Let x(t) be a solution of (3.1) passing through the point (¢, xy) €
[a,b) X R". Assume that x(¢) is defined on the interval [¢y, c), where ¢ is some
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point with ¢ < b. Then, as in the proof of Theorem 3.6, x(c~) exists and x(t)
is continuable to t = c. If ¢ = b, the proof is complete. If ¢ < b, then Peano’s
theorem (Theorem 3.1), applied on [c, b] X D, with D a sufficiently large closed
ball with center at x(c™), ensures the existence of a solution x(¢), t € [c, b], such
that X(c) = x(c¢™). Thus, the function

X(t), te [t(),C],
xo(t) = {x(t)’ el (3.25)

is the desired continuation of x(t). O

Theorem 3.8 says that the uniform boundedness of all solutions through a
certain point implies their extendability.

THEOREM 3.8. Let F : [a,b] X M — R" be continuous, where M is the closed
ball B, (0) (or R™). Assume that (ty,xo) € [a,b] X M is given and that every solution
x(t) of (3.1) passing through (ty,xo) satisfies || x(¢)|| < A for as long as it exists to the
right of t,. Here, A € (0,r] (or A € (0, )). Then every solution x(t) of (3.1) with
x(ty) = x¢ is continuable to t = b.

Proor. We give the proof for M = B,(0). An even easier proof applies to the
case M = R". Let x(t) be a solution of (3.1) with x(fy) = x¢ and assume that x(t)
is defined on [ty, ¢) with ¢ < b. Since F is continuous on [a, b] X B (0), there exists
L > 0 such that ||F(t,x)|| < L for all (t,x) € [a,b] x B)(0). Now, consider the
function

E(t,x), (t,x) € [a,b] X B,(0),
A= Ax (3.26)
Il ( M) t € [a,b], llxll = A.

It is easy to see that F; is continuous and such that [|[F;(¢,x)|| < L on [a,b] X R™.
Consequently, Theorem 3.7 implies that every solution of the system

x" = F(t,x) (3.27)

is continuable to ¢ = b. Naturally, x(#) is a solution of (3.27) defined on [ty,¢)
because F;(t,x) = F(t,x) for ||x|]| < A. Therefore, there exists a solution x; (), t €
[to, b], of (3.27) such that x;(¢) = x(¢), t € [ty,c). We claim that ||x,(£)]| < A, t €
[t0, b]. We already know that [|x;(¢)]| = [[x(¢)]| < A for all t € [ty,c). Assume that
thereis t; € [¢, b] such that [|x;(¢1)]] = A. Then, for some t, € [¢, t1], l|x1(2)] = A
and [|x;(£)]] < Aforall t € [ty, ;). Obviously, x; (¢) satisfies system (3.1) on [ty, £,].
Since [|x1(t2)|l = A, we have a contradiction to our assumption that |[x(¢)|| < A for
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all solutions with x(ty) = xo. Thus, [|x;(£)Il < A for all t € [to, b], which implies
that x(¢) is continuable to the point ¢ = b. O

The following theorem is an important tool in dealing with various problems
on infinite intervals. It guarantees the existence of a bounded solution on an in-
finite interval under the assumption that for every finite interval of R there exists
a solution of (3.1) defined on that interval and bounded there by a fixed positive
constant.

THEOREM 3.9. Let the function F : R X R" — R" (F : Ry X R" — R") be
continuous. For each m = 1,2,..., assume the existence of a solution x,(t), t €
[-m,m] (t € [0,m]), of (3.1) such that ||xulle < K, where K is a fixed positive
constant. Then system (3.1) has at least one solution x(t), t € R (t € Ry), such that
lxllo < K.

Proor. We give the proof for t € R. The proof for t € R, follows similarly.

Let
gm = sup |[F(t,u)], m=12,.... (3.28)
”\ZIHSS%
Then, for every m = 1,2,..., we have
t
3 (£) = 2 (0) +J F(s,xm(s))ds, t€ [—m,m]. (3.29)
0

This yields, for m = k,
|xm(£) = xm(E)|] < qlt =11, £t € [k, k]. (3.30)

It follows that the sequence {x,,(t)},,_; is uniformly bounded and equicontinuous
on the interval [k, k] for all k = 1,2,.... Theorem 2.5 implies the existence of a
subsequence {x1,,(t)} -1 of {x,,(t)} which converges uniformly to a function X; €
Cq[—1,1] asm — oo. This sequence {x,,(t)} has a subsequence {x,,(t)} .-, which
converges uniformly to a function X, € C,[—2,2]. By induction, we can construct
asubsequence {x;y1,m(t)},,-; of the sequence {x;,(¢)} which converges uniformly
to the function Xj;1 € C,[—(j + 1), j + 1]. All functions %, () satisfy || %[l < K,
m = 1,2,.... Given an integer r > 0, let ] denote the interval [—r, r]. The diagonal
sequence {X,(t)} is defined on J for all m > r and converges uniformly to the
desired solution on J. In fact, we have

X () = Xnm (0) + L:F(s,xmm(s))ds, te], m=r. (3.31)
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Taking the limit of each side of (3.31) as m — oo, we get

(1) = x,(0) + L:F(s,x,(s))ds (3.32)
or
x,(t) = F(t,x, (1)), te[-rr], (3.33)

where x,(t) is the uniform limit of {x,,,(¢)}5_, on J. Since r is arbitrary, we have
constructed a function x(¢) which is the amalgamation of uniform limits x,, () of
the sequence {x,,x(t)} (for m = r,) on the intervals [—r,, r,], respectively, where
rn is any sequence of positive integers with 7, — oo as n — oco. This completes the
proof. O

3. LINEAR SYSTEMS

We now consider systems of the form

x = A()x, (S)
x' = A(t)x+ f(¢b). (S¢)

Here, A(t) is an n X n matrix of continuous functions on a real interval J and f(t)
is an n-vector of continuous functions on J.

There is a very simple existence and continuation theory about these linear
systems. Theorem 3.10 below shows this fact and suggests a more general result
(Theorem 3.11) for system (3.1) with Lipschitz functions F. We give an indepen-
dent proof of Theorem 3.10 in order to exhibit the method.

TaEOREM 3.10. Let A : ] — M, f : ] — R" be continuous. Let (ty,xo) be a
point in ] X R". Then there exists a unique solution x(t) of (Sy) which is defined on
J and satisfies the condition x(ty) = Xo.

Proor. Let [a,b] be a closed interval contained in ] and containing #,. Let
to # a,b. Then we can show the existence of a unique solution x(t) of system (Ss)
defined on [a, b] and such that x(fy) = x. In fact, consider first the interval [a, t;]
and the operator T defined on C,[a, t,] as follows:

t
(Tx)(t) = xo + L [A(s)x(s) + f(s)]ds, t€ [ato]. (3.34)

In order to apply the contraction principle, we modify the norm of C,[a, to]. We
use instead the so-called Bielecki norm (see also Exercise 2.2) which is defined, for
u € Cyla,to], to be

llulle = sup e *O=D||u(r)|]. (3.35)

a<t<ity
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Here, k is a fixed positive constant with k > r, where

r = max ||A(#)]]. (3.36)
a<t<ty
The space C,[a, to] is a Banach space with the norm || - [|.. We have

1[(Tur) () — (Tu) ()] = j 1A(S) (11(5) — ua(s)) s
< LO AG)||[[141(5) = a(s)]|ds

. (3.37)
< rL 1 (s) — ua(s)||ds
to
< rllur — u|, L k=9 s,
If we multiply the above inequality by e (=", we obtain
to
e M=) (Tuy) (t) — (Tu) (1)|| < 7wy — u2||eJ 9 ds
! (3.38)
< (5 )Ml = el
<\ Nl — w2l
Thus,
-
||Tuy — Tuyl|, < (E)Hul — |, ui,ux € Cyla,to]. (3.39)

Since r/k < 1, T is a contraction on Cy,[4, £, ], and an application of the contraction
mapping principle (Theorem 2.1) yields a unique fixed point u of T, which is the
unique solution of (Sy) on [a,#]. One works similarly on the interval [to, b] to
obtain the unique solution #(t) of (Ss) on this interval with the property i(ty) =
xo. Joining these two solutions together, we obtain the unique solution x(t) of (Sy)
on the interval [a, b]. Naturally, if fp = a or ty = b, then one of these two solutions
equals x(t) on [a,b]. Now, we prove the theorem in the case ] = (—o0,b). All
the other cases, finite or infinite, can be handled similarly. Suppose that x(t) is a
solution of (S¢), with x(#y) = xo, which cannot be continued to —oco. Then x(¢) is
defined on a largest interval (¢, d). Using the above methods of existence on closed
intervals, we can show that (S7) has a unique solution %(¢) on the interval [c, ;]
such that x(¢y) = xo. Obviously, X(¢) = x(t), t € (¢, ty], which proves that x(¢) is
continuable to the point t = ¢, that is, a contradiction. A similar argument applies
to the case d < b. Thus, x(t) is the unique solution of (S7) on ] = (—c0,b). This
finishes the proof. |

The method of the proof of the above theorem can now be applied to obtain
a more general result.
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THEOREM 3.11. Let F: ] X R" — R" be continuous. Assume further that for ev-
ery interval [a, b] C ] there exists a constant k > 0 depending on [a, b] and such that

[|F(t,uy) — F(t,u2)|| < kl|luy — ual|, t € [a,b], ur,ur € R™. (3.40)

Then if (ty,x0) € ] X R, system (3.1) possesses a unique solution x(t) defined on |
and such that x(ty) = xo.

We now consider the matrix system
X' =AWX, te], (Sa)

where J is an interval of R and A : ] — M, is continuous. Here, we seek a solution
X : ] — M,. The existence and uniqueness theory of systems of the form (S,) is
identical to the corresponding theory of systems of the form (S). This is stated in
the following theorem.

THEOREM 3.12. Consider (Sa) with A : ] — M, continuous. Fix ty € ] and
B € M,,. Then there exists a unique solution X(t) of (Sa) which is defined on ] and
satisfies X (ty) = B.

The following theorem says that the space of solutions of (S) is a vector space
of dimension n.

THEOREM 3.13. Let A : ] — M,. Then the set of all solutions of (S) is an
n-dimensional vector space, that is, there exists a set P of n linearly independent so-
lutions of (S) such that every other solution of (S) is a linear combination of the
solutions in P.

Proor. Obviously, the set of all solutions of (S) is closed under addition and
scalar multiplication (by real scalars). Thus, it is a real vector space. We first show
that there exist at least » linearly independent solutions of (S). To this end, let

Xi, i =1,2,...,n, denote the n-vectors (in R")
1 0 0
1 0
)21 = R -7_62 = A ) .7_63 = R ) (341)
0 0 1
respectively. Let fy be a point in J and consider the solutions x;(t), i = 1,2,...,n,
of (S) which satisfy x;(fo) = &;. These solutions exist on J and are unique by Theo-
rem 3.10. Now, assume that the function set {x; : i = 1,2,...,n} is linearly depen-
dent on J. Then there are constants ¢;, i = 1,2,...,n, not all zero, such that

D> axi(t) =0, te]. (3.42)
i=1
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In particular,

n n
ZC,’)_C,‘ = Zcixi(to) = 0. (3.43)
i=1 i=1
This, however, is a contradiction because the vectors %;, i = 1,2,...,n, are linearly

independent. Now, let X(f) be any solution of (S) and consider the algebraic system
(in ¢;)

n n
D axi = > cxilto) = x(to). (3.44)
i=1 i=1
This system has a unique solution, say ¢;, ¢, . . ., Cs, because the determinant of its

coefficients equals 1. Define the function y(t) as follows:

y(t) = 2 cixi(t), tej. (3.45)
i=1

Then y(¢) satisfies (S) on J and y(ty) = X(fp). Since the solutions of (S) are unique
w.r.t. initial conditions, y(t) = %(t), t € J, which shows that X(¢) is a linear combi-
nation of the functions x;(t). This ends the proof. O

DEeriNITION 3.14. Consider the system (S) with A : ] — M, continuous. Let
xi(t),i=1,2,...,n, be any linearly independent solutions of (S). Then the matrix
X(t),t € ], whose columns are the # solutions x;(¢) is called a fundamental matrix

of (S).

The connection between the system (S) and the system (S4) is established in
the following theorem.

THEOREM 3.15. Let A : ] — M, be continuous. Then every fundamental matrix
X(t) of (S) satisfies the matrix system (Sa). Moreover, if X(ty) = B for some ty € |
and B € M, then X(t) is the unique solution of (Sa) taking the value B at t = t.

Prookr. Itis easy to see that
X' (t)=AX(), te]. (3.46)

The rest of the proof follows from Theorem 3.12. O

Under the assumptions of Theorem 3.15, let X (), t € ], be a fundamental
matrix of (S). Then it is a simple fact that x(t) = X(t)xp is a solution of (S) for
any xop € R". Moreover, x(fy) = X (fy)xo. Thus, if we show that X ~!(¢) exists for
any fundamental matrix X (t) of (S), then the solution x(t) of (S) with x(t) = uo,
for some (o, up) € J x R", will be given by x(¢) = X(£)X ' (fy)uo. To this end,
assume that X (ty) is singular at some t;, € J. Then the equation X(#y)y = 0 hasa



LINEAR SYSTEMS 53

nonzero solution y, € R™. But this implies that the function y(t) = X(¢)yo, t € ],
is a solution of (S) with y(#y) = X(#y)yo = 0. Since the solutions of (S) are unique
w.r.t. initial conditions, we must have y(t) = X(t)yo = 0. This implies that the
columns of X(¢) are linearly dependent on J, that is, a contradiction. Therefore,
X~1(ty) exists.

The following theorem summarizes the above and gives an expression for the
general solution of (Sy) in terms of a fundamental matrix X and the function f.

THEOREM 3.16. LetA:] — M, f : ] — R" be continuous. Let (ty,xo) € ] X R"
be given. Then the unique solution u(t),t € ], of the linear system (S), such that
u(ty) = xo, is given by u(t) = X ()X 1 (ty)xo, where X () is any fundamental matrix
of (S). Furthermore, the unique solution x(t) of (Sy), such that x(ty) = xq, is given
by the formula

t
x(t) = X(£)X " (to)xo + X (£) J X Ns)f(s)ds, te] (3.47)
to
Prookr. Since x(fy) = xo, it suffices to show that the function

v(t) = X(8) f X1(s) f(s)ds (3.48)

is a particular solution of (S¢). In fact,

V(1) = X' (1) Jt X1(s) f(s)ds + X(OX (1) £ (1)
v (3.49)
— A(X(D) L X () f(s)ds + f(1)

= A(t)v(t) + f(1). -

Equation (3.47) is called the variation of constants formula for system (Sy). For
a constant matrix A € M,, we have the following theorem.

THEOREM 3.17. Let A € M, be given. Then the fundamental matrix X (t), t €
R, of the system

x' = Ax, (3.50)

with the property X(0) = I, is given by the formula X (t) = e*4. Moreover, the varia-
tion of constants formula (3.47) becomes now

t
x(t) = et 4 J 194 £(s)ds. (3.51)
1

0



54 EXISTENCE AND UNIQUENESS; CONTINUATION; BASIC THEORY OF LINEAR SYSTEMS

Proor. Let X(t) = 4. Then, for h # 0, we have

X(t+h) = X(t) = ettMA _ otA = (ehA —[)etA, (3.52)
However,
A _ 7 (hA)?
e I=hA+ o + (3.53)
= hA + hL(h,A),

where L(h, A) — 0 as h — 0. Consequently,

tim X =X 0y 2 e = ax. (3.54)

Since (3.50) has unique solutions w.r.t. initial conditions, the first part of the proof

is complete. The second part follows trivially from (3.47). |
EXERCISES

3.1. Prove Lemma 3.4.

3.2. Let F : [a,b] X R" — R" be continuous and satisfy the following Lipschitz
condition:

[|F(t,u1) — F(t,ua)|| < Ll||uy — ual|, t € [a,b], u1,u, € R, (3.55)

where L is a positive constant. Use Gronwall’s inequality to show that, for every
xo € R", the problem

x" = F(t,x), x(a) = xg (3.56)

can have at most one solution on [a, b].

3.3 (continuity w.r.t. initial conditions). Let F be as in Exercise 3.2. Moreover,
let the sequence of terms X,, € R" converge to X € R" as m — oo. Show that the
solution x,,(t), t € [a, b], of the problem

x" = F(t,x), x(a) = X, (3.57)
converges as m — oo to the unique solution of the problem

x' = F(t,x), x(a) = x (3.58)

uniformly on [a, b].
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34. Let A : ] — M, (J is a subinterval of R) be continuous. Let t;, € ] be
given and X (t) be the fundamental matrix of system (S) with X(ty) = I. Further-
more, let X; () denote the fundamental matrix of the system x” = —A” (¢)x (called
the adjoint system) with X;(ty) = I. Show that X[ (t) = X~!(¢t) for every t € J.
Moreover, if —AT(t) = A(t), show that ||y(t)|| is constant for any solution y(t)
of (S).

3.5. Let A(t) be as in the first part of Exercise 3.4 and let X (¢) be a fundamental
matrix of (S). Let Y(¢) be another fundamental matrix of (S). Show that there
exists a constant nonsingular matrix B such that X (¢)B = Y (¢),t € J.

3.6 (Liouville-Jacobi). Let A : [a,b] — M, be continuous. Let X(t) be a fun-
damental matrix of (S) and let tq € [a, b]. Then

1X(8)| = |X(t0)|exp{JttrA(s)ds}, telabl, (3.59)

where |A| denotes the determinant and tr A denotes the trace of the matrix A.
Hint. Show that u(t) = [X(t)] satisfies the differential equation u’ = tr A(t)u.

3.7. Let A: R — M, be continuous and such that A(t+ T) = A(t), t € R,
where T is some positive constant. Show that in order to obtain a solution x(f)
of (S) withx(t+T) = x(t),t € R, it suffices to show the existence of x(¢),t € [0, T],
with x(0) = x(T). Furthermore, show that x(t) = 0 is the only such solution if and
only if I — X(T') is nonsingular. Here, X () is the fundamental matrix of (S) with
X(0) =1.

3.8. Let A: R, — M,, f: Ry — R" be continuous and such that

jw I|A)||dt < +oo, jw £ Oldt < +oo. (3.60)
0 0

Using Gronwall’s inequality, show that every solution x(t) of (Sy) is bounded, that
is, there exists K > 0 (depending on the solution x) such that |[x(¢)|| < K, t € R,.
Then show that every solution of (Ss) belongs to C. Moreover, given { € R",
there exists a solution x¢(t) of (Sy) such that lim;_. . x¢(t) = &.

3.9. Let A: R, — M, be continuous and such that ||A(¢)]| < K, t > 0, where
K is a positive constant. Prove that every solution x(¢) # 0 of (S) satisfies

lim sup (3.61)

[

In (o) _,
t

3.10. Consider the sublinear scalar problem

x" = |x|Psgnx, x(0) =0, (3.62)
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where 8 € (0,1) is a constant. Show that every function of the type

(t) = * b=o (3.63)
TN p— 01V i, :

is a solution to this problem. Here, ¢ is any positive constant. Conclude that f(x) =
|x|# sgn x cannot satisfy a Lipschitz condition on any interval containing zero.

3.11. Consider the scalar problem
¥ =flx),  x(0)=0, t=>0, (3.64)

where f : R — R is continuous, f(—x) = —f(x), x € R, and xf(x) > 0 for x # 0.
Show that this problem has infinitely many solutions if

€ du “© du

o W < +o0, . W = +00, (365)

for some € > 0. If the first integral equals +oo, then the only solution to the prob-
lem is the zero solution. Hint. For every t, > 0, let u(t) = 0, t € [0, %], and, for
t > to, let u = u(t) be the unique positive solution of

—— =t—1to. (3.66)

3.12. For the system (3.1), assume that F : Ry X R" — R” is continuous and
such that

II[E(t,x)]] = p(®)lIxll +q(t), (3.67)

where p,q : Ry — R, are continuous. Apply Gronwall’s inequality and Theo-
rem 3.8 to conclude that all local solutions of (3.1) are continuable to +oo.

3.13. Using Exercise 3.12, discuss the continuation to the right of the local
solutions of the system

X1 tsinx; t?
x| =|(cost)In (x| +1) | + |sint]. (3.68)
X3 e x; et

3.14. The scalar equation

Y +y=f(t) (3.69)
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can be written in system form as follows:
x| = x2, Xy = —x1 + f(¢). (3.70)
Here, x; = y. Using the variation of constants formula, express the general so-

lution of this system in terms of its initial condition x(0) = xo, the fundamental
matrix X () (X(0) = I) of the linear system

X ' 0 1]|x
MR I a7

3.15. Examine the local existence, uniqueness and extendability to the right
of solutions of the superlinear scalar equation

and the function f.

x' = |x|Psgnx, (3.72)
where 5 > 1 is a constant. Compare this situation to that of Exercise 3.10 for the
initial condition x(0) = 0.

3.16. Solve the problem

al _fo 1] 0 x(0)] |1
|:X;j| - |:1 0:| |:X;j| + |:Sin t:| i |:x;(0):| = |:O:| (373)

using the variation of constants formula.
3.17. Let the assumptions of Exercise 3.2 be satisfied with a = 0. Using Gron-
wall’s inequality, show that the problem

x" = F(t,x), x(b) = x; (3.74)

has a unique solution defined on the interval [0, b]. Provide and prove a state-
ment concerning continuity w.r.t. final conditions x,(b) = X%, analogous to that of
Exercise 3.3.

3.18. Using Theorem 3.8, show that every solution to the scalar problem

2)1/2

x" = (sinx)(1 —x , x(0) = % (3.75)

is continuable to t = 1/3.
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3.19 (generalized Gronwall’s inequality). Let] C R be an interval, t, € J, and
a,b,u:J — R, continuous. Assume that

u(t) < a(t) + ‘ j: b(s)u(s)ds|, te. (3.76)

Show that
u(t) < alt)+

f b(o)do| lds|, ter (3.77)

}ds

3.20. Let F be as in Exercise 3.2. Let x; € Cl[a,b], i = 1,2, be such that
lx1(a) — x2(a)ll < &, for a positive constant §, and

L: a(s)b(s) exp {

lxi(t) = F(t,xi(0))|| < €, i=1,2, t € [a,b], (3.78)
where €; is a positive constant for i = 1,2. Show that

(€1 +€) [t 1]

[l (8) = xa(£)]] < SeHt=) + :

(3.79)

forall t € [a, b]. Hint. Use Exercise 3.19.

3.21 (Green’s formula). Let A : [a,b] — M, f : [a,b] — R", g : [a,b] — R"
be continuous. Assume that x(t), t € [a,b], is a solution of (Sy) and y(t), t €
[a, b], is a solution of

y = -AT(t)y —g(t). (3.80)

Then

L [(f(5), y(s)) — (x(5),g(s)) ]ds = {x(2), y(£)) — (x(a), y(a)). (3.81)

3.22 (invariant sets). Let f : R” — R" be continuous and satisfy a Lipschitz
condition on every ball B,(0). We denote by x(¢, xo) the solution of the autonomous

(f(t,x) = f(x)) system
x' = f(x) (3.82)

with x(0) = xo. Fix such a solution x(¢) = x(t, xo), defined on R, and assume that
Q(x) is the set of all X € R" with the property: there exists a sequence {t,} C R,
such that t, — o and x(t,) — X. Show that Q(x) is a closed set which is invariant,
that is, if X € Q(x), then x(t,X) € Q(x) for all t € R,. Hint. Show first that
x(t,x(s,x0)) = x(t + 8, %), s, = 0. Fix X € Q(x) with x(t,,x9) — X. Consider the
sequence x(f + t,, x0).
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3.23 (Green’s function for an initial value problem). Let P;, P, be two pro-

jection matrices in M, with P, + P, = I. Let A : [a,b] — M,, f : [a,b] — R" be
continuous. Show that the function

b
x(t) = J G(t,s)f(s)ds, te[a,b], (3.83)

is a solution of the system (Sy). Here, for t,s € [a,b] with t # s,

{X(t)PlX‘l(s), t>s,
G(t,s) = (3.84)
—X(HP,X (s), t<s.
Hint. We actually have
aGE(;’S) — A(D)G(4,5),
; (3.85)
9GHS) _ Gt 5)As)
Js
fort # s,and
G(th,t) = G(t7,1t) =1,
(3.86)
G(s,s*) — G(s,s7) = -1,
for t, s in the interior of [a, b]. Use
t b
x(1) = J G(t,) f(s)ds+J Gt, ) f (s)ds. (3.87)
a t

3.24 (evolution identity). Let W(t,ty)xo denote the right-hand side of the
variation of constants formula (3.47). Show that

W(t,s)W(s,r) = W(t,r) (3.88)

forall (t,s,7r) € R3 withr <s < t.






CHAPTER 4

STABILITY OF LINEAR SYSTEMS;
PERTURBED LINEAR SYSTEMS

In this chapter, we study the stability of systems of the form
x,(t) = F(t:x)) (E)

where F : Ry X R" — R” is continuous.

A solution xy(t), t € Ry, of the system (E) is stable, if the solutions of (E)
which start close to x((t) at the origin remain close to xo(¢) for t € R,. This actu-
ally means that small disturbances in the system that cause small perturbations to
the initial conditions of solutions close to x((0) do not really cause a considerable
change to these solutions over the interval R..

Although there are numerous types of stability, we present here only the five
types that are most important in the applications of linear and perturbed linear
systems. Other stability results can be found in Chapters 5, 7, and 8.

1. DEFINITIONS OF STABILITY

In the following definitions x,(¢) denotes a fixed solution of (E) defined on R;.

DerinITION 4.1. The solution x,(t) is called stable if for every € > 0 there
exists §(€) > 0 such that every solution x(¢) of (E) with [|x(0)—x0(0)|| < §(€) exists
and satisfies |[x(#) — xo(#)|l < € on R.. The solution x((t) is called asymptotically
stable if it is stable and there exists a constant # > 0 such that x(¢) — xo(¢) — 0 as
t — oo whenever [|x(0) — x0(0)|l < 7. The solution xy(t) is called unstable if it is
not stable.

DerinNITION 4.2. The solution xo(t) is called uniformly stable if for every € > 0
there exists §(€) > 0 such that every solution x(t) of (E) with [[x(ty) — xo(to)ll <
d(€), for some ty > 0, exists and satisfies ||x(t) — xo(t)]| < € on [y, o). It is called
uniformly asymptotically stable if it is uniformly stable and there exists 7 > 0 with
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the property: for every € > 0 there exists T'(€) > 0 such that [|x(ty) — xo(to) Il < 7,
for some ty > 0, implies [|x(¢) — xo(t)|| < € for every ¢ > t;, + T(€).

It is obvious that uniform stability implies stability and that uniform asymp-
totic stability implies asymptotic stability.

DeriNITION 4.3. The solution xo(¢) is called strongly stable if for every € > 0
there exists §(€) > 0 such that every solution x(¢) of (E) with [[x(fy) — xo(fo)ll <
é(€), for some ty > 0, exists and satisfies ||x(t) — xo(#)]| < € on R,.

Naturally, strong stability implies uniform stability. We should mention here
that the interval [0, o) in the definitions of stability can be replaced by any (but
fixed) interval [, o0) of the real line. We use the interval [0, o) only for conve-
nience. We should also have in mind that xy(¢) can be considered to be the zero
solution. In fact, if (E) does not have the zero solution, then the transformation
u(t) = x(t) — y(t), where y(t) is a fixed solution of (E) and x(¢) is any other solu-
tion, takes (E) into the system

u' =F(t,u+y(t)) —F(t, y(t) = G(t,u). (4.1)

This system has the function u(#) = 0 as a solution. The stability properties of this
solution correspond to the stability properties of the solution y(¢).

2. LINEAR SYSTEMS

In this section, we study the stability properties of the linear systems

x = A()x, (S)
X =Alt)x+ f(t), (Sf)

where A : Ry — M, f : Ry — R”" are continuous. It is clear that the solution
xo(t) of (Sy) satisfies one of the definitions of stability of the previous section if
and only if the zero solution of (S) has the same property. This follows from the
fact that the concept of stability involves differences of solutions combined with
the superposition principle. Consequently, we may talk about the stability of (Sy)
instead of the stability of one of its particular solutions. This will be done in the
sequel even if f = 0.

THEOREM 4.4. Let X(t) be a fundamental matrix of (S). Then (S) is stable if
and only if there exists a constant K > 0 with

[[X(1)]| <K, teR,. (4.2)
The system (S) is asymptotically stable if and only if

[[X(O]] — 0 ast— . (4.3)
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The system (S) is uniformly stable if and only if there exists a constant K > 0
such that

XX '(s)|| <K, 0<s<t<+oo, (4.4)

The system (S) is uniformly asymptotically stable if and only if there exist con-
stants a > 0, K > 0 with

[[X(HX(s)|| < Ke %), 0 <s<t<+oo, (4.5)

The system (S) is strongly stable if and only if there exists a constant K > 0 such
that

X <K, [|X7'(|]| <K, te&R,. (4.6)

Proor. We may assume that X(0) = I because the conditions in the hypothe-
ses hold for any fundamental matrix of (S) if they hold for a particular one. As-
sume first that (4.2) holds and let x(¢), t € R, be a solution of (S) with x(0) = xo.
Then, since x(t) = X (t)xo, given € > 0 we choose §(€) = K™'€ to obtain

()] = [[X ()0 < € (4.7)

whenever [|x || < §(€). Thus, system (S) is stable.
Conversely, suppose that (S) is stable and fix € > 0, §(€) > 0 with the property

X (B)xoll < € (4.8)

for every xo € R” with |[|xoll < 8(€). For a fixed t € R, we get

€

[5( )]”X(t)x"” Hx(t)<a(e))

Since x0/8(€) ranges over the interior of the unit ball, we obtain

This completes the proof of the first case because (4.10) holds for arbitrary t € R,.
Now, assume that (4.3) holds. Then (4.2) holds for some K > 0 and

}imx(t) = }imX(t)xO =0 (4.11)
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for any solution x(t) of (S) with x(0) = x. Thus, (S) is asymptotically stable. Con-
versely, assume that (S) is asymptotically stable. Then there exists # > 0 such that
X(t)xo — 0ast — oo for every xo € R" with [|xo]| < #. Choose xy = [11,0,...,0]T.
Since X(t)xo = ny(t), where y(t) is the first column of X(t), we obtain that every
entry of the first column of X(#) tends to zero as t — co. Similarly one concludes
that every entry of X () tends to zero as t — oo. This completes the proof of this
case.

In order to prove the third conclusion of the theorem, let (4.4) hold and let
fo € Ry be given. Then x(t) = X (£)X~!(#y)xo is the solution of (S) with x(ty) = xo.
Thus,

@I = [1XOX (to) || Ixo]| = K]0 (4.12)

for any xop € R” with ||xo|| < K~'€, proves the uniform stability of (S) with §(¢) =
K~'e. Now, assume that (S) is uniformly stable. Fix € > 0, §(€) > 0 such that
IX(O)X 1 (t)x0ll < € for any xp € R” with |lxoll < 8(€), any t, € Ry and any
t = ty. From this point on, the proof follows as the sufficiency part of the first case
and is therefore omitted.

In the fourth case, let (4.5) hold. Then (S) is uniformly stable by virtue of
(4.4). Now, let € € (0,K), to € R, be given, and let x(¢) be a solution of (S) with
llx(to) Il = llxoll < 1. Then

k(O] = XX (1) x0]| < Ke 20 < ¢ (4.13)

for every t > fy + T(€), where T(€) = —a~!In(e/K). Consequently, system (S) is
uniformly asymptotically stable with the constant # of Definition 4.2 equal to 1.

Conversely, let (S) be uniformly asymptotically stable. Fix ,€ € (0,%), T =
T(€) as in Definition 4.2. Then [|xoll < 7 implies

X(OX Hto)xol| <€, t=to+T. (4.14)
Thus, working as in the first case, we find
X(OX (k)] <pu<l, t=t+T, (4.15)
where y = €/5. Now, (4.5) implies the existence of a constant K > 0 such that

XX (k)| <K, t=t. (4.16)
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Given t = ty, there exists an integer m = 0 such that ty + mT <t < o+ (m + 1)T.
This implies

X)X (to) || = |IX ()X (to + mT) X (to + mT)X ' (to + (m = 1)T)
X(to+(m—=1T) - X to+ T)X (to + T)X ' (to)||
< [[X(OX ! (to +mT)|
|IX (t +mT)X " (to + (m = T)||
----- [1X (o +2T)X ™ (to + T) | [1X (to + T) X (t0) |

< Kuy"
(4.17)
If we take « = —T~!Iny, then
XX ()] < p ' K™ = ' Ke Dol
(4.18)

< ‘u—lKe—zx(t—to)
for every t > t;. This finishes the proof of the case of uniform asymptotic stability.
Assume now that (4.6) holds. Given € > 0, choose §(¢) = K2¢. Then we
have

XX (o) xo| = [[XOIX (k) [[ 10| = K| |xo]| < € (4.19)

whenever [|x|l < K~2€ and t, t; € R.. Thus, system (S) is strongly stable. To show
the converse, let (S) be strongly stable and fix € > 0, §(€) > 0 so that

X)X (to)xo|| < €, tto € Ry, (4.20)
whenever ||x|| < §(€). This implies that for arbitrary ¢, t, € R, we have
[1X(B)xol| < €, [ X (to)x0|| < € (4.21)

provided that [|xgl] < §(€). In fact, this follows from (4.20) if we take o = 0, t = 0,
respectively. Thus, as above,

Kol =50 IKOl= 55 (4.22)

This says that (4.6) holds with K = €/8(¢). O

Before we consider system (S) with a constant matrix A, we should note that
in the case of an autonomous system (i.e., F(t,x) = F(x)) stability is equivalent
to uniform stability and asymptotic stability is equivalent to uniform asymptotic
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stability. This is a consequence of the fact that in this case y(t) = x(t + «) is a
solution of (E) whenever x(¢) is a solution of the same equation. This is true for
any number « € R. Now, consider the system

x' = Ax (4.23)

with A € M,. If A is an eigenvalue of A, then the dimension of the eigenspace
of A (i.e., the subspace of C" generated by the eigenvectors of A corresponding to
A) is called the index of A. The following theorem characterizes the fundamental
matrices of (4.23) (cf. Cole [8, pages 89, 90, 100]).

THEOREM 4.5. Let X (t) = e/ be the fundamental matrix of (4.23) with X(0) =
I. Then every entry of X(t) takes the form e* (p(t) cos ft — q(t) sin §t) or the form
e (p(t) sin Bt + q(t) cos Bt), where A = a + i is some eigenvalue of A and p, q are
real polynomials in t. The degree d of the polynomial p(t) +iq(t) lies in [0,m — r],
where m is the multiplicity of A and r its index. Furthermore, if m # r, there is at least
one entry of X (t) such that d # 0.

THEOREM 4.6. System (4.23) is stable if and only if every eigenvalue of A that
has multiplicity m equal to its index r has nonpositive real part, and every other
eigenvalue has negative real part. The system (4.23) is asymptotically stable if and
only if every eigenvalue of A has negative real part. It is strongly stable if and only if
every eigenvalue of A is purely imaginary and has multiplicity equal to its index.

Proor. Let X(t) = e, t € R,. Then (4.23) is stable if and only if || X () || < K
for all t € R,, where K is a positive constant (see Theorem 4.4). Let A = o + i be
an eigenvalue of A. Then every entry of X(t) corresponding to A will be bounded
ifand only if « < 0 for m = r and a < 0 for m > r. This completes the proof of
our first assertion. System (4.23) is asymptotically stable if and only if ¢4 — 0 as
t — oo, This is of course possible if and only if every eigenvalue of A has negative
real part. The system is strongly stable if and only if there exists a constant K > 0
such that |[e"}|| < K and |[e*| < K for every t € R.. Since e* solves the system

X" = —AX and A is an eigenvalue of A if and only if —A is an eigenvalue of —A,
these inequalities can hold if and only if every eigenvalue of A has real part zero
and m = r. O

3. THE MEASURE OF A MATRIX; FURTHER STABILITY CRITERIA

DErINITION 4.7. Let A € M,,. Then u(A) denotes the measure of A which is
defined by

H(A) = Jim IT+hall -1 (4.24)

0 h

THEOREM 4.8. The measure yu(A) exists as a finite number for every A € M,.
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Proor. Let € € (0, 1) be given and consider the function

g(h) = %, h>0. (4.25)
We have
I+ €ehAll = ||e(I +hA) + (1 — e)I|| < €I + hA| + (1 — €) (4.26)
or

I +ehAl -1 - Il +hA| -1
€h - h

g(eh) = | = g(h). (4.27)

Thus, g(h) is an increasing function of h. On the other hand,

||I+hA||—1‘_‘||I+hA||—||IH II+hA -1
‘ p = A < h = ||A]l. (4.28)
This implies the existence of the limit of g(h) as h — 0*. It follows that p(A) exists
and is finite. U

THEOREM 4.9. Let A € M, be given. The u(A) has the following properties:

(i) p(aA) = au(A) foralla € Ry;
(i) u(A) < IIAl;
(iii) u(A+B) < u(A) + u(B);
(iv) |u(A) —u(B)! < I|A - Bl

Proor. Case (i) is trivial and (ii) follows from the fact that [g(h)| < ||A]l for
all h > 0, where g is the function in the proof of Theorem 4.8. Inequality (iii)
follows from

II+h(A+B)|[[ -1 _ [[(1/2)] + hA]| - (1/2) . [|(1/2)I + hB|| — (1/2)

h h h (4.29)
T +2hA| -1 N I +2hB| -1
a 2h 2h ‘
Inequality (iv) follows easily from (ii) and (iii). O

The following theorem establishes the relationship between the solutions of
(S) and the measure of the matrix A(t).
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TaEOREM 4.10. Let A : Ry — M, be continuous. Then for every to,t € Ry with
t > ty we have

Itillexp | - [ (- aw)ds] < ol < lillens | [ utacoas],
(4.30)

where x(t) is any solution of (S).

Before we provide a proof of Theorem 4.10, we give the following auxiliary
lemma.

Lemma 4.11. Letr : [to,b) — Ry and ¢ : [to,b) — R (0 <ty < b < +0) be
continuous and such that

ri(t) < p(Or(t), t € [to,b), (4.31)

where r denotes the right derivative of the function r(t). Then r(t) < u(t), t €
[t0, b), where u(t) is the solution of

u = ¢(t)u, u(ty) = r(ty). (4.32)

Proor. Let t; € (fy,b) be arbitrary. We will show that () < u(t) on the
interval [fo, t1]. Consider first the solution u,(t), t € [ty,t1], n = 1,2,..., of the
problem

u' =¢(Hu+ %, u(ty) = r(ty). (4.33)

Fix n and assume the existence of a point t, € (t, 1) such that r(t;) > u,().
Then there exists t5 € [fg, t2) such that r(t3) = u,(t3) and r(t) > u,(t) on (3,12 ].
From (4.33) we obtain

(1) = $lts)un(ts) +

1
:¢(t3)7(f3)+; (4.34)

, 1
=Ty (tS) + n

>l (t3).
Consequently, u,(¢) > r(t) in a small right neighborhood of the point t;. This is a
contradiction to the fact that 7(¢) > u,(t), t € (t3,t2]. Thus, r(t) < u,(t) for any
t € [to,t1] and any n = 1,2,.... Now, we use Gronwall’s inequality (Lemma 3.4)
to show that (4.33) actually implies

[un(t) — um(t)| <2t

exp [L:l |¢(s)|ds], t e [to,t1], (4.35)

m
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for all m,n = 1. Thus, {u,(t)}, n = 1,2,..., is a Cauchy sequence. It follows
that u,(t) — u(t) as n — co uniformly on [fy, #;], where u(t) is the solution of
problem (4.32) on the interval [fy, b). Since t; is arbitrary, we have r(t) < u(¢),
t € [ty, D). O

It should be noted that a corresponding inequality holds if ' () = ¢(t)r(t),
where 1’ (t) is the left derivative of r(t) on (fo, b].

Proor oF THEOREM 4.10. Let r(t) = [|x(¢)||. We are planning to show that
ri(t) < u(A))r(1). (4.36)

To this end, we first notice that for any two vectors x;,x, € R”, the limit

+ —
i Pt el = il (437)
h—0+ h
exists as a finite number. To see this, it suffices to show that the function
+ hxy || —
pty - Il =] )

is increasing and bounded by [|x, | on (0, co). We omit the proof of these proper-
ties because we have already done this for the function g(h) in the proof of Theo-
rem 4.8. It follows that the limit

iy @) + R (O] = [lx(@)]]
h—0* h

(4.39)

exists and is a finite number. We will show that this number equals 7 (¢). In fact,
let h > 0 be given. Then we have

[lx(t+ B[] = llx@] _ [lx(®) + hx' @)]] = [lx®)]]

h h

| I+l - |}|lx(t)+hx’(t)l| (4.40)
sty —x —m ol

= h

as h — 0%, which proves that r (¢) equals the limit in (4.39). Consequently,

(0 = lim ||x(t)+hA(t);1c(t)|) x|

B ;}ij‘){ |1 +hA}ft)|| - 1r(t) (4.41)

= u(A@))r(@).
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Applying Lemma 4.11, we obtain

t
(ol = ) < (o)l exp | | mats)as] (142)
0
for every t > t;. In order to find a corresponding lower bound of ||x(¢)|l, let u = —t,
uy = —to. Then y(u) = x(—u), u € (=, 1], satisfies the system
Y =-A(-u)y. (4.43)

Thus, as in (4.42), we get

Iyl = yllesp | [ (- ac-o)as]

e (4.44)
~lywllexp| = | u(=A@)dv), w0z
or
t
()l < sl exp| | w(-a@)ds], e 1 (4.45)
This completes the proof. |
We are now ready for the main theorem of this section.
THEOREM 4.12. Consider system (S) with A : Ry — M, continuous. If
t
liltnian u( = A(s))ds = —oo, (4.46)
—o Jo
then (S) is unstable. If
t
limsup | u(A(s))ds < +oo, (4.47)
t— o0 0
then (S) is stable. If
t
}imJ' U(A(s))ds = —oo, (4.48)
—e Jo
then (S) is asymptotically stable. If
u(A(t) <0, t=0, (4.49)
then (S) is uniformly stable. If, for some r > 0,
p(A(t) < -r, t=0, (4.50)

then (S) is uniformly asymptotically stable.
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Table 1 provides formulas for y(A) corresponding to the three different norms
of Example 1.5.

TABLE 1
[lxl u(A)
B largest eigenvalue of (1/2)(A + AT)
llxl2 max;{aii + X j4i laijl}
lxll3 max;{aj; + X laijl}

4. PERTURBED LINEAR SYSTEMS

In this section, we study the stability of systems of the form
x' = A(t)x + F(t, x), (Sg)

where A : R, — M, and F : R, Xx R" — R" are continuous functions with F(t,0) =
0,t € Ry. We start with a theorem concerning the asymptotic stability of (Sg). The
proof of this theorem is based on Lemma 4.13 below.

LeEMMA 4.13. Let X(t) be a fundamental matrix of the system (S). Assume fur-
ther that there exists a constant K > 0 such that

Jt [[X(O)X1(s)||ds < K, t=0. (4.51)
0

Then there exists a constant M > 0 such that
IX(1)|| < Me X", t=0. (4.52)

Prookr. Let u(t) = || X(¢)||~'. Then we have
t t
(J u(s)ds)X(t) _ J W)X (DX ()X (s)ds, (4.53)
0 0
from which we obtain

[, u9dsixoll < [ IXOXTONXOu@ds <K, =0 @50

or

u(t) = K- Lt u(s)ds. (4.55)
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Now, let A(t) denote the integral on the right-hand side of (4.55). Then we have
A(t) = K 'A(t), t=0. (4.56)

Dividing (4.56) by A(t) and integrating from fy > 0 to t > f,, we obtain

M) = A(tg)eK 0 ¢ > g, (4.57)
Consequently,
_ -1 < -1 < K ~K(t—to)
KOl = [u] " <KD < | Mto)]e (4.58)

for every t = t;. We choose M so large that

s [
— LA(1) ’ (4.59)
IX(1)|| < Me X0, 0<t <t

This completes the proof. O

THEOREM 4.14. Let X(t) be a fundamental matrix of system (S) such that

Jt [[X(HX s)||ds< K, t=0. (4.60)
0

Moreover, let
[[F(t,x)]| < ullxll, t=0, (4.61)

with y € [0, K~"). Then the zero solution of (Sg) is asymptotically stable.

Proor. Let X(t) be the fundamental matrix of (S) with X(0) = I. Then since
X(HX (s) = Y(£)Y " 1(s) for any other fundamental matrix Y (¢) of (S), it follows
that our assumed inequality on X (¢) holds for this particular fundamental matrix
and so does Lemma 4.13. Thus, X(¢) — 0 as t — oo. If x(¢) is a local solution
of (Sr) defined to the right of t = 0, then x(¢) satisfies the system

u' = A(t)u+ F(t,x(t)). (4.62)

Using the variation of constants formula (3.47) for this system, we obtain

x(t) = X(H)x(0) + J(:X(t)X‘l(s)F(s,x(s))ds. (4.63)



PERTURBED LINEAR SYSTEMS 73

Letting L > 0 be such that || X(¢)|| < L for t = 0, we obtain

[lx(®)[] = Llx(0)[] + puK max [[x(s)]], (4.64)

which implies
max [[x(s)]| = (1 = uK)"'L[|x(0)]]. (4.65)

It follows that
x| = (1 = uK)"'L||x(0)]| (4.66)

as long as x(¢) is defined. This implies that x(¢) is continuable to +o (see Theo-
rem 3.8), and that the zero solution is stable. Now, we show that x(t) — 0ast — co.
To this end, let

¢ = limsup ||x(2)|] (4.67)

t— o

and pick d € (uK,1). We are going to show that ¢ = 0. Assume that ¢ > 0. Then,
since d~1¢ > ¢, there exists t, > 0 such that

[lx(H)|| < d7tc (4.68)

for every t = t,. Thus, (4.63) implies

Ix(oll = [x(0x(0) + X(0) [ X OF(sx(9)ds

- “X(t)x(O) +X(1) Jot X1($)E (s, x(s))ds

+X(t) r XY(S)E(s,x(s))ds

. (4.69)
< K@)+ X [/ 1XF (s x(9)lds

+ [ I@X IEG 39 s

< (X + X[ 15X ©F s x(9) s+ ke

Taking the lim sup above as t — o0, we obtain ¢ < uKd™!c, that is, a contradiction.
Thus, ¢ = 0 and the proof is finished. O
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THEOREM 4.15. Let X(t) be a fundamental matrix of system (S) such that
XX ()| <K, t=s=0, (4.70)
where K is a positive constant. Moreover, let
IE(, )| < A0l (4.71)
where A : Ry — Ry is continuous and such that
J: A(B)dt < +oo, (4.72)
Let
M = Kexp {K J: /\(t)dt}. (4.73)

Then every local solution x(t) of (Sg), defined to the right of the point ty > 0, is
continuable to +oo and satisfies

[lx(®)]] < M[|x(to) ] (4.74)

foreveryt = t.

Proor. From the variation of constants formula (3.47) we have
t
I1x(8)]| < K|x(t)]| + K L AS)|[x(s)]|ds (4.75)
0
for all t > t. Applying Gronwall’s inequality (Lemma 3.4), we obtain

%8| = Kllx(to)] exp {K L A(s)ds} < M]Jx(to)| (4.76)

for t = ty. Consequently, by Theorem 3.8, x(t) is continuable to +o and (4.76)
holds for every t > t,. O

COROLLARY 4.16. If system (S) is uniformly stable and F is as in Theorem 4.15,
then the zero solution of (Sg) is uniformly stable. In particular, the uniform stability
of (S) implies the uniform stability of the system

x' = [A(t) + B(t)]x, (4.77)

where B : R, — M,, is continuous and such that

J: ||B(t)||dt < +o0. (4.78)



PERTURBED LINEAR SYSTEMS 75

The corollary to Theorem 4.17 below shows that uniform asymptotic stability
of linear systems (S) is maintained under the effect of small perturbations F(t, x).

THEOREM 4.17. Let X(t) be a fundamental matrix of (S) such that
IX(HX(s)|| < Ke*9, t=5>0, (4.79)
where K and y are positive constants. Let
[[F(t,x)|| < Allxll (4.80)

with A € (0,K~'y). Then if ¢ = pu — AK, every solution x(t) of (Sg), defined on a
right neighborhood of ty = 0, exists for all t > ty and satisfies

[lx()]] < Ke™|x(s)| (4.81)

foreveryt, switht = s = t,.

Proor. From the variation of constants formula,
x(t) = X(£) X (to)x(to) + Lt X)X Y(s)F(s,x(s))ds, (4.82)
Y
in a right neighborhood of the point #, > 0, we obtain
Ix(0)]] < Ke ) lx ()] + AK J: I xo)llds, £2f (483)
0
Letting z(t) = e*")||x(t) ||, we have
2(t) < Kz(t) +AK Lt As)ds, £ o, (4.84)
0

An application of Gronwall’s inequality (Lemma 3.4) yields

z(t) < KZ(to)eAK([—fo)’ t> to,
(4.85)
()] < K||x(t) [Je=ct1).

Obviously, x(t) is continuable to +o (see Theorem 3.8). The conclusion of the
theorem for points ¢, s with t > s > t,, follows exactly as above. O

CoroLLARY 4.18. If (S) is uniformly asymptotically stable and if (4.80) holds
for a sufficiently small A > 0, then the zero solution of (Sg) is also uniformly asymp-
totically stable. In particular, the uniform asymptotic stability of system (S) implies
the same property for system (4.77), where B : Ry — M, is continuous and such that
B(t) = 0ast — oo.

In the second part of Corollary 4.18 we use an interval [, o), for a sufficiently
large t; > 0, instead of the interval [0, o) of the definitions of stability.
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EXERCISES

4.1. Consider the scalar equation
x' = b(t)x, (4.86)

where b : Ry — R is continuous. Show that (4.86) is asymptotically stable if and
only if

jm b(1)dt = —co. (4.87)
0

4.2. Prove Theorem 4.12.
4.3. Show that if

x' = A(t)x, (S

with A : R, — M, continuous, is stable, and if
t
J trA(s)ds=m, t=0, (4.88)
0

with m constant, then (S) is strongly stable. Hint. Use the Liouville-Jacobi Formula
of Exercise 3.6 and the fact that X~1(¢) = X (¢)/ det X(¢), where X (¢) is the matrix
whose (i, j)th entry is the cofactor of the (j, i)th entry of X (¢).

4.4. Consider System (Sp) with A : Ry — M, F: Ry X R" — R" continuous.
Furthermore, assume the existence of a positive constant ¢ such that ||[F(t,x)|| <
A)|Ix|l for every x € R" with [|x|| < ¢, where A : Ry — R, is continuous and such
that

Jm AB)dt = d < +oo. (4.89)
0

Then the uniform stability of the homogeneous system (S), assuming (4.4), im-
plies the stability of the zero solution of system (Sg). Hint. Show that if ||xo || < p,
where

= min {c,cK e ¥}, (4.90)

then [lx(¢)]l < caslongasx(¢) exists. Here, x(t) is a solution of (Sg) with x(0) = xo.
To this end, assume that there is a point f € (0, o) such that ||x(?)|| = ¢ and
lx(t)ll < ¢ on [0,). Then use the growth condition on F along with Gronwall’s
inequality to obtain the contradiction: ||x(#)]| < K llzo lle?X < ¢ on [0, f]. This last
inequality on [0, o) implies the stability of the zero solution of (Sg).
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4.5. Consider the scalar equation
X +x= (1+t3)_1|x|"‘sgnx, t>0, (4.91)
where o > 1 is a constant. Show that the system corresponding to this equation

has its zero solution stable. Hint. Apply the result of Exercise 4.4.

4.6. Consider the “autonomous” system x° = F(x), where F : R" — R" is
continuous and such that F(0) = 0. Show that the stability of the zero solution of
this system is equivalent to its uniform stability.

4.7. How small should |m| be (m constant) so that the zero solution of the
equation

X" 4+2x +x = [ Ix], (4.92)

_m
(1+12)
written as a system, is asymptotically stable?

4.8. Let (S) be uniformly asymptotically stable. Let

JM If(s)|lds < C, t=0, (4.93)

where f : Ry — R”" is continuous and C is a positive constant. Show that every
solution of (Sy) is bounded. Hint. Show first that (4.93) implies

e [ el p@llds s c-e) !, iz, (4.94)
0

for any a > 0. In fact,
t [t] )
e"”J e®||f(s)||ds < e > extI)C, (4.95)
0

j=0

where [t] is the greatest integer function at ¢.

4.9. Consider the system (S) with A : Ry — M, continuous. Let lim;_. A(t)
= Ay. Then, assuming “smallness” conditions on

IO -adl or [ lIA0) - Adl, (4.96)

obtain stability properties for (S) based on those of x = Agx.
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4.10. Let Ap € M, and let A : Ry — M, f : Ry — R" be continuous. Show
that if all solutions of x” = Agx are bounded, then all solutions of (Ss) are bounded,
provided that

r IIA() — Aoldt < +oo, jm £ (O)ldt < +oo. (4.97)
0 0

4.11. Consider (Sf) with A : Ry — M, f : Ry — R” continuous. Assume that
system (S) is uniformly asymptotically stable. Show that if || f(#)]| — 0 as ¢t — oo,
then every solution of (Ss) tends to zero as t — co.

4.12. Let A € M, and F : R, X R* — R" be continuous in (Sg). Assume that
the system (S) is asymptotically stable and that

IRl

0, uniformly w.r.t. t € R,. (4.98)
lul~0  [lull

Show that the zero solution of (Sg) is asymptotically stable.
4.13. Assume that X (¢) satisfies (4.6) and that F is as in Theorem 4.15. Let ¢,

be an arbitrary point in R,. Show that every solution x(¢) of (Sg), defined on a
right neighborhood of t;, is continuable to +c and satisfies

[lx(®)|] < Ml|x(to)|], t € [to, ), (4.99)
where M is a positive constant independent of the solution x(¢). Then show that
the zero solution of (Sg) is strongly stable. Hint. Use the variation of constants

formula to get (4.99) for M = LK?, where L is the constant determined below.
Then differentiate the function q(t) = || X! (¢)x(#)|l from the left, by using

t
lq(t) — q(t—h)| < K? J A(s)q(s)ds, O0<t—h<t, (4.100)
t—h
to obtain locally

—K*A(t)q(t) < q' (1) < K*A(t)q(t). (4.101)

Use a suitable version of Lemma 4.11 to obtain integral inequalities as in Theo-
rem 4.10:

q(t) exp{ _K2 : A(t)dt} < q(t) = q(t) exp {KZ Lt /\(t)dt} (4.102)

for t, > t; > ty. Show that

X' Ox()]] < LIX ' 9)x(9)]],  ts=> 1o, (4.103)
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where
L =exp {KZ J )L(t)dt}. (4.104)
to

4.14. Using Exercise 4.13, show that the strong stability of the system (S) im-
plies the strong stability of (4.77), where B : R, — M, is continuous and such that

Jw |[B(1)||dt < +c0. (4.105)
0

4.15. Let F : R" — R" be continuously differentiable with F(0) = 0. Assume
that the system

x' =F (0)x (4.106)

is asymptotically stable, where F'(0) is the Jacobian matrix of F at 0. Show that the
zero solution of the system

x' = F(x) (4.107)

is asymptotically stable. How would you extend this result to time-dependent sys-
tems of the type x" = G(#, x) and Jacobian matrices G(t,0)? Hint. Prove that

F(x) = F'(0)x + W(x), (4.108)

where W (x)/||x|| — 0asx — 0. Then use Exercise 4.12.

4.16. Show that (A(t)) is a continuous function of t for any continuous A :
J — M, where J is an interval of R.






CHAPTER 5

LYAPUNOV FUNCTIONS IN THE
THEORY OF DIFFERENTIAL SYSTEMS;
THE COMPARISON PRINCIPLE

Let V : R” — R be a continuous function such that limjy—« V(x) = +c0, and let
x(t) be a solution of the system

x" = F(t,x) (E)

defined on R,. In order to show that x(¢) is bounded on R, it suffices to show that
the function V(x(t)) is bounded above on R,. In fact, let V(x(t)) < K, t € Ry,
where K is a positive constant, and assume that [|x(¢,)|| — +o00 as m — oo, for
some sequence {f, };—1. Then V(x(t,)) — +0co, which is a contradiction. It follows
that x(¢) is bounded.

The main observation here is that local or global information about the solu-
tions of (E) may be obtained from certain scalar functions which, in some sense,
are associated with system (E). The study of this situation is the subject of this
chapter.

In Section 1, we introduce the concept of such Lyapunov functions V and show
their main connection with system (E). Section 2 establishes the existence of max-
imal and minimal solutions of first-order scalar problems

u, = V(t»u)) M(t()) = Up, (51)
and their relationships to system (E) by means of
VE,(t) 1/[) = )’(t, V(t) 1/!)), V(t(): uO) = Uo, (52)

where V is a Lyapunov function associated with (E) and Vj is a certain deriva-
tive of V' along the system (E). This inequality, which provides information about
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V(t,x(t)), is the main ingredient of the well-known comparison principle. Natu-
rally, the scalar function y(¢, u) above is intimately related to system (E). Such a
relationship could be given, for example, by an inequality of the type

[F(t,w)]| < y(t, Null) (5.3)

on a subset of R, x R".

An application of these considerations to an existence theorem on R is given
in Section 3, and Section 4 concerns itself with stability properties of the zero so-
lution of (E).

1. LYAPUNOV FUNCTIONS

DErINITION 5.1. Let S = Ry X R" and let V : § — R be continuous and satisfy
a Lipschitz condition w.r.t. its second variable in every compact subset of S. This
means that if K C S is compact, then there exists a constant Lx > 0 such that

||V(t,u1)—V(t,u2)|| SLK||u1—u2|| (54)

for every (t,u;), (t,u2) € K. Then V is called a Lyapunov function.

In what follows, the function F : Ry X R” — R" in equation (E) will be
assumed continuous. Let V (¢, u) be a Lyapunov function. We define V7 as follows:

Vit u) = limsup YL Ut BEG ) = Vit w)

(5.5)
i h

If x(¢) is a solution of (E) such that (t,x(t)) € S,t € [a,b) (0 <a< b < +x), then
we define

V*(t,x(t)) = limsup VIt +hx(t+ };1)) = V(t,x(t))
h—0*

(5.6)

for every t € [a,b). In our argument below, the point t € R, is fixed. Moreover, h
is a sufficiently small positive number, and L is a (local) Lipschitz constant for the
Lyapunov function V. We first note that

x(t+h) —x(t)

. ~ F(t,x(t)) = e(h), (5.7)

where €(h) — 0as h — 0*. Since

| V(t+h,x(t) + hE(t,x(t)) + he(h)) — V(t + h,x(t) + hF(t,x(t))) | < Lh||e(h)||,
(5.8)
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it follows that
V(t+hx(t+h)) — V(tx(t))
= V(t+h,x(t) +hF(t,x(t)) + he(h)) — V(t,x(t)) (5.9)
< V(t+hx(t)+hF(t,x(t))) + Lh|le(h)|| = V (£, x(1)).
Dividing above by h > 0 and then taking the lim sup as k — 0¥, we obtain
V*H(t,x(t)) < Vi(t,x(1)). (5.10)
Similarly, we have

V(t+hx(t+h) — V(t,x(t)) = V(t+h,x(t) + hF(t,x(t)))

(5.11)
= Lhlle()|| - V (£, x(1)),
which yields
Vi(t,x(t)) < VH(t,x(1)). (5.12)
Thus,
Vi(tx(1) = V¥ (6x(1)) (5.13)
at all points ¢ € [a, b). Evidently, we also have
limin V(t+hx(t+h) — V(t,x(t))
h—0+ h
(5.14)
_ hiri(i)?f V(t+h,x(t)+ hF(;:x(t))) - V(t,x(t)) '

We have shown the following lemma.

Lemma 5.2. Let S = Ry X R" and let (t,x(t)) € S foreveryt € [a,b) (0 <a<
b < +0), where x(t) is a solution of system (E). Assume further that V is a Lyapunov
function. Then

V},E(t’x(t)) = VJr(t’x(t)) (5.15)
foreveryt € [a,b).

Naturally, if V' is differentiable, then

V* (8, x(8)) = %V(t,x(t)) = Vi(t,x(t)) -

+(VV(t,x(1),F(t,x(1))),

where VV denotes the gradient of V (¢, u) w.r.t. u.
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2. MAXIMAL AND MINIMAL SOLUTIONS;
THE COMPARISON PRINCIPLE

The four Dini derivatives of a function u(t) are defined as follows:

D*u(t) = limsup w,

i n
Dyu(t) = lim inf “EEH) = u®)
h—0* h
L (5.17)
D u(t) = lim sup “EER = u®)
b n
D_u(t) = liminf w
h—0- h
These functions may assume the values +o0 and —co.
DEriNITION 5.3. Consider the equation
u' = y(t,u), (5.18)

where y is a continuous real-valued function defined on a suitable subset of R X R.
Let u(t) be a solution of (5.18) defined on an interval I = [fg,ty+a) (0 < a < +o0)
or I = [to, ty + a] with ty > 0. Then u(t) is said to be a maximal solution of (5.18)
on I, if for any other solution v(t) of (5.18) with v(ty) = u(ty) and domain I; C I
we have

u(t) = v(t), tel. (5.19)

Similarly one defines a minimal solution.

Obviously, maximal and minimal solutions are unique w.r.t. their initial con-
ditions. We are planning to show that there are always local maximal and minimal
solutions of (5.18) with any appropriate initial conditions. Before we state the rel-
evant result, we need the following auxiliary theorem.

THEOREM 5.4. Let M C R? be open and let y : M — R be a continuous
function. Let v,w : [to,tg +a) — R (0 < a < 400) be continuous and such that
(t,v(1)), (t,w(t)) € M forallt € [to, to+a). Furthermore, assume that v(ty) < w(ty)
and

D_v(t) < y(t,v(1)),

(5.20)
D_w(t) = y(t, w(t))

foreveryt € (to,ty +a). Then

v(t) < w(t), tE€ [to,to+a). (5.21)



MAXIMAL AND MINIMAL SOLUTIONS; THE COMPARISON PRINCIPLE 85
Proor. Assume that the conclusion is not true. Then
N = {t € [to, to + a) : v(t) = w(t)} + @. (5.22)

Let t; = inf{t: t € N}. By the continuity of v, w, and the inequality v(ty) < w(t),
we have t; > ty, v(t1) = w(t1), and

v(t) <w(t), tE€ [to,t1). (5.23)
Thus, for h < 0 and —#h sufficiently small, we have

V(tl + h) — V(tl) W(tl + h) — W(tl)
h g h ’

(5.24)

which yields D_v(t,) = D_w(t;). This and (5.20) imply y(t1, v(t1)) > y(t1, w(t1)),
that is, a contradiction to v(t;) = w(#;). It follows that N is the empty set. O

THEOREM 5.5 (existence of maximal and minimal solutions). Let D = [fg, to +
alx{u e R:lu—ugl < b}, wherety = 0, uy € Randb >0 are fixed. Lety : D — R
be continuous and such that |y(t,u)| < K (K constant) for every (t,u) € D. Then
the scalar problem

u' = y(t,u), u(ty) = uo, @)

has a maximal and a minimal solution on [ty, to+a), where « = min{a, b/(b+2K)}.

Above, and in what follows, a maximal (minimal) solution of (*) is just a
maximal (minimal) solution u(t) of (5.18) with initial condition u(ty) = u.

Proor or THEOREM 5.5. We will only be concerned with the existence of a
maximal solution. Dual arguments cover the existence of a minimal solution. Let
€ € (0,b/2] and consider the scalar problem

u = y(tu) +¢, u(ty) = up + €. (5.25)¢

We notice that the function y(t, u) + € is continuous on the set D, = [ty, o + a] X
fue R:|u—(u+e€)l < b/2}. We also notice that D, C D and |y(t,u) + €| <
K + (b/2) on De. Consequently, the Peano theorem (Theorem 3.1) ensures the
existence of a solution uc(t) of the problem (5.25)¢ which exists on [ty,f + «].
The boundedness of y(t, u) on D implies the equicontinuity of the family of func-
tions uc(t), € € (0,b/2], t € [ty, 1y + «]. Since these functions are also uniformly
bounded, we may choose a decreasing sequence {€,} such that€, — 0asn — oo
and s(t) = lim,— « u, (f) exists uniformly on [#y, tp + «] (see Theorem 2.5). Letting
n— o in

e, (£) = up + €, + J[ [y(s,uc,(s)) + €n]ds (5.26)
to
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and taking into consideration the fact that y(¢,uc,(t)) — p(t,s(¢)) uniformly on
[to, to + «], we obtain that s(¢) is a solution of (*) on the interval [fy, ty + «]. To
show that s(¢) is actually the maximal solution of (*) on [fy, ty + «], let u(t) be any
other solution of (*) on [ty, o + &'], @' < a. Then we have

u(to) =uy<uyt+te= Mg(to),
u'(t) < p(t,u(t)) +¢, (5.27)
uc(t) = y(t,uc(t)) + €

for every t € [ty,to + a'], € € (0,b/2]. Theorem 5.4 applies now to obtain u(¢) <

ue(t), t € [to,to + «']. This of course implies that u(¢) < s(t) on [ty,f) + «'] and
completes the proof. O

It is well known that a continuous function f : [a,b] — R is decreasing on
[a,b] if and only if D_f(x) < 0 (Dsf(x) < 0) for all x € (a,b). Similarly, f is
increasing on [a, b] if and only if D* f(x) = 0 (D™ f(x) = 0) for all x € (a,b).
The following three lemmas will be used in the proof of the Comparison theorem
(Theorem 5.10). The letter D denotes any one of the Dini derivatives.

LEMMA 5.6. Let u : [ty,to +a] — R, tg = 0, be continuous and such that
Du(t) <0 fort € [to,to + a] \ S, where S is a countable set. Then u(t) is decreasing
on [to, to + al.

The proof of this lemma follows easily from the proof of Theorem 34.1 in
McShane [41, page 200].

LEMMA 5.7. Let v,w : [to,to +a] — R, tg = 0, be continuous and such that
Dv(t) < w(t) forevery t € [to,to +a] \ S, where S is a countable set. Then D_v(t) <
w(t) for every t € (t,to + a).

Proor. Let
(1) = w(t) - f w(s)ds, t € [torto +al. (5.28)

Then Dy(t) = Dv(t) — w(t) < 0, t € [to,ty + a] \ S. Consequently, Lemma 5.6
implies that y(t) is decreasing on [#, ty + a], which in turn implies

D_y(t) = D_v(t) —w(t) <0, t€ (to,to+a) (5.29)

(see McShane [41, page 191]). This completes the proof of the lemma. O

ReEMARK 5.8. It is important to note that, in view of the above lemma, the
derivative D_ in Theorem 5.4 can actually be replaced by any other Dini derivative.
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LemMa 5.9. Let y : Ry X R — R be continuous and let (ty,up) € Ry X R
be fixed. Let s(t) be the maximal solution of (*) on the interval [ty, ty + a), for some
a € (0,+0), and fix t, € (ty, to+a). Then there exists €y > 0 such that, ife € (0, €y),
then the maximal solution s (t) of the problem

u =yptu)te,  ult) =u+e, (5.25)c
exists on [ty, t1] and satisfies

leifésf(t) = s(t) (5.30)

uniformly on [ty, t;].

Proor. Let M C Ry X R be compact and such that, there exists b > 0 such that
Di=[t,t+b]x{ueR:|u—(s(t)+€)| <b}cM (5.31)

for every t € [y, 11], € € (0,b/2]. Suppose that |y(t,u)| < K on M, where K is a
positive constant. Then we have

|ﬂtw+€|sK+g (5.32)

on D! for every t € [to,t1], € € (0,b/2]. Theorem 5.5 applied to the rectangle
DY ensures the existence of a maximal solution s¢(f) of (5.25)¢ on the interval
[to, to + &] with « = min{b, (b/b + 2K)}. The number a does not depend on €.
Now, we choose a positive integer N such that

wzﬁﬁﬁsm (5.33)

and we proceed as in Theorem 5.5 to conclude that

E{%Se(t) = s(t) (5.34)

uniformly on [ty, fo + «]. Here, we have used the fact that a maximal solution is
unique and that for every sequence {€,} with €, > 0 and lim,_. €, = 0 there exists
a subsequence {€,,} such that s, (t) — s(t) as n — co uniformly on [y, tp + «']. It
follows that s¢(fo + o) — s(to + ') as € — 0. Thus, there exists a positive €; < b/2
such that

0< (€) = selty + ) — s(to +a) < g ce (0,6]. (5.35)
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Repeating the above argument on the rectangle DL"(X, C M, for € < €;, we obtain
that the problem
u' =y(t,u) +e, u(to+a') =s(to+a') +u(e) (5.36)

has its maximal solution 5¢(¢) existing on [ty + &, f) + 2a’]. We can extend the
function s () to the interval [ty + &', fy + 2’ ] by defining

se(t) =5:(t), te[to+a,to+2da], (5.37)

for € < €;. Obviously, this extended function s¢(t) is the maximal solution of
(5.25)c on the interval [y, fp+2a’ | and converges to s(t) uniformly on this interval
as € — 0. Similarly, using finite induction, we show that there is €y = €y such

that the maximal solution s¢(t) of (5.25)¢ exists on [fy,tg + No'] = [to,t:1] for
€ € (0,€p), and converges to s(f) uniformly on [fy,#;] as € — 0. The proof is
finished. 0

THEOREM 5.10 (the comparison theorem). Lety: Ry X R — R be continuous
and fix (to, ug) € Ry X R, a € (0,+00]. Let s(t) be the maximal solution of (*) on the
interval [ty, to + a). Let u : [to, ty + a) — R be continuous and such that u(ty) < ugy
and

Du(t) < y(t,u(t)), te [thh+a)\s, (5.38)
where S is a countable set. Then
u(t) < s(t), te[toto+a). (5.39)
Proor. We first notice that, by Lemma 5.7, we have
D_u(t) < y(t,u(t)), tE€ (to,to+a). (5.40)

If t; is a point in (fy, ty + a), then the above lemma ensures the existence of the
maximal solution s (¢) of (5.25)¢ on [y, t;] for all sufficiently small € > 0. We also
have that sc(#) — s(t) uniformly on [fy,#] as € — 0. Combining (5.25)¢, (5.40),
and Theorem 5.4, we find that u(t) < s¢(t) on [to, t;]. This implies that u(t) < s(¢),
t € [to, t1]. Since t; € (ty, tp + a) is arbitrary, the theorem is proved. O

We are now ready to state and prove the comparison principle mentioned in the
introduction. This principle is the source of an abundance of local and asymptotic
properties of solutions of (E). Some of its applications will be given in Sections 3
and 4.
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THEOREM 5.11 (the comparison principle). Let V be a Lyapunov function de-
fined on Ry X R" and assume that

Ve(tu) <y(£,V(tu), (tu) € Ry xR", (5.41)

where y : Ry X R — R is continuous and such that problem (*) has the maximal
solution s(t) on the interval [t), T) (0 < ty < T < +o0). Let x(t), t € [ty, T), be any
solution of (E) with V (to,x(t0)) < ug. Then V(t,x(t)) < s(¢t) forevery t € [ty, T).

Proor. Let A(t) = V(t,x(t)), t € [to, T). Then A(ty) < up and, by Lemma 5.2,
D*A(t) < y(t,A(1)), te€E [t T). (5.42)

Theorem 5.10 implies A(¢) < s(t), t € [to, T). O

3. EXISTENCE ON R,

In this section, we employ the comparison principle in order to establish an exis-
tence theorem on R for system (E). As before, we assume that F : Ry XR" — R" is
a continuous function. The following lemma is an easy consequence of the proofs
of Theorems 3.6 and 3.7.

LemMa 5.12. Let x(t), t € [to,t1) (0 <ty < t; < +00), be a solution of sys-
tem (E). Then x(t) is extendable to the point t = t, if and only if it is bounded on
[tO: tl)

DerINITION 5.13. Let x(t), t € [ty, T), (0 < ty < T < +o0), be a solution of
system (E). Then x(¢) is said to be noncontinuable or nonextendable to the right if
T equals +o0 or x(t) cannot be continued to t = T.

Theorem 5.14 below says that every extendable to the right solution of (E) is
the restriction of a noncontinuable to the right solution of the same system.

THEOREM 5.14. Let x(t), t € [ty,t1) (t1 >ty = 0), be an extendable to the right
solution of system (E). Then there is a noncontinuable to the right solution of (E)
which extends x(t). This means that there is a solution y(t), t € [t,t2), such that
ty > t, y(t) = x(t), t € [to,t1), and y(t) is noncontinuable to the right. Here, t, may
equal +co.

Proor. It suffices to assume that f5 > 0. Let Q = (0, 0) X R" and, for m =
L2,..,letQu = {(t,u) € Q: 2+ ||ull> < m, t = 1/m}. Then Q,y C Qpus1 and
U Qu = Q. Furthermore, each set Q,, is a compact subset of Q. By Lemma 5.12, a
solution y(t), t € [ty, T), is noncontinuable to the right if its graph {(t, y(t)) : t €
[to, T)} intersects all the sets Q,,. We are going to construct such a solution y(t)
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which extends x(¢). Since x(t) is continuable to the right, we may consider it de-
fined and continuous on the interval [f, #;]. Now, since the graph G = {(t,x(¢)) :
t € [to, t1]} is compact, there exists an integer m; such that G C Qy, . If the num-
ber a > 0 is sufficiently small, then for every (a,u) € Qy,, the set

M., = {(t,x) eR™ i |t —a| <a,|x—ul <a} (5.43)

is contained in the set Q,,+1. Let ||F(f,x)|| < K on the set Q,,+1, where K is
a positive constant. By Peano’s theorem (Theorem 3.1), for every point (a,u) €
Qum, there exists a solution x(#) of system (E) such that x(a) = u, defined on the
interval [a,a + ] with 8 = min{«, «/K}. This number 8 does not depend on the
particular point (a,u) € Q,,. Consequently, since (¢,x(t;)) € Q,, there exists a
solution x; (f) of (E) which continues x(t) to the point ¢ = t; + . Repeating this
process, we eventually have a solution x4(t) (g a positive integer) of system (E),
which continues x(t) to the point ¢, + ¢ and has its graph in the set Q,,, +1, but not
entirely inside the set Q. In this set Q,,,+1 we repeat the continuation process as
we did for the set Q,,,. Thus, we eventually obtain a solution y(¢) which intersects
all the sets Q,,, m > mj, for some mj, and is a noncontinuable extension of the
solution x(1). O

The theorem below shows that a noncontinuable to the right solution of (E)
actually blows up at the right endpoint T of the interval of its existence, provided
that this point T is finite.

THEOREM 5.15. Let x(t), t € [ty, T) (0 <ty < T < +00), be a noncontinuable
to the right solution of (E). Then

Jim [|x(®)]] = +o0. (5.44)

Proor. Assume that our assertion is false. Then there exists an increasing
sequence {t,},-; such that t,, € [to,T), limy—~e tyy = T and limpy— l[x(tm) |l
= L < +oo. Since {x(t,,)}, m = 1,2,..., is bounded, there exists a subsequence
{x(t,,)} such that x(t,,) — y,as m — oo, with | y|l = L and t,, increasing. Let M be
a compact subset of Ry X R" such that the point (7, y) is an interior point of M.
We may assume that (¢,,,x(t,,)) € intM for all m = 1,2,.... We will show that,
for infinitely many m, there exists £, such that

by < <ty (Buox(En)) € OM. (5.45)
In fact, if this were not true, there would be some € € (0, T) such that (¢,x(t)) €
intM forall t € (T — €, T). But then Lemma 5.12 would imply the extendability
of x(t) to t = T, which is a contradiction. Let (5.45) hold for a subsequence {m’}
of the positive integers so that £, is the smallest number with the property

try <bw <t (Ew>x(fw)) € OM. (5.46)



EXISTENCE ON R 91

Then we have

l,linoo (EmUx(fm’)) = (T: )/) (5-47)

m

This is a consequence of the fact that t,, — T as m’ — co and the inequality
(B ) = x(t,)|| < (e = 1) (5.48)

where y is an upper bound for the function F(t,x) on M. However, since oM is a
closed set, we have (T, y) € dM. This is a contradiction to our assumption. The
proof is complete. ]

It should be noted that a local maximal solution of (*) can always be extended
to a noncontinuable to the right maximal solution. This is a consequence of The-
orems 5.5 and 5.14.

We are now ready for the main result of this section which says that every
solution of system (E) is extendable to +oo if this is true for an associated scalar
differential equation.

THEOREM 5.16 (the comparison principle and existence on R.). Let V : Ry X
R" — R be a Lyapunov function satisfying
Vi(t,u) < y(t, V(tu)), (fu) € Ry X R" (5.49)

and V(t,u) — +oo as |lull — +oo uniformly w.r.t. t lying in any compact set. Here, y :
Ri+ X R — R is continuous and such that for every (to, up) € Ry X R the problem (*)
has a maximal solution defined on [ty, +o0). Then every solution of (E) is extendable
fo +oco.

Proor. Let [y, T) be the maximal interval of existence of a solution x(t)
of (E) and assume that T < +o0. Let y(¢) be the maximal solution of (*) with
y(to) = V(to,x(ty)). Then Theorem 5.11 ensures that

V(t,x(t)) < y(t), te[t,T). (5.50)

On the other hand, since x(¢) is a noncontinuable to the right solution, we must
have

Tim [lx(O]] = +eo (5.51)

by Theorem 5.15. This implies that V (¢, x(¢)) converges to +o as t — T, but (5.50)
implies that

limsup V (£, x(¢)) < y(T). (5.52)
T~

Thus, T = +oo. |
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It is easy to see that (5.49) is not needed for all (t,u) € Ry x R". It can be
assumed instead that it holds for all u € R” such that [|u|| > &, where « is a positive
constant. Having this in mind, we establish the following important corollary.

COROLLARY 5.17. Assume that there exists o > 0 such that
IF( )l < y(6lull), ¢ € Ry, llull >a (5.53)

wherey : Ry X Ry — Ry is continuous and such that for every (to, ug) € Ry X Ry,
problem (*) has a maximal solution defined on [ty, co). Then every solution of (E) is
extendable to +oo.

Proor. Here, it suffices to take V (¢, u) = ||ull. In fact, from the proof of The-
orem 4.10 we obtain

Vit (0 = Jim X0 P20 = 0] »
< [IF(x®)]| < y(s 150 = y(& V(6,x(1)),

provided that [|lx(#)]| > «a. Now, let x(t), t € [ty, T), be a noncontinuable to the
right solution of (E) such that T' < +o0. Then, for t sufficiently close to T from the
left, we have ||x(¢)] > a. The rest of the proof follows as in Theorem 5.16. O

4. COMPARISON PRINCIPLE AND STABILITY

In this section, we establish stability properties of the zero solution of a system of
the form (E) by assuming the same stability properties of the zero solution of an
associated scalar equation of the form (*).

DerINITION 5.18. Let the function A : Ry — R, be strictly increasing, con-
tinuous and such that A(0) = 0. Then A is called a Q-function. The set of all Q-
functions will be denoted by QF.

DEFINITION 5.19. A Lyapunov function V : Ry X R"” — R with V(£,0) = 0 is
said to be Q-positive if there exists A € QF such that

V(t,u) = A(llull), (tu) € Ry x R™ (5.55)

DEFINITION 5.20. A Lyapunov function V : Ry X R” — R is said to be Q-
bounded if there exists A € QF such that

V(t,u) < A(llull), (tu) € Ry x R™ (5.56)

We are now ready for our first stability results via the comparison method.
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THEOREM 5.21. Let F(t,0) = 0 and V : Ry X R" — R be a Lyapunov function
with the property

Vie(tu) <y(£,V(tu), (tu) € Ry xR", (5.57)
wherey : Ry X R — R is continuous and y(t,0) = 0. If the zero solution of
u' = y(t,u) (5.58)

is stable (asymptotically stable) and V is Q-positive, then the zero solution of (E) is
stable (asymptotically stable).
Proor. Assume the stability of the zero solution of (5.58). The Q-positiveness
of V implies the existence of A € QF such that
V(tu) = Allull), (tu) € Ry x R™ (5.59)

Given € > 0 there exists 77(€) > 0 such that |y(¢)| < A(€) for all t € R, where
y(t) is any solution of (5.58) with [y(0)| < #(e). This property follows from
the stability assumption on (5.58). On the other hand, since V is continuous and
V(t,0) = 0, there exists §(€) > 0 such that

V(0,x0) < n(e) whenever ||xo|| < 8(¢). (5.60)
Now, fix xy with [|xo|l < 8(€), let x(¢) be a solution of (E) with x(0) = xo, and let
u(t) be the maximal solution of (5.58) with the property u(0) = V(0,xo). Then,
by Theorem 5.11, we have
AllxOI) <= V(t,x(t) < u(t) < Me), teR,, (5.61)
which, along with the fact that A is strictly increasing, implies that
[lx(D]| <€, teR;. (5.62)
This proves the stability of the zero solution of (E).

If we assume the asymptotic stability of the zero solution of (5.58), then the
asymptotic stability of the zero solution of (E) follows from

A(llx®]]) < u(t), teR,, (5.63)
which holds for [|x(0)[| = IIxoll sufficiently small. Since lim;_« u(t) = 0, we also
have

}im [|x(8)]| < }imk’l(u(t)) =0. (5.64)

This is the end of the proof. ]
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The uniform stability cases are covered by Theorem 5.22.

THEOREM 5.22. Let F(t,0) = 0 and V : R, X R" — R be a Lyapunov function
with the property

Ve(tu) <y(5,V(Lu), (tu) € Ry xR", (5.65)

where y : Ry X R — R is continuous and y(t,0) = 0. Assume that V is Q-positive
and Q-bounded. Then if the zero solution of (5.58) is uniformly (uniformly asymp-
totically) stable, the same fact is true for (E).

Proor. Let A,y € QF be such that
Alull) = V(L uw) < p(llull),  (tu) € Ry x R, (5.66)

and let (5.58) have its zero solution uniformly stable. Then given € > 0, , € Ry,
there exists #(€) > 0, independent of fy, such that |y(t)| < A(e) for all t = o,
where y(t) is any solution of (5.58) with |y ()| < #(€). Now, let §(€) > 0 satisty
8(e) <u~'(n(e)). Then if xo € R" is given with [|xo || < 8(€), we have

V(t,x0) < u(|lxol]) < n(e) (5.67)

for every t = 0. From this point on, the proof of our first assertion follows as the
proof of Theorem 5.21 by arguing at t = f, instead of t = 0.

To prove our second assertion, let (5.58) have its zero solution uniformly
asymptotically stable, and let A, y be as in (5.66). Then there exists 7, > 0 with
the following property: given € > 0, there exists T'(€) > 0 such that every solution
y(t) of (5.58) with |y(to)| < 10, for some t, = 0, satisfies

ly()| <Ale), t=to+T(e). (5.68)

Let 8o > 0 be such that (o) < ro. Then if x is a vector in R” with [|x|l < 8o, we
have

V(t,x0) =< p([[xol]) < (80) <10 (5.69)
for every t € R,. Again, the proof continues as the proof of Theorem 5.21 by
arguing at t = ty + T(€) instead of t = 0. ]

EXERCISES

5.1. Consider (E) with F(£,0) = 0. Let V : Ry X R" — R, be an appropriate
Lypunov function satisfying

allull < V(t,u) < bllull, Vi(t,u) < =cV(t,u), (5.70)



EXERCISES 95

for every (t,u) € Ry X R", where g, b, ¢ are positive constants. Show that there
exists a constant K > 0 such that

[x(®)]| < K||xo|le "), =ty =0, (5.71)
where x(t) is any solution of (E) with x(#y) = x. This phenomenon is called
exponential asymptotic stability of the zero solution of (E).

5.2. Consider (E) with F(¢,0) = 0. Let V : Ry X R" — R be a Q-positive
Lyapunov function satisfying

Vi(t,u) = —p(t)q(V(t,u)) (5.72)

for all (t,u) € Ry x R", where p : Ry — R, is continuous and satisfies

Jm p(D)dt = +oo, (5.73)
0

Provide conditions on g : R — R so that the zero solution of (E) is asymptotically
stable.

5.3. Consider the system
X = x2,

%, = -0 - g(x), (A)

where ¢ : R — R is continuous with g(0) = 0. Provide conditions on g that
ensure the stability of the zero solution of (A). Hint. Use the Lyapunov function
V(t,u) = llull®.

5.4. Consider the system

7
X1 = X2,

(B)

’

X, = —p(x1,%2),

where p : R? — R is continuous and such that sgn p(u;,0) = sgnu; for any
u; € R,

[ p(u1,0) = p(ur,uz)] <0, (ur,u2) € R?,

y (5.74)
lim J p(s,0)ds = +oco.
0

[v] =00

Show that all solutions of (B) are bounded. Hint. Consider the Lyapunov function

Vit u) = i +2 J p(s,0)ds, (5.75)
0

where u = (u,us) € R2.
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5.5. Study the stability properties of the linear system

’ b(t t
xi| | b)) al) | |x (5.76)
X —a(t) b(t)||x
with a,b : Ry — R continuous, by imposing general conditions on the functions
a, b. Use the Lyapunov function V(u) = |lull?.

5.6. Show that the local Lipschitz continuity assumption in the definition of
a Lyapunov function (Definition 5.1) cannot be omitted. Consider the Lyapunov
function V(x) = |x|"?sgnx. Compute V*(0,x(0)) and Vj(0,x(0)) for the solu-
tion x(t) = t* of the equation x = 2t.

5.7. Let F in (E) be such that [|[F(t, u)|l| < p(t)q(llull), where p : R — R and
q: Ry — Ry are continuous with g(0) = 0 and g(s) > 0 for s > 0. Furthermore, let

Lm % ~ oo, (5.77)

for some v > 0. Using the problem

u' = p(t)q(u), u(ty) = up >0, (5.78)
show that for every (fy,x9) € Ry X R" there exists a solution x(¢), t € R4, of (E)
with x(ty) = xo.

5.8 (integral inequalities). Let K : J X ] X R — R, J = [ty, o), be continu-
ous and increasing in its third variable. Assume further that for three continuous
functions u, v, f : ] — R we have

u(t) < f(£) + Lt K(t,s,u(s))ds,
’ (5.79)

v(t) = f(t) + Lt K(t,s,v(s))ds

for every t = fy and u(ty) < v(ty). Show that u(t) < v(t), t = to. Hint. Assume
that there is t; > to with u(¢;) = v(t;) and u(t) < v(t), t € [to, t1). Prove that this
assumption leads to the contradiction that u(t;) < v(t;).

5.9 (local solutions to scalar integral equations). Consider the equation

x(t) = f(t) + f K (t,s,x(s))ds, 0
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where f : [ty,t) +a] — R is continuous. Furthermore, assume that K : D — R be
continuous, where

D = [t(), to + a] X [t(),t() + a] X Dy, (580)

where Dy = {u € R: |u— f(t)| < b, for some t € [ty, 1) + a]}, with b a positive
constant. Show that (I) has a solution x(t), t € [to, to+«], where « = min{a, b/Ko},
Ko = sup{|K(t,s,u)l; (t,s,u) € D}. Hint. Consider the sequence {x,,(t)};,—; with
Xl(t) = f(t), te [t(), to + (X], and

xwﬂzfm,tE[mm+%}
(5.81)

t—a/m

xMﬂ=fm+J

K(t,s,xn(s))ds, te [to + ﬁ,to + oc],
to m
for every m = 2,3,.... The first equation defines {x,,(t)} on [ty, to + (a/m)]. From
the second equation we get

t—a/m

xMﬂ=fm+J

to

K(ts, f(s))ds, te [to LI 2—"‘] (5.82)
m m

In the next step, x,,(t) is defined on [ty + (2a/m), ty + (3a/m)] and so on. Thus,

the second equation of the definition of x,,(t) defines x,,(t) “piecewise” on the

intervals [ty + (ka/m), to+((k+1)a/m)], k = 1,2,...,m—1. The resulting function

is continuous on [fy, ty + «]. Show that |x,, () — f(¢)| < b and use Theorem 2.5 to

show the existence of a subsequence of {x,,(t)} converging to the desired solution.

5.10 (Maximal solutions of integral equations). Let the assumptions of Exer-
cise 5.9 be satisfied with the last factor of D replaced by R. Assume further that K
is increasing in its last variable. Then (I) has a maximal solution on some interval
[t0, to + ], @ > 0. Hint. Model your proof after that of Theorem 5.5. Consider the
integral equation

(1) = f(O) + f K(t 5, x(s))ds. (5.83)

Apply the result of Exercise 5.9 to obtain an appropriate solution x¢(t) on [#o, to+«]
as in Theorem 5.5.

5.11. Let F : Ry Xx R" - R", V : R” — R, be continuous and such that
F(t,0) = 0, V(0) = 0 and V(u) > 0 for u # 0. Assume that V is continuously
differentiable on the ball B,(0), for some « > 0, and satisfies

(VV(u),F(t,u)) <0, te Ry, uc By(0). (D)
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Prove that the zero solution of

x" = F(t,x) (E)
is stable by following these steps: letting € € (0, «), show that V attains its mini-

mum m > 0 on 0B¢(0). Then show that there is § € (0, €) such that V(x) < m/2
for x € Bs(0). Thus, if [|x(0)]| < §, then the inequality

V(1) = V(x(0) = 7

(5.84)
precludes x(t) from reaching the surface dB¢(0). This means that [|x(¢)]| < € for as

long as x(t) exists. (Naturally, this problem can be solved by considering the scalar
equation u’ = 0.)

5.12. Let the assumptions of Exercise 5.11 be satisfied with F(u) instead of
F(t,u). Assume further that

T(u) = (VV (1), F(1)) <0 (5.85)

for every u € Bg(0) such that u # 0. Here, 8 € (0, «]. Show that the zero solution
of (E) is asymptotically stable. Hint. Let € € (0,/3), |x(0)|l < &, where ¢ is as in
Exercise 5.11. Let V(x(t)) — Last — oo. If L = 0, we are done. If L > 0, there
exists K > 0 such that [|x(¢)|| > K and ||x(¢)|| < € for all large ¢. Use the fact that
the function T'(u) attains its (negative) maximum on the set S = {u € R" : K <
lull < €}, and an integration of T'(x(t)) to get a contradiction to the positiveness
of V(x(t)).

5.13. Consider Van der Pol’s equation
X" +k(1-x})x +x=0, (G)

where k is a constant.

(1) Determine k so that the zero solution of (G) (written as a system) is
stable.
(2) Extend your result to Liénard’s equation

X'+ f(x)x" +g(x)=0 (L)

with f: R - R, g: R — R continuous and g(0) = 0.
(3) Impose further conditions on f, g that guarantee the asymptotic stabil-
ity of the zero solution of (L). Hint. You may consider the system

’
X1 = X2,

Xy = —f(x)x —g(x), (5.86)
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or the system

x| =x— L 1 f(u)du,

(5.87)
Xé = _g(xl))
in connection with the Lyapunov function
x2 X1
V(xy,x2) = EZ +J g(u)du (5.88)
0

and Exercises 5.11 and 5.12.

5.14 (instability). Let V : R” — R4, F : R” — R" be continuous with F(0) =
0, V(0) = 0 and V(u) > 0 for u # 0. Furthermore, assume that V is continuously
differentiable on B,(0), for some a € (0, ), and

(VV(u),F(w)) >0 (5.89)

for all u € B,(0) with u # 0. Show that the zero solution of (E) is unstable. Hint.
Let 8 € (0,a). Choose ¢ € Bg(0) (¢ # 0), u € (0, |lc|) such that V(u) < V(c) for
llull < p. Let m be the minimum of (VV(u), F(u)) on {u € R" : y < [[ull < f3}.
Show that if the solution x(¢) satisfies x(0) = ¢, then dV (x(¢))/dt = 0 for as long
as [|x(¢)|l < 8. This says that V(x(t)) = V(c) and [[x(¢)|| = u. It follows that

V(x(t)) = V(c) +tm (5.90)

for as long as [[x(#)|| < f. Since the function V(x(t)) is bounded for as long as
lx(t)ll < B, the above inequality implies that x(#) must go through the sphere
0Bg(0) at some time #y. Thus, from each ball Bs(0) starts a solution x(¢) of x" =
F(x) that penetrates the sphere dBs(0). This implies the instability of the zero so-
lution of x" = F(x).

5.15. Let F: R x R" — R", V : R" — R, be continuous and such that F(t, u)
is T-periodic in t (T > 0 is fixed and F(t + T,u) = F(t,u), (t,u) € R x R").
Moreover, F(t,0) = 0, V(0) = 0 and V(u) > 0 for u # 0. Assume that V is
continuously differentiable on R” and satisfies

(VV(u),F(t,u)) <0 (5.91)
forall t € [0,T], u € R™. Assume further that given any constant ¢ > 0, there is

no solution x(t) of (E) such that V(x(t)) = ¢, t € [0, T]. Show that (E) has no
T-periodic solutions x(t) # 0.
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5.16 (uniqueness via Lyapunov functions). Let V : R” — Ry, F: Ry X R" —
R" be continuous and such that V(0) = 0, V(u) > 0 for u # 0, and F(t,0) = 0.
Furthermore, let V be continuously differentiable on R” and such that

(VV(u—v),F(t,u) — F(t,v)) <0 (5.92)

for any t € Ry, (4,v) € R" x R™. Then if x(t), y(t), t € [ty, ) (tp € Ry), are
two solutions of (E) such that x(t;) = y(ty), we have x(¢) = y(t), t € [ty, ).
Show this, and then consider an improvement of this result by replacing zero in
the above inequality by y(t, V(u — v)), for some suitable scalar function y.

5.17. Extend the results of Exercises 5.12 and 5.14 to nonautonomous sys-
tems (E) (with F depending also on the variable ¢). Furthermore, examine the case
of Lyapunov functions V depending also on the variable .

5.18. Prove Lemma 5.12.

5.19. Show that the zero solution of the following system is stable:
X; =% — X3, Xy = —x1 — X5 (5.93)

Hint. Use the Lyapunov function V(x) = x? + x3 and Exercise 5.11.

5.20. Consider the system
x'=-VV(x), (5.94)

where V : R” — R, is continuously differentiable, V(0) = 0, and V(x) > 0 for
x # 0. Show that V(x) can be used as a Lyapunov function to show the stability of
this system. Use Exercise 5.11.

5.21. Let A : Ry — M, be continuous and consider the system
x' = A(t)x. (S
Assume that A(t) = [aij(t)]ﬁjzl, where a;j(t) = —aji(t) fori # jand a;(t) < 0.

Show the stability of this system by using the Lyapunov function V(x) = |x[|?> and
Exercise 5.11. Compare with Exercise 5.5.

5.22. For the scalar equation
X+ flox)x +g(x) = h(b), (5.95)

assume the following:
(i) f: RZ — Ri,g:R = R,h: Ry — Rare continuous;
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(i) ug(u) >0 foru # 0 and G(x) — oo as |x| — oo, where
X
G(x) = J g(u)du; (5.96)
0
(iii)
J | h(t) | dt < +oo. (5.97)
0
Show that all solutions of this equation and their derivatives are bounded

onR,.
Hint. Consider the system

x| =x, ( )
5.98
Xy = —f(x1,%) % — g(x1) +h(t),
and the “Lyapunov” function
t
V(t,x) = \Jx3 +2G(x1) —J | h(s) | ds. (5.99)
0
Show that (d/dt)V (t,x(t)) < 0 whenever t > 0 and x2(f) + x3(t) # 0.
5.23. For the scalar equation
X+ f(txx")x +g(x) = h(t), (5.100)

assume that f : Ry X R? - Ry, g : R — R, h: Ry — R are continuous and such
that

‘i‘iirlw {G(x) = J:g(u)du} = +o00,

(5.101)
lim {E(t) - JOI |h(t)|dt} < +oo.

Show that all solutions of this equation and their derivatives are bounded on R,.
Hint. Consider the resulting system in R? and the Lyapunov function

2
V(t,x) = e’ZE(’){G(xl) + % + 1}. (5.102)






CHAPTER 6

BOUNDARY VALUE PROBLEMS ON FINITE
AND INFINITE INTERVALS

Let J be a subinterval of R and F : ] X R" — R" continuous. Let By be a class of
continuous R"-valued functions defined on J. Then the system

x' = F(t,x) (E)

along with the condition x € By is a boundary value problem on the interval J. Nat-
urally, the condition x € Bj is too general and contains the initial value problem
on ] = [ty, T], that is, By can be the class {x € C,[to, T] : x(ty) = xo}. A bound-
ary value problem (b.v.p.) usually concerns itself with boundary conditions of the
form x € By which involve values of the function x at more than one point of the
interval J. One of the most important b.v.p.’s in the theory of ordinary differential
equations is the problem concerning the existence of a T-periodic solution. This
problem consists of (E) and the condition

x(t+T) =x(t) foreveryte R, (6.1)
where T is a fixed positive number. Here, we usually assume that F is T-periodic in
its first variable ¢t which ranges over R. In this case, this problem is actually reduced
to the simple problem

x(0) —=x(T) =0 (B1)
(see Exercise 3.7). Another, more general, b.v.p. is the problem ((E), (B,)), where

Mx(0) — Nx(T) = 0. (B2)

Here, M and N are known 7 X n matrices. Naturally, the points 0, T' can be replaced
above, and in what follows, by any other points a,b € R with b > a. In the case
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M = N = I, the condition (B;) coincides with (B;). An even more general problem
is the problem ((E), (B3)), where

Ux=r. (B3)

Here, r € R" is fixed and U is a linear operator with domain in C, [0, T'] and values
in R™. Such an operator U could be given, for example, by

T
Ux = J V(s)x(s)ds, (6.2)
0

where V : [0, T] — M, is continuous. The operator U in (B3) could be defined on
a class of functions over an infinite interval. For example,

Ux = ro V(s)x(s)ds (6.3)
0
or
Ux = Mx(0) — Nx(), (6.4)

where x(o0) denotes the limit of x(¢) at t — 0. In these two last conditions we may
consider By = {u € CL : Uu = r}. Naturally, we must also assume a condition on
V like

j: V()| dt < +oo. 65)

In this chapter, we study b.v.p’s on finite as well as infinite intervals. We begin
with the case of linear systems and continue with perturbed systems of the type
discussed in Chapter 4. All boundary value problems on finite (closed) intervals
are studied on [0, T]. Extensions to arbitrary finite (closed) intervals are obvious.

1. LINEAR SYSTEMS ON FINITE INTERVALS

We are interested in b.v.p’s for linear systems of the forms

x" = A(t)x, (S)
X' =Alt)x+ f(t), (S¢)

where A : ] — M,, f : ] — R" are assumed to be continuous on the interval
J = [0, T]. Let X(¢) be the fundamental matrix of (S) with the property X(0) = I.
Then the general solution of (S) is X (#)xo, where xj is an arbitrary vector in R".
Let U : C,[0,T] — R" be a bounded linear operator. Then U(X(-)xp) = Xxo
for every xy € R", where X is the matrix whose columns are the values of U on
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the corresponding columns of X (). It is easy to prove that this equation holds. It
is obvious that the homogeneous problem (S), with the homogeneous boundary
conditions

Ux =0, (B4)

is satisfied only by the zero solution if and only if xy = 0 is the only solution to the
equation Xxo = 0, that is, if and only if the matrix Xis nonsingular. Now, we look
at the problem ((S¢), (B3)). The general solution of (Sy) is given by

x(t) = X(H)xo + p(t, ), tel0,T], (6.6)
where
Pt ) = X(0) [ X () f(0)ds (6.7)
The solution x(t), with x(0) = x, satisfies (Bs) if and only if
Ux =7 =Xxo+ Up(-, f). (6.8)

This equation in xj has a unique solution in R”, for some r € R”, f € C,[0, T], if
and only if X is nonsingular. This solution is given by

xo=X"r—Up(- )] (6.9)

Consequently, we have shown the following theorem.
TueoREM 6.1. Consider the problem ((S¢), (Bs)), where U : C,[0,T] — R" is
a bounded linear operator. The following statements are equivalent:
(i) the problem ((S), (B4)) has only the zero solution;
(ii) the problem (((Sf), (Bs)) has a unique solution for every (r, f) € R" x
Cul0, T];
(iii) the problem ((Sy), (B3)) has a unique solution for some (r, f) € R" X
Cul0, T1;
(iv) X is nonsingular.
This theorem holds true if C,,[0, T] is replaced by C,(R,) or C., provided of
course that the matrix X and the vector Up(-, f) are well defined.

2. PERIODIC SOLUTIONS OF LINEAR SYSTEMS

We now show that the dimension of the vector space of T-periodic solutions (i.e.,
solutions x(t) such that x(0) = x(T)) of (S) is the same as the dimension of the
corresponding space of the adjoint system

¥y = —yA(1) (oru' = —AT(t)u), (S.)
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where y=[y1,y2,..., ya] and u= yT. Whenever we are dealing with T-periodicity,
the functions F(t, x) in (E) and A(t), f(¢) in (Sy) will be assumed to be T-periodic
in t. The reader should not confuse the period T with the letter T indicating trans-
pose.

THEOREM 6.2. Let m be the number of linearly independent T-periodic solutions
of system (S). Then m is also the number of linearly independent T-periodic solutions

of (Sa).

Proor. System (S) has a T-periodic solution with initial value x, if we have
X(T)xo = xo. From Exercise 3.4 we know that X '(¢) is the fundamental ma-
trix of system (S,) with X~1(0) = I. Consequently, the general solution of (S,) is
y(t) = yoX~1(¢). System (S,) will have a T-periodic solution with initial value yg
if we have yp = yoX1(T) or yoX(T) = y,. Transposing this equation we obtain
XT(T)yl = y. However, the matrices X(T) — I, X”(T) — I have the same rank.
It follows that the equations

[X(T) - I]xo = 0, (XT(T) - Iyl =0 (6.10)

have the same number of linearly independent solutions. This implies that the
systems (S) and (S,) have the same number of linearly independent T-periodic
solutions. |

Theorem 6.3 below is called the Fredholm alternative and provides a necessary
and sufficient condition for the existence of T-periodic solutions of system (Sy).
If C € M, and D is an n-vector (row n-vector), the symbol [C | D] denotes the
augmented (row-augmented) matrix of C and D.

TaEOREM 6.3 (Fredholm alternative). A necessary and sufficient condition for
the existence of a T-periodic solution of system (S¢) is that f be orthogonal to all
T-periodic solutions of (S,), that is,

T
Jo yi)f(Hdt =0, j=12,...,m, (6.11)

where {y;}7., is a basis for the vector space of T-periodic solutions of system (S).

Proor. The general solution x(t) of (Sy) is given by
t
x(t) = X(t)xo + J X)X '(s)f(s)ds (6.12)
0
for every t € [0, T], xo € R". Thus,

(T) = X(T)xo + X(T) LTx-l(s) F(s)ds. (6.13)
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Hence, x(t) will be T-periodic if and only if
T
[ - X(T)]xo = X(T)J X1(s) f(s)ds (6.14)
0

has solutions xo. Assume that (Sy) does have a T-periodic solution x(t) with initial
condition x(0) = x. Let y(t) be a T-periodic solution of (S,) with y(0) = yo. Then
we have (see proof of Theorem 6.2) yo = yX(T) or
yo[I = X(T)] = 0. (6.15)
It follows that
yolI = X(T)]x0 = 0. (6.16)

Equations (6.14) and (6.16) yield

T T
27X (T) L X1(s) f(s)ds = L PX(DX ') f(S)ds = 0. (6.17)

However, y0X(T) = yo and y(f) = yoX ! (¢) (see proof of Theorem 6.2). Hence,

[ ¥ s =, (618)
0

which shows that (6.11) is necessary.
Before we show that (6.11) is also sufficient, we first recall that a system

xC=D (Cx=D) (6.19)
with C € M, x, D row n-vectors (column n-vectors), has at least one solution
if and only if the rank of C equals the rank of the augmented (row-augmented)

matrix [C | D]. Now, assume that (6.18) is true for every T-periodic solution y(t)
of (S,). Then we have

T
JoX(T) J X1(s) f(s)ds = 0 (6.20)
0
for every solution y, of the system
Yo = yoX(T). (6.21)

This implies that the dimension of the solution space of (6.15) is the same as the
dimension of the solution space of the system

T
Wll=X(T)] =0,  yX(T) L X1(s)f(s)ds = 0. (6.22)
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By the Kronecker-Capelli theorem, the rank of the matrix I — X(T') is the same as
the rank of the augmented matrix

T
[1 - X(T) | X(T) JO X-l(s)f(s)ds]. (6.23)

Hence, system (6.14) has at least one solution x;. O

The following important result says that if system (Sy) has at least one
bounded solution on Ry, then (Sy) has at least one T-periodic solution.

TueOREM 6.4. If system (S¢) does not have any T-periodic solutions, then it has
no bounded solutions.

Proor. Let X(t) denote the fundamental matrix of system (S) with X(0) = I.
Suppose that (S7) does not have any T-periodic solutions. Then (S,) must have at
least one nontrivial T-periodic solution. If this were not true, then Theorem 6.1
would imply the existence of a unique T-periodic solution of (S¢) because the

matrix X = X (0) = X(T) would be nonsingular. Thus, there must exist a nontrivial
T-periodic solution y(t) of (S,) which can be chosen, by Theorem 6.3, to satisfy

T
L YO f(1)dt £ 0. (6.24)
Let yo = y(0). Then we have
T
yoll —X(T)] =0, Yo Jo XN f(tdt #0 (6.25)

because y(t) = yoX '(t) and y(t) is T-periodic. Now, let x(f) be any solution
of (Sy) with x(0) = xo. Then the variation of constants formula (3.47) implies

T
«(T) = X(T) [xo " JO X1(s) f(s)ds], (6.26)

which yields

T
70x(T) = yoX(T)x0 + yoX(T) JO X (s) f(s)ds
(6.27)

T
— %o + 0 L X1(s) f(s)ds.

We also have

x(t+T) =X(t)x(T) + LtX(t)X_l(s)f(s)ds (6.28)
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because both sides of (6.28) are solutions of (Sy) with the value x(T) at t = 0.
Thus,

x(2T) = X(T) [x(T) i JOT X1(s) f(s)ds], (6.29)

which, along with (6.26) and (6.27), implies

T
Y0x(2T) = yox(T) + yo Jo X Ns)f(s)ds

. (6.30)
= YoXo + 2¥o Jo X1(s) f(s)ds.
Similarly, by induction, we obtain
T
yox(nT) = yoxo + nyoj X Us)f(s)ds, n=1,2,.... (6.31)
0

It follows that x(¢) cannot be a bounded solution of (Sy) on R.. In fact, if x(¢) was
bounded on R, then the sequence {yox(nT)} would be bounded. This in turn
would imply that the sequence

T
nyo Jo X Ns)f(s)ds, n=12,..., (6.32)

is bounded, which is in contradiction with the second relation in (6.25). The proof
is complete. U

3. DEPENDENCE OF x(t) ON A, U

In this section, we study the dependence of the solution x(t) of ((Sy), (B3)) on the
matrix A and the operator U. We actually show that x(¢) is a continuous function
of A, U in a certain sense. In what follows, U is assumed to be a bounded linear
operator on C,[0, T'] with values in R”. We recall that C,[0, T] is associated with
the sup-norm. The norm of R” in this section will be

n
lxll = > [xi]. (6.33)
i=1
The corresponding matrix norm is

Al = m,gxz | aix | (6.34)

(see Table 1). We use the symbol [|A|l (llx]l) to denote the sup-norm of a time
dependent matrix (vector) A(f) (x(¢)). The proof of the following lemma is left as
an exercise.
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LEMMA 6.5. Let A € M, be nonsingular with ||A~Y|| = M. Then any matrix
B € M, with ||B — All < 1/M is also nonsingular.

The fundamental matrix X (¢) of (S) with X(0) = I will be denoted by X4 (¢).
We also denote the matrix X, introduced in Section 1, by X4. By (Sg) we denote the
system (Sy) with A(t) replaced by B(t). The following lemma shows a continuity
property of the matrix X4 as a function of the matrix A.

LEMMA 6.6. Let A : [0,T] — M, be continuous. Then for every € > 0 there
exists §(€) > 0 such that for every continuous B : [0, T] — M, with

JOT 1A - B(o)||dt < 8(e), (6.35)
we have
I1Xa — X5]| < €. (6.36)
Proor. From
Xj(t) = ADXs(t) + [B() — A()]Xa(0) (6.37)
it is easy to see that
Xa(t) = Xa(0)| 1+ th;1<5> [B(s) — A(5) X (s)ds | (6.38)
Letting
K = max IXall, L= [nax X2t ], (6.39)
we obtain

[1Xa(t) = Xp(1)]] < ’ Xa(t) JO X; ' (9)[A(s) = B(9)][Xa(s) = Xp(s)]ds

Xa(0) jo X5 (9)[A(s) — B(s)]Xa(s)ds

+|
. (6.40)
<KL JO I1A(s) = BS)||[[Xa(s) — Xa(s)||ds
+K%L f [|A(s) — B(s)||ds
0

for every t € [0, T]. To get this inequality, we have added to and subtracted an
obvious term from the right-hand side of (6.38). Applying Gronwall’s inequality
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to (6.40), we obtain
[|Xa(t) — Xp(t)]| < Cexp {KL JO [|A(s) - B(s)||ds}, (6.41)
where
T
C=-KIL L IIA(H) — B(t)||dt. (6.42)

Thus, it suffices to pick as §(€) any positive number A such that

AK2LeMKL < ¢, (6.43)
O

LEMMA 6.7. Let A be as in Lemma 6.6 with }?A nonsingular. Then there exists a
number § > 0 such that for every continuous B : [0, T] — M, with

T
J IIAt) — B(t)||dt < o, (6.44)
0
the matrix )?B is also nonsingular.

Prook. Let V = X4 — Xp = [v;] and X4 (1) = [x;()], Xp() = [y;;(£)]. Then
we have

> v | = [[U (D150 = 915(s 20 () = (D]
i=1
< NUI||[x1j () = 715 Chooig () = g OTT|| - (6.45)
=|U| trer[l%,»:zl | xij (£) = yij(£) ]
Consequently,

n
VI = max > |vj]
iz

n
< ||U|| max max xii(t) — v (t
1Ulim: te[o,ﬂi;l (1) — i (1) |

. (6.46)
- |U (1) — yi(t
1UIl max m]:axi:Z1 ENOESHON

= Ul max [|Xa(t) — Xp(t)]|
te(0,T]

= UIl||Xa — Xs]|.
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If we let €y > 0 be such that €| U]|| IIXIQ1 I < 1, then, by Lemma 6.6, there exists
d(€9) > 0 such that

T
|, 14w = Bojar < s(e) (647)
implies [| X4 — X3l < €. This says that whenever (6.47) holds we have
VI = [|Xa - Xsll < &llUl, (6.48)

which, by Lemma 6.5, implies the invertibility of the matrix Xs. ]

Now, we are ready for the following important corollaries.

CoROLLARY 6.8. Consider system (S) with A : [0, T] — M, continuous. Assume
further that X' exists. Then there exists 8, > 0 such that, for every continuous B :
[0, T] = M, with

T
JO |[A(t) — B(1)||dt < &1, (6.49)

the problem ((Sg), (B3)) has a unique solution for every f € C,[0,T] and every
re R"

COROLLARY 6.9. Let A, )?A be as in Corollary 6.8. Then there exists §; > 0 such
that, for every bounded linear operator U, : C,[0, T] — R" with [|[U — U, || < &2, the
problem consisting of (Sy) and

Ux=r (Bs)

has a unique solution for every f € C,[0,T] and every r € R™.

Proor. Let U; be a bounded linear operator mapping C,[0, T] into R” and
assume that il,A denotes the matrix whose columns are the values of U; on the
corresponding columns of X, (). Moreover, let W = )?A - YI,A = [wjj]. Then if
Xa(t) = [x;(8)], we have

i |wij | = H(U— Ul)([xlj(')axzj('):---:xnj(')]T)H
i=1
< [U = G| B s 22 sy 2 (]| (6.50)

=lu-u| t%gl |xi;(t)].
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It follows that
n
IW = max > wij
i=1

n
< 11U - Ul max max 3% (0| (651)

=||U — Uy|| max ||X(2)]|
te[0,T]
=AU -uil,

where A = ||X||. Thus, according to Lemma 6.5, it suffices to take §, = p/A, where
is a positive number with p I\Xgl I < 1. For such §,, the matrix X, 4 is nonsingular.
This, by Theorem 6.1, proves our assertion. O

Combining the above corollaries, we obtain the next theorem which is the
main result of this section.

THEOREM 6.10. Let A : [0, T] — M, be continuous and let U : C,[0,T] —
R™ be a bounded linear operator such that, X, is nonsingular. Then there exist two
positive numbers 81, 8, such that, for every continuous B : [0, T] — M, with

JT |[A(t) — B(t)||dt < &, (6.52)
0

and every bounded linear operator Uy : C,[0, T] — R™ with ||[U—U, |l < &, the prob-
lem ((Sg), (Bs)) has a unique solution for every f € C,[0, T] and every r € R".

Naturally, the integral condition in Theorem 6.10 can be replaced by the con-
dition [|[A — Bl < 6,/T = 6}.
4. PERTURBED LINEAR SYSTEMS

In this section, we are interested in the solutions of the problem

x" = A(t)x + F(t,x), (Sf)

Ux=r, (B3)

where A, U, r are as in Section 3 and F : [0, T] X R" — R" is continuous. We will
study the same problem on the interval R,. As we saw in Section 1, the problem

((Sr), (B3)) will have a solution on [0, T] if a function x(¢t), t € [0, T], can be
found satisfying the integral equation

x(t) = X(OX[r — Up(+,x)] + p(t, %), (6.53)
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where
p(t,x) = J;X(t)X‘l(s)F(s,x(s))ds, te [0, T]. (6.54)

In the following result we apply the Schauder-Tychonov theorem in order to obtain
a fixed point of the operator defined by the right-hand side of (6.53).

THEOREM 6.11. Let

q(t) = max {||X"Y(t)F(t,w||}, te[0,T], (6.55)

llull <e

for some a > 0, and define the operator K as follows:

Kf=X"'[r-Up(, f)] (6.56)

forevery f € B*, where B is the closed ball of C,[0, T'] with center at zero and radius
a. Suppose that LM + N) < a, where

T
L= max {/[X®)|[}, M=sup{lIKgl}, N-= I q(dt.  (6.57)
te(0,T] 0

gEB

Then problem ((Sg), (B3)) has at least one solution.

Proor. We are going to show that the operator V : B* — C,[0, T], defined by

(Vi) (8) = X(6) [Ku ; LtX_l(s)F(s, u(s))ds], (6.58)

has a fixed point in B*. To this end, let ¢, ; € [0, T] be given. Then we have, with
some manipulation,

Va0 - (van e | = x| Ku+ j(jx*(s)F(s,u(s))ds]

- X(t) [Ku + J: X~Y(s)F(s, u(s))ds]

< M||X(t) = X ()| + N[[X(£) = X (t:)] (6.59)
+||X(t1)||} qu(S)dS‘

<+ NXO - X+ [ gods
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Now, let € > 0 be given. Then there exists §(€) > 0 such that

€ h €
1X(1) = X(t)]] < 2M LN’ ‘ L Q(S)ds’ <35I (6.60)

for every t, t; € [0, T] with |t — ;] < §(€). This follows from the uniform conti-
nuity of the function X (t) and the function

t
h(t) = 4[0 q(s)ds (6.61)

on the interval [0, T]. Inequalities (6.59) and (6.60) imply the equicontinuity of
the set VBY. The fact that VB* C B* follows easily from L(M + N) < a. Thus VB
is relatively compact (see Theorem 2.5). Now, we show that V is continuous on
B In fact, let {1, } -1 C B*, u € B* satisfy

l|lum —ul|l, — 0 asm — oo, (6.62)

Then

Vit — Vul|, < L[||Kum — Kul|

T
+ j X (s)[F (s, tm(s)) — F(s, u(s))]llds]
0 (6.63)

< LLIXHliun+1)
[ X G o) — Pl ) s

The integrand of the second integral in (6.63) converges uniformly to zero. Thus,
Vi, — Vullo — 0as m — oo. By the Schauder-Tychonov theorem, there exists a
fixed point x € B% of the operator V. This function x(t), t € [0, T], is a solution
to the problem ((Sg), (B3)). O

In what follows, the symbol B, denotes the closed ball of R” with center at
zero and radius « > 0.

THEOREM 6.12. Let B* be as in Theorem 6.11 for a fixed o > 0. Assume that
there exists a constant k > 0 such that, for every xo € By the solution x(t,0,xg)
of (Sg), with x(0) = x, exists on [0, T], it is unique and satisfies

sup ||x(t,0,x0)|| < k. (6.64)
B,
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Let
N = LTCI(SMS) where q(t) = max [[ X" (DF (6wl (6.65)

and
IXMICUirl + IVILN) < a, (6.66)

where L is defined in Theorem 6.11. Then there exists a solution to the problem ((Sr),

(B3)).

Proor. We are going to apply Brouwer’s theorem (Corollary 2.15). To this
end, consider the operator Q : B, — R" defined by

Qu=X"(r-Upi(-,u), (6.67)

where
pi(tu) = Jl‘X(t)X’1 (s)F(s,x(s,0,u))ds. (6.68)
0

It is easy to see that our assumptions imply that QB, C B,. To show the continuity
of Q, we need to show the continuity of x(¢, 0, u) w.r.t. u. Let u,, € By, m = 1,2,...,
u € B, be such that ||u,, — ul] — 0asm — oo and let x,, (), x(¢) be the solutions of

x' = A(t)x+ F(t,x), x(0) = uy,
(6.69)
x" = A(t)x+ F(t,x), x(0) = u,

respectively. Then our assumptions imply that [|x,,(¢)|| < k and [|x(#)]| < k for all
t € [0,T],m =1,2,.... The inequality

[lx, )] <k sup {[[A@D|[} + sup {|[F(t,w)||} (6.70)
te(0,T] tHeu[‘(l),S];c ]

proves that {x,,(¢)} is also equicontinuous. By the Arzela-Ascoli theorem (Theo-

rem 2.5), there exists a subsequence {xj(t)};‘;l of {x,u(t)} such that x;(¢) — x(¢) as

j — oo uniformly on [0, T']. Here, X(t) is some function in C,[0, T]. Taking limits
as j — oo in

t t
xj(t) = xj(0) + L A(s)xj(s)ds + Jo F(s,xj(s))ds, (6.71)
we obtain

ﬂﬂzu+ﬁA@ﬂ9&+ﬂF@ﬂﬂM& 6.72)



PROBLEMS ON INFINITE INTERVALS 117

Thus, by uniqueness, x(t) = x(t). Since we could have started with any subse-
quence of {x,,(¢)} instead of {x, ()} itself, we have actually shown the follow-
ing: every subsequence of {x,,(t)} contains a subsequence converging uniformly
tox(t) on [0, T']. This implies the uniform convergence of {x,,(t)} to x(t) on [0, T].
Equivalently, if u,, € By, m = 1,2,..., u € By satisfy [lu,, — ull — 0asm — oo,
then

[|x(t, 0, tm) — x(t,0,u)|] — 0 uniformly on [0, T]. (6.73)

This yields the continuity of the function x(¢,0,xp) in xy € By, which is uniform
w.r.t. t € [0, T]. Now, let {u,,}, u be as above. We have

T
[|Qum — Qul| < ||}?’1HIIUHLJO [ X~ 1(s)[F (s, x(s,0, thy)) — F(s,x(s,0,u))]||ds.
(6.74)

The integrand in (6.74) tends uniformly to 0 as m — oco. Thus, [|Qu, — Qull — 0
as m — oo, and this implies the continuity of Q on B,. Brouwer’s theorem implies
the existence of some xy € B, with the property Qxy = xo. This vector x is the
initial value of a solution to the problem ((Sg), (B3)). O

5. PROBLEMS ON INFINITE INTERVALS

Theorem 6.11 can be extended to problems on infinite intervals. Actually, in this
section we show that this can be done in two ways. If we work in the space C,(R;),
we truncate the problem by solving an equation such as (6.53) on [0,m], m =
1,2,..., and then obtain a solution on R, by a suitable approximation. If the do-
main of the operator V is C!,, then we can solve (6.53) by finding directly a fixed
point of V. This second method of solution is possible because we can detect the
compact sets in C, (see Exercise 2.5).

The following well-known lemma will be useful in the sequel. Its proof is left
as an exercise.

LemMaA 6.13 (Lebesgue’s dominated convergence theorem). Let f,: [y, ) —
R", m=1,2,...,t = 0, be continuous and such that the improper integrals

r FulBdt, m=1,2,..., (6.75)

are convergent. Let f,, — f asm — co pointwise on [ty, o), where f : [ty, ) — R”"
is continuous and such that the improper integral

r f(Hdt (6.76)
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is convergent. Furthermore, let || f,(t)ll < g(t), t € [ty, ), m = 1,2,..., where
g [ty, ) — Ry is continuous and such that

00

g(t)dt < +oo. (6.77)
to
Then we have
limJ fm(t)dt=J lim fiu(£)dt = I F(o)dt. (6.78)
m—oo )4 fp M—® o

In the proof of the next result the integral operator V is defined on C,(R+).
As before, the symbol X denotes the matrix in M,, whose columns are the values
of U on the corresponding columns of X (t). Naturally, this pre-supposes that the
columns of X(t) belong to C,(R,). A similar situation will be assumed for the
space C..

THEOREM 6.14. Let A: Ry — M,, F: Ry X R" — R" be continuous and such
that | X ()|l = M, t € Ry, where M is a positive constant. Furthermore, assume the
following:

(i) there exist two continuous functions g, q : Ry — Ry such that
[ XY OF(twl| < q®)llull +g(t), (t,u) € Ry x R",

d © (6.79)
L= [Tadr <+, N= [ gt < ron
0 0

(ii) U: Cy(Ry) — R"is a bounded linear operator such that X1 exists;
(iii) LM X-|||U]le™ < 1.
Then problem ((Sg), (B3)) has at least one solution.
ProOF. As in the proof of Theorem 6.11, it suffices to show that the equation

x(t) = X(OX [r = Up(-,x)] + p(t, x) (6.53)

has a solution x € C,(R;). To this end, we consider the spaces Dy,, m = 1,2,...,
defined as follows:

Dy = {x € Cy(Ry) : x(t) = x(m), t = m}. (6.80)
The spaces D,, are Banach spaces with norms

llxll, = sup ||x(8)]], (6.81)

te[0,m]

respectively. We define the operator V; : D; X [0,1] — D; as follows: if (f,u) €
Dy x [0,1], then Vi (f,u) = h € Dy, where the function h satisfies

h(t) = uX(OX ' [r = Up(-, /)] +up(t, ), te[0,1]. (6.82)
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We are planning to apply the Leray-Schauder theorem (Theorem 2.16) in order to
obtain a fixed point for the operator V;(x,1) in D;. We first show that V; (x, y) is
continuous in x. Let { fx};7,, f € D; be given with fi — f as k — oo uniformly
on R;. This is equivalent to saying that

[l fi = fll, — 0 ask — oo. (6.83)
We have

Vi (fio ) = Vil wll,

< M||IXYIUll J:o IXTHO[E(s, fils)) = (s, £(5))]|lds (6.84)
M [ IX T OLF G f(5) = Fls 76 1]ds

Since ||F(t, fi(t)) — F(t, f(£))ll — 0 as m — oo pointwise on R and

IXTTOLE( fi) = E(& FO)I < @Al + 1 f11] +2g(1), ¢ € R
(6.85)

Inequality (6.84), Lemma 6.13, and our hypotheses on g, g imply that
IVi(fiou) = Va(fow)ll, — 0 ask — oo, (6.86)
It follows that V;(-,4) is continuous on D;. Before we show the compactness of
the operator Vi (-, ), we show that all possible solutions of V;(x,4) = xliein a
ball of D; which does not depend on y (see Theorem 2.16(iii)). To this end, let

x € D; solve V1 (x, py) = x, for some pg € [0, 1]. Then

lx()]| < M[IX|[lI7Il + MIUI(LIxl +N)]

t (6.87)
+MJ q(s)||x(s)||ds + MN, t € [0,1].

0
Letting

K = LM*||XY|IU],

N (6.88)

Q= M|IX'[[(lIrll + MIUIIN) + MN,

we obtain

I(8)]] < Klixlly + Q+ M JO dlx)]ds, ¢ e 0,1 (6.89)
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Applying Gronwall’s inequality, we arrive at

[lx(O]] < (Kllxll; + Q) exp {M L q(s)ds}

< (Kllxll; + Q) eM, te[0,1],

(6.90)

which yields
Ixlly < (1 —Ket™M)™ Qe (6.91)

Consequently, every solution x € D; of V(x,u) = x satisfies || x|l; < a, where the
constant « equals the right-hand side of (6.91) and does not depend on y. The fact
that V1 (-, ) maps bounded sets onto bounded sets for each y € [0, 1], follows
from

IVi(Fall, < KILFIL +Q +Mj: (Ot fl, (6.92)

which can be obtained as the inequality preceding (6.90). This property and the
equicontinuity of the image under V (-, #) of any bounded subset of D; imply the
compactness of the operator V;(-,u) for each y € [0, 1]. The equicontinuity of
Vi(f, ), in the sense of Theorem 2.16(i), follows from

[[(Vi(f,u) = Vi(fspo)) (D]

< lp—po | (IIXOWIXHIIA+1TN G O +IpEHOID,  telo,1],
(6.93)

and the uniform boundedness of the term multiplying |y — po| above on the set
{(t, f):t € [0,1], f € B}, for any bounded subset B of D;. By the Leray-Schauder
theorem (Theorem 2.16 with ty = 0 there), we obtain a solution x; € B, = {x €
Cu(Ry) : lIxlle < a} of the equation Vi(x,1) = x. This solution belongs to D,
and satisfies (6.53) on [0, 1]. Using mathematical induction, we obtain a sequence
of solution x,, € D,,, m = 1,2,..., such that x,,(¢) satisfies (6.53) on [0,m] and
belongs to By.

It is easy to see now, using the differential equation (Sg), that the sequence
{xm(t)} =1 is equicontinuous on the interval [0,1]. In fact, the sequence
{x,(t)} =1 is uniformly bounded on [0, 1]. By Theorem 2.5, there exists a subse-
quence {x,(t)} of {x,,(¢)} such that x},(t) — x!(¢) as m — oo uniformly on [0, 1].
Similarly, there exists a subsequence {x2,(¢)} of {x},(¢)} which converges uniformly
to a function x?(t), t € [0,2]. We obviously have x*(t) = x!(t), t € [0, 1]. Contin-
uing this process by induction, we finally obtain a diagonal sequence {x”(¢)} such
that x7(¢) — x(t) uniformly on any interval [0, c], ¢ > 0. This function x(¢) is a
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continuous function on R; with [[x(¢)|| < «, t € Ry. Let
y(t) = XX r - Up(-,x)] + p(t,x), teR,. (6.94)
Then, for any ¢ > 0 and m = ¢, we get

[ () = y(0)]|

~ o (6.95)
< MM|IZIUl +1) L X1 (5) [F (5, x™(s)) — F(s,x(s))]||ds,

for all t € [0, c]. Applying once again the Lebesgue dominated convergence theo-
rem (Lemma 6.13), we obtain that x! — y as m — co uniformly on every interval
[0, c]. This shows that x(t) = y(¢), t € Ry. The function x(¢) is a solution to the
problem ((Sg), (B3)). O

In Theorem 6.15 the space C,(R;) is replaced by the space C'.

THEOREM 6.15. Along with the assumptions (i)—(iii) of Theorem 6.14, assume
that

lim X (£) = X(co) (6.96)

exists as a finite matrix. Furthermore, assume that U : C,, — R" is a bounded linear
operator such that X! exists. Then, for every r € R", the problem ((Sg), (B3)) has
at least one solution.

Proor. We consider the operator V (x, u) : C.,x[0,1] — C!, defined as follows:

(V(f,w) () = uX(OX r = Up(-, /)] +up(t, f), te R, (6.97)

In order to apply the Leray-Schauder theorem, we show here only the equiconver-
gence (see Exercise 2.5(iii)) of the set

{V(f,w): f € B} (6.98)

for every u € [0, 1], where B is any bounded subset of C.,. This property is needed
for the compactness of the operator V(-,u). The rest of the assumptions of the
Leray-Schauder theorem follow as in the proof of Theorem 6.14 and are therefore
omitted.

For f € B,let || fll < aand let

lim (V(f,u))(0) = &, (6.99)



122 BOUNDARY VALUE PROBLEMS ON FINITE AND INFINITE INTERVALS

for some p € (0,1]. Then we have

(V) () = & < 1X(0) = X ()| [IIX 117
+M|1X(t) = X ()X IUNLIfllo +N)

+IXO - X [ 1K OF(s £6) s

F X [ I (s 76 s

(6.100)
< [Ix(0) = X)X [1171
+ M[IX(0) - X ()| IIVIIZa + N)
+[|1X () = X(c0)||(Lar + N)
+aM LOO q(s)ds+M Lw g(s)ds.
This shows the equiconvergence of the set in (6.98). O

REMARK 6.16. Naturally, the results of the last two sections, concerning the
existence of solutions of boundary value problems of perturbed linear systems,
have analogues for contraction integral operators. This is the content of Exer-
cise 6.7, where extensions are sought for Theorems 6.14 and 6.15.

ExampLE 6.17. Consider the system

B /_ 0 HE + " 1 (6.101)
ol -1 o] |x €€*t1n(|xl|+1)+[(t2+1)]sinx1 ’

and the boundary conditions

@ -1
Ux EJ P(O)x(t)dt = [ } (6.102)
0 T
for x € C,(R.), where
et —e 3t
P(t) = . (6.103)
0 2e2
Choosing, for convenience, the norm ||x|| = |x;| + |x2| in R?, we have

Al =sup > |ai| (6.104)
ko
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for the 2 X 2 matrix A. Thus, we obtain

J: I[P(6)]|d < +oo,

. 31 (6.105)
cost sint ~ 5 5
X(t) = ) , X = > a4
—sint cost _z  Z
5 5
We also find
X YOF(t u)|| < 2€e”t|ull + T (6.106)

It follows from Theorem 6.14 that problem ((6.101), (6.102)) has at least one so-
lution for all sufficiently small € > 0.

Theorem 7.14 contains another application of the Leray-Schauder theorem to
b.v.p’s on infinite intervals.
EXERCISES

6.1 (Green’s function). For system (Sy), assume that A : R — M,, f : R — R"
are continuous and T-periodic. Assume further that the only T-periodic solu-
tion of the homogeneous system (S) is the zero solution. Find a function G(t,s)
such that

x(t) = JOT G(t,5)f(s)ds, (6.107)

where x(t) is the (unique) T-periodic solution of (Sy). Hint. Show that x(¢) is
given by

T
x(0) = XOU - X(D]'X(D) | X719 f5)ds

; (6.108)
+X(t)J X1(s) f(s)ds.
0
Then show that G(t,s) is the function defined by
G(t,s) = X(O[I - X(T)] ' X(T)X'(s) +X(HX '(s), O0=s=<t=<T,
(6.109)

Gt,s) = X(O)[I - X(T)] ' X(T)X"'(s), O0=<t<s<T

6.2. Assume that A : R — M, is continuous and T-periodic. Assume further
that for every f € P,(T) the system (Sy) has at least one T-periodic solution.
Show that the only T-periodic solution of the homogeneous system (S) is the zero
solution.
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6.3. Consider the scalar equation
X' —x=f(1), (6.110)

where f : [0, T] — Ris continuous. Show that this equation has a unique solution
x(t), t € [0, T], such that

x(0) = x(T), x'(0) = x'(T). (6.111)

Hint. Examine the system in R? arising from (6.110).

6.4. Let F : [0,T] X R — R be continuous and such that |F(t,u)| < M,
t €[0,T], lul < a, where M, « are positive constants. Show that if M is sufficiently
small, the equation

x"" —x=F(t,x) (6.112)

has at least one solution x(t), t € [0,T], satisfying (6.111). Hint. Apply the
Schauder-Tychonov Theorem.

6.5. Consider the system

ARE A
X 1 0] |x
and the boundary conditions
[’“(0)} - {xﬁ)] (6.114)
x(0) x(3)
Find a constant & > 0 such that for every B : [0, 3] — M,, continuous and such that
1B —Alle <6, (6.115)
the problem
x" = B(t)x, x(0) = x(3) (6.116)

has a unique solution. Here,

0 1
A:[l 0}, (6.117)
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6.6. In the scalar equation

x" = p(t)g(x), (6.118)

letp: R — R\ {0},g: R — Rbecontinuous. Assume further that p is T-periodic
and ug(u) > 0 for u # 0. Show that the only T-periodic solution of (6.118) is the
zero solution. Hint. Show that (6.118) has no nontrivial solutions with arbitrarily
large zeros.

6.7. Using the contraction mapping principle, obtain unique solutions to the
boundary value problems considered in Theorems 6.14 and 6.15. Naturally, suit-
able Lipschitz conditions are needed here for the function F(t, u).

6.8. Consider the scalar equation
X =x+q(t), (6.119)

where g : R — R is continuous and T-periodic. Show that the unique T-periodic
solution x(t) of (6.119) is given by the formula

T T t
x(1) = [(liieT)]J qu(s)dHJ dqs)ds, te[0,T.  (6.120)

0 0

Let T = 27 and determine the size of the constant k > 0 so that the equation
x' =x+k(sint)(|x] +1) (6.121)
has at least one 27-periodic solution. Extend this result to the equation
X =x+ f(tx), (6.122)

for a suitable function f(t, u) which is T-periodic in t.
6.9. Prove Lemma 6.5.
6.10. Prove Lebesgue’s dominated convergence theorem (Lemma 6.13).
6.11. Assume that the linear system (Sy), with A : [0, T] — My, f : [0, T] —
R™ continuous, has a unique solution satisfying the boundary conditions

Ux=r, (6.123)

where Ux = x(0), for any x € C,[0, T], and r € R" is fixed. Consider the bound-
ary conditions

Uix =x(0) = Nx(T) =r, (U1)

where N is a matrix in M,. Show that if || N]| is sufficiently small, the problem
((S¢), (Uy)) has a unique solution.
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6.12. Find constants a, b, ¢, d, not all zero, such that the problem
X1 , _ 0 1 X1
X2 1 0 X2 ’
x1(0) a b||[x(1) |0
x2(0) c d||x() 0

has a unique solution x(¢), ¢ € [0, 1]. Hint. Use the result of Exercise 6.11.

(6.124)

6.13. Assume that A : R — M,, f : R — R" are continuous and T-periodic.
Assume further that the fundamental matrix X (¢) (X(0) = I) of system (S) satisfies

X <e™, telo,T], (6.125)

where A is a positive constant. Show that the system (Sy) has a unique T-periodic
solution.

6.14. Show that results like Theorems 6.1 and 6.10 are true, under suitable as-
sumptions, on infinite intervals. The b.v.p. now is the problem ((S¢), (B3)), where
U : Cl, — R" is a bounded linear operator.

6.15. Consider the system

x' = A(t)x+ F(t,x), (6.126)

-1 0 3 sin u; 0
A= , F(t,u) = €e + i , (6.127)
0 -1 Uy e 3tsinuy

and the boundary conditions

(0) — x(0) = m . (B)

Show that the problem ((Sg), (B)) has at least one solution for all sufficiently small
€ >0.

6.16 (Massera). Let F : R> — R be continuous. Assume further that F(t, u)
is T-periodic in ¢ and that for every compact set K C R? there exists a constant
Lx > 0 such that

|F(t,u) — F(t,u2) | <L |u1 — us| (6.128)
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for every (t,u;), (t,uz) € K. Let x(t), t € R4, be a solution of
x' = F(t,x) (E)

such that [|x]|c < M, where M is a positive constant. Show that (E) has at least
one T-periodic solution. Hint. Assume that x(¢) is not T-periodic. (1) Show that
the functions x,,(t) = x(t + mT), m = 1,2,..., are also solutions of (E). (2) We
may assume that y, # yms1 forallm = 1,2,..., where y,, = x(mT). In fact, if
Ym = Ym+1, for some m, then x(mT) = x((m + 1)T) and uniqueness imply that
Xm(t) = x(t + mT) is a T-periodic solution, and we are done. Let x(0) < x;(0).
Then, by uniqueness, x(t) < x;(t). Thus, for t = mT, y,» < Ym+1, which implies
X (1) < Xp41(t). We have

n111£1}0 Xm(t) = X(t), teRy, (6.129)

where x(t) is some function. Since {x,,} is actually an equicontinuous and uni-
formly bounded sequence on any compact subinterval of R, the limit in (6.129)
is uniform on any such interval by the Arzela-Ascoli theorem. Thus X(¢) is contin-
uous. Let & = limy—.co Y. Then

#(T) = lim x(T) = lim yyuer = &
. . (6.130)
x(0) = lim x,,(0) = r}grgo Ym =&

m— oo

and uniqueness say that x(t + T) = x(¢).

6.17. Is every solution x(t), t € R4, of (E) in Exercise 6.16 necessarily
bounded? Why?

6.18. Assume that the eigenvalues of the matrix A € M, have negative real
parts. Let f : R — R” be continuous and T-periodic. Show that the function

t
x()= | eI fods (6.131)
is the unique T-periodic solution of the system
X =Ax+ f(1). (6.132)

Hint. Let u = t — s to see the periodicity.

6.19. Assume that the eigenvalues of the matrix A € M, have positive real
parts. Let f : R — R” be continuous and T-periodic. What does the unique T'-
periodic solution of the system (6.132) look like?






CHAPTER 7

MONOTONICITY

This chapter is devoted to the study of systems of the form
x = A(t)x +F(t,x) (Sk)

under monotonicity assumptions on the matrices A(t) and/or the functions F(¢, u).
By monotonicity assumptions we mean conditions that include inner products in-
volving A(t) or F(t,u). Although there is some overlapping between this chapter
and Chapter 5, the present development is preferred because it constitutes a good
step toward the corresponding theory in Banach and Hilbert spaces. This theory
encompasses a substantial part of the modern theory of ordinary and partial dif-
ferential equations.

In Section 1, we introduce a new norm for R” which depends on a positive
definite matrix. We also establish some fundamental properties of this norm.

In Section 2, we examine the stability properties of solutions of (Sg) via mono-
tonicity conditions.

Stability regions are introduced in Section 3. These regions have to do with
stability properties of solutions with further restricted initial conditions.

Section 4 is concerned with periodic solutions of differential systems, while
Section 5 indicates the applicability of monotonicity methods to a certain bound-
ary value problem. This problem has boundary conditions which do not contain
periodicity conditions as a special case.

1. AMORE GENERAL INNER PRODUCT

Using a positive definite matrix V' € M, we introduce another inner product for
R" which is reduced to the usual one if V = I. Lemma 7.1 contains this introduc-
tion as well as some fundamental properties of such an inner product.

Lemma 7.1. Let V € M, be positive definite and define (-, -)y by

(v =(Vx,y), xyeR" (7.1)
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Then -, -)v has the following properties:

(i) (o »)v = (xv, xy €RY

(i) (x,ay+Bz)v = alx, y)v +B{x,2)v, &, f € R, x, y,z € R;
(iii) {x,x)v = 0, x € R", and (x,x)y = 0 if and only if x = 0;
i) x vl < [IVIHIxIyl, x, y € R™

The proof is left as an exercise.

The following lemma is needed for the establishment of a certain monotonic-
ity property of a matrix whose eigenvalues have negative real parts. This property
is the content of Lemma 7.3.

LEMMA 7.2. Let A,B € M, be given, with A having all of its eigenvalues with
negative real parts and B positive definite. Then there exists a positive definite V €
M, such that

ATV +VA=-B (7.2)

Proor. From Theorem 4.6 we know that the system x” = Ax is asymptotically

stable. Since, for autonomous systems, asymptotic stability is equivalent to uni-

form asymptotic stability, Inequality (4.5) implies that le"4]] < Ke™*, t € [0, o),
where a, K are positive constants. Similarly, since e'A" satisfies the system

X' =XAT, (7.3)

. T _ .
we also obtain |[e*4 || < Kje~** for some positive constants a1, K. Consequently,
the matrix

V= J e Be!Adt (7.4)
0

is well defined. Let W = eA"Be!A, t € R,. Then W(0) = B and
W =ATW + WA. (7.5)

Integrating (7.5) from 0 to co, taking into consideration that W(t) — O ast — +oo,
we obtain

-B=A"TV + VA. (7.6)

The positive definiteness of V follows easily from (7.4) and the positive definite-
ness of the matrix B. O

It should be remarked here that V is the unique solution of (7.2), but this fact
will not be needed in the sequel.
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LEMMA 7.3. Let A, B, V be as in Lemma 7.2. Then

(Ax,x)y < —( A

@)(X,Jdv, (77)

where A is the smallest eigenvalue of B and y is the largest eigenvalue of V.

Proor. We have
(Ax,x)y = (VAx,x) = (Ax, VTx)
= (Ax, Vx) = (x, ATVx)
(7.8)
= (ATVx,x) = —(Bx,x) — (VAx,x)

—(Bx,x) — (Ax,x)v

for every x € R", which implies

(Ax,x)y = —(%)(Bx,x) < —(%)(x,x) < —(%//l))(x,x)v. (7.9)

Here, we have used Theorem 1.14. O

The inner product (-, - )y induces anorm || - ||y on R” with Null? = (Vu,u).
Since all norms of R" are equivalent, it is easy to see that a vector-valued function
(x1(8),...,x,(t)) is continuous (differentiable) w.r.t. the Euclidean norm if and
only if it is continuous (differentiable) w.r.t. the norm | - [|v.

LEMMA 7.4. Let x : Ry — R" be continuously differentiable on [0,T), T €
(0,+00]. Then ||x(t) ||} is also continuously differentiable on [0, T), and

(%)Hx(t)ﬂf/ = 2(x' (), x(t))y, tE[0,T). (7.10)

Here, V is any positive definite matrix in M,,.

Proor. We have

(%) (x(8),x(1))y = ((Vx(0)), x(6)) + (Vx(t),x' (1))
= (VX (t),x(t)) + (Vx(t),x (1)) (7.11)

=2(x"(t),x(£)) . .

The next theorem provides an upper bound for [A — 1|, where A is an eigen-
value of a matrix A € M,, and A’ is a corresponding eigenvalue of another matrix
B € M,. The proof of this theorem can be found in Ostrowski [44, page 334].
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THEOREM 7.5. Let A = [aj;], B = [bjj], i, j,= 1,2,...,n, be two matrices in
M, with eigenvalues denoted by A, ', respectively. Let

M=i’j£111%xn{|aij|) |bij| 15

,,,,,,

Lo (7.12)
r = n—MZ |aij_bij|-
i,j=1
Then to every eigenvalue A" corresponds to an eigenvalue A such that
[\ = A| < (n+2)Mr'/m, (7.13)

2. STABILITY OF DIFFERENTIAL SYSTEMS

In our first stability result we need the following existence, uniqueness, and con-
tinuation theorem.

THEOREM 7.6. Assume that A : Ry — M, F : Ry X R" — R" are continuous.
Furthermore, assume the existence of a function p : Ry — R which is continuous and
such that

(F(t,x) = F(t,p),x = y) < p(t)lx = yII? (7.14)
for every (t,x,y) € Ry X R" X R™. Then for every xo € R" there exists a unique

solution x(t), t € Ry, of (Sg) such that x(0) = xo. Moreover, if x(t), y(t), t € Ry,
are two solutions of (Sg) such that x(0) = xo, y(0) = yy, then

115(8) = ()] = [1xo — yol| exp { L [p(s) + q(s)]ds} (7.15)

for every t € R., where q(t) is the largest eigenvalue of (1/2)[A(t) + AT (t)].

Proor. Let u(t) = x(t) — y(t), t € [0, T), where x(t), y(t) are two solutions
of (Sg) such that x(0) = xo, y(0) = yo, and T is some positive number. Then we
have

u' (1) = A(tu(t) + F(t,x(t)) — F(t, y(t)) (7.16)
fort € [0,T), and u(0) = xo — yo. Applying Lemma 7.4 for V = I, we get
(%) u()|> = 2(A@)u(t) + F (6 x(8)) — E(t, y(1)), u(b)). (7.17)
It is easy to see that

2(Au(t), u(t)) = ([A@) + AT () Ju(t), u(r)). (7.18)
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The continuity of the symmetric matrix (1/2)[A(t) +A” (t)] implies the continuity
of its largest eigenvalue () (see Exercise 1.23), and we have

2(A)u(t), u(D) < 2q()||u(t)]]’. (7.19)

This inequality, combined with (7.17), yields

()P < 2a(0llutol + 2p(0) o)

(7.20)
=2[p(t) + q(O]|ut)|*
for every t € [0, T). Applying Lemma 4.11 to (7.20), we obtain
u()|]> < ||u(O)| exp {z L [p(s) + q(s)]ds}, te[0,T). (7.21)

If y(t) is a solution of (Sr) with y(0) = 0, defined on a right neighborhood of 0,
then

(%) ||,V(l‘)||2 = 2(A(t)y(t), y(1)) + 2(E(t, y(t)) — F(£,0), y(¢))

+2(F(t,0), y(1))

(7.22)
< 2p(®)|ly®II* + 2q(0)|[y1)|* + 2[|F,0) [ |y 1)
< 2[p(t) + q(O]|ly(®)||* + 2/ [E(t,0)]| [[y(D)]|.
Using
v = 2| p(t) + q(t) | v + 2||F(£,0)||[v]2 (7.23)

as a comparison scalar equation (see Exercise 7.5), we find that y(¢) is continuable
to +oo (see Corollary 5.17). If we let this function y(t) in (7.21), we obtain

t
||x<t)||—||y(t)||s||x<t)—y(t)||s||x(0)||exp{L[p<s)+q(s)]ds}. (7.24)

It follows that
T
timsup [lx(0)] < ()] + [xOllexp | | [pt9)+a@lds),  (7.25)
t—T- 0

which, by Theorem 5.15, implies the continuability of every solution x(¢) to +co.
Inequality (7.21) implies of course the uniqueness of the solutions of (Sp) w.r.t.
the initial conditions at t = 0. A similar argument from f, to t > #; proves the
uniqueness of solutions with respect to any initial conditions. ]
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We note here that (7.15) with y(f) = 0 ensures the continuability (but not
necessarily the uniqueness) of all local solutions of (Sg) to +oo, if A(t) and F(¢, x)
satisfy the following condition.

ConpITION (M). A: Ry — M, F: Ry X R" — R" are continuous, F(t,0) =
0, t € Ry, and
(F(t,x),x) < p(®)llxlI?>, te€ Ry, x€R", (7.26)

where p : R; — R is a continuous function.
Condition (M) is important in the following stability result.

TuEOREM 7.7. Let Condition (M) be satisfied and assume that q(t) is as in
Theorem 7.6. Then the zero solution of system (Sg) is stable if

sup Ot [p(s) +q(s)]ds < +oo. (7.27)

teRy

It is asymptotically stable if

lim | 0 [p(s) +q(s)]ds = —co. (7.28)
It is uniformly stable if
p(t)+q(t) <0, teR,. (7.29)
It is uniformly asymptotically stable if
p(t)+q(t) < —c, teRy, (7.30)

where c is a positive constant.

Proor. The proof is almost identical to the proof of Theorem 4.12 and it is
therefore left as an exercise. |

In the following stability result we make use of the new inner product.

THEOREM 7.8. Let A : R, — M, be continuous and such that A(t) — Ag as
t — +oo, where Ag has all of its eigenvalues with negative real parts. Let B be a fixed
positive definite matrix and V as in Lemma 7.2, where A = Ay. Let the rest of the
assumptions of Condition (M) be satisfied with (F(t,x), x) replaced by (F(t,x), Vx).
Let q be the smallest eigenvalue of (1/2)B and assume that, for some T = 0,

p= sug)p(t) <q. (7.31)
t=

Then the zero solution of (Sg) is asymptotically stable.
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Proor. From Lemma 7.4 we obtain
(%) (B[} = 2(A@)x(2), V() + 2(F(t,x(1)), Vx(£), (7.32)

where x(t) is a solution of (Sp) with initial condition x(0) = x¢. Letting B(t) =
—[AT(£)V + VA(t)], we see that B(t) is continuous and that B(t) — B as t —
+00, where B is the matrix in the statement of the theorem. If g(¢) is the smallest
eigenvalue of (1/2)B(¢), then, as in (7.8), we have

2(A()x(1), Vx(t)) = —(x(1), B(t)x(1))
5 (7.33)
< =2q(||x@®)||, te€ R,
This inequality is now combined with (7.32) to give
d 2 2
(5 ) 1=l < =20 - p@lIxIs 1R, (7.34)

Naturally, the extendability of the solution x(¢) to +co follows as in Theorem 7.6.
Theorem 7.5 implies that to every eigenvalue A(t) of B(t) = [b;;(t)] corre-
sponds to an eigenvalue A of B = [b;;] such that

[A(t) =N | < (n+2)M(t)rV/"(t), t€ Ry, (7.35)

where

M(t) = max {|b(t)], |bij|},

i,j=1,2,...,n
1 n (7.36)
f)= —— bii(t) — bii|.
r( ) nM(t) i,jzzl | ZJ( ) lJ|
From the continuity of B(t), its convergence to B as t — +oo0, and
M(t) = max {|b;j |} >0, (7.37)
ij
we conclude that
}im r(t) = 0. (7.38)

It follows that, given a constant € > 0, there exists a constant T'(€) > 0 such that

[A(t) =N | <€, te][T(e), o). (7.39)
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If A(¢) = 2¢(¢), then there exists an eigenvalue 24 of B such that

2lq(t) —q| <€, te[T(e), ). (7.40)
It should be noted that the eigenvalues A’, 24 above actually depend on ¢. Since B
is positive definite, we may choose € so that € € (0,2qg), where 2q is the smallest
eigenvalue of B. Then (7.40) implies

2q(t) >2G—€=2q—€>0, te[T(€), ). (7.41)

Thus, (7.34) and (7.41) give, for €, = €/2,

(%)Hx(t)m/ < -2g-e€ - p®]x@®)’ te[T(e), ). (7.42)

We now choose anew € < g — pand T = T(€) large enough, taking into consider-
ation the number T in the statement of the theorem, to arrive at

2
I

d 2
(55 )11 = =2 - p - Ollxto) .

~2Q|Ix()|ly, te [T, ),

IA

where Q = (q — p — €)/u. Here, y is the largest eigenvalue of V. Applying Lemma
4.11, we obtain

Ix(®]y = e @ Dx(T)||,, te [T, ). (7.44)

Similarly, (7.34) leads to

t
Il = exp || 129 - a9 dsf lsally = Nilboly, (7.45)

forall t € [0, T], where

Nj = exp {i JOT | p(s) —q(s)] ds}. (7.46)

Combining (7.44) and (7.45), we arrive at

[x(O)]| < Nlxol|, te€[0,T], (7.47)

[x(®)]| < Ne Q" Dl|xo||, te [T,c0), (7.48)

for a new positive constant N. Here, we have used the equivalence of the two norms
I - I, 1| - [lv. It follows that the zero solution of (Sg) is asymptotically stable.  [J
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3. STABILITY REGIONS

Assume that A : Ry — M,,, F : Ry X R" — R" are continuous. Assume further
that there exists O C R” and D C Q such that every solution x(¢) of (Sg) with
x(0) = xo € D remains in Q for all t+ > 0. Then it is possible to introduce a
concept of stability for (Sr) according to which the initial conditions are restricted
to the set D. The reason for doing this is that the system (Sg) possesses stability
properties that stem from conditions on A(¢), F(,x) holding only on a subset Q
of R". We now define the concept of a stability (or asymptotic stability) region
(D, Q2). Similarly one defines regions (D, Q) for the other stability types.

DEerINITION 7.9. Consider the system (Sp) with A : Ry — M,,, F: Ry X R" —
R" continuous and such that F(¢,0) = 0, t € R,. Assume further the existence of
two subsets D, Q of R” such that D C Q, 0 € D, and every solution x(t) of (Sg)
with x(0) = xp € D remains in Q) for as long as it exists. Then the pair (D, Q) is
called a region of stability (asymptotic stability) for (Sg) if the zero solution of (Sg)
is stable (asymptotically stable) w.r.t. initial conditions x(0) = xy € D, that is, if in
the definition of stability (asymptotic stability) (Definition 4.1 with x(t) = 0) the
initial conditions x(0) are assumed to lie in D.

It is easy to establish results like Theorems 7.7 and 7.8, but with assumptions
taking into consideration the sets D, ) as above. In this connection we have The-
orem 7.10.

TuEOREM 7.10. Let the system (Sg) satisfy the conditions on A, F, D, Q of Def-
inition 7.9. Furthermore, let p : Ry — R be continuous and such that

(F(t,x), Vx) < p(H)lIxlI?>, teR:, x€Q, (7.49)

where V is as in Lemma 7.2. Let q be the smallest eigenvalue of (1/2)B, where B is the
matrix in (7.2). Then if

sup p(t) < g, (7.50)

teRy

the pair (D, Q) is a region of asymptotic stability for the system (Sg).
The proof is left as an exercise.

ExampLE 7.11. In this example we search for an asymptotic stability region
for the system

x' = Ax+F(t,x), (S1)

where

A= 0 ! F(t,u) = ! (7.51)
Ll el
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u= {”1] (7.52)
25)

This system arises from the scalar equation

with

Y Hy +y+ (é)yz =0. (7.53)
We note that the equation
ATV +VA=-2I (7.54)

has the (unique) solution V' = [ 1]. We shall determine a region Q and a constant
B > 0 such that

(%)nxmné < 28I} teRs, (7.55)

for any solution x(t) of (S;) lying in Q.
To this end, we first observe that Lemma 7.4 implies

(%)”’“(t)”zv = 2(A("x(1) + F(t,x(1), Vx(t))

) (7.56)
= 200+ 50] - (3 ) RO 0+ 200)]
Thus, (7.55) will hold if the solution x(¢) satisfies
1
R0 +330+ (5 )OO + 260)
(7.57)
> Bllx(0)|[3 = BI3x3(t) + 21 (1) (£) + 253 (1) ].
To determine Q, we consider first the vectors x € R? such that
X} +xd+ (é)x? (1 +2x2) = B(3xT + 2x1%, + 2x3). (7.58)

Since 4x7 + 3x3 > 3x? + 2x1x + 2x3, Inequality (7.58) is satisfied for all x € R?
with

xP+ a2+ (é)x% (x1 +2x72) = B(4x3 +3x3) (7.59)
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or

x%[1—4/3+ (é)(x1 +2x2)] +(1-3B)x3 = 0. (7.60)

It follows that if we take § = 1/5, Inequality (7.58) is satisfied for all x € Q, where

Q={xeR:x +2x, = —1}. (7.61)

Now, we find a set D C ) such that whenever a solution x(t) of (S;) starts inside
D, it remains in () and satisfies (7.55). In this particular example, we can take D to
be inside a V-ball Dy, that is,

D= {xe R :llxlly < Va}, (7.62)

for some a > 0. In fact, we first notice that the set D; consists of the interior of
the ellipse

3x2 + 2x1%0 + 2% = « (7.63)

along with the ellipse itself. We also notice that Q consists of all x € R? which lie
above the line x; + 2x, = —1. Thus, we can determine « so that D; has this line
as a tangent line and lies in Q. In fact, if we take a = 1/2, we find that (0, —1/2)
is the tangent point in question. Letting D = {x € R" : |[x|ly < W}, for some
p € (0,a), it suffices to show that every solution of (S;) emanating from a point
inside D exists for all t € Ry and lies in D.

Let x(t) be a solution of (S;) starting at x(0) = xo with xo € D. Then, as long
as x(1) lies in Q, (7.55) is satisfied. Applying Lemma 4.11, we see that

Ixly < e %O} < IO}, (7.64)

Assume now that x(t) leaves the set D at some t = t;. Then it is easy to see that we
can take t; to be the first time at which this happens. Then, there exists a neigh-
borhood [ty, t;) such that x(¢) ¢ D and x(t) € D, for all t € (ty,t). Thus, again
from (7.55), we obtain

(G0l = = (3)iwtwliy = - (BJu<o. 7o

Since (d/dt)]|x(t) II%/ is continuous, (7.65) says that ||x(t)||v is strictly decreasing in
a right neighborhood of #. Thus, the solution x(t) cannot penetrate the boundary
of the V-ball D, because its V-norm does not increase to the right of the point f.
It follows that (7.64) holds for as long as x() exists. This fact implies that x(¢) is
continuable to +oc0. Moreover, (7.64) also implies easily that the pair (D, Q) is a re-
gion of asymptotic stability for (S;) (see (7.43), (7.44), (7.45), (7.47), and (7.48)).
Actually, here (D, D) is an even better region of asymptotic stability.
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4. PERIODIC SOLUTIONS

In this section, we study systems of the form
x' =F(t,x), (E)

where F(t + T,u) = F(t,u), (t,u) € R X R". Here, T is a fixed positive constant.
We are looking for T-periodic solutions of (E), that is, solutions x(¢) which exist
on R and satisfy x(t + T) = x(t), t € R.

Our first existence result is contained in Theorem 7.12.

THEOREM 7.12. Let F : R X R" — R" be continuous and such that F(t+ T, u) =
F(t,u), (t,u) € R X R", where T is a positive constant. Moreover, let

(F(t,u;) — F(t,us),u1 —up) <0, (t,u;,uy) € [0, T] x R* x R",
(7.66)
(E(t,u),u) <0,

for every t € [0, T] and every u € R" with ||ull = r, where r is a positive constant.
Then (E) has at least one T -periodic solution.

Proor. We first note that Theorem 7.6 implies the existence and uniqueness
w.r.t. initial conditions of solutions of (E) on R,. Assume that x(#) is a solution
of (E) defined on [0, T] and such that x(0) = x(T). Then, by the T-periodicity
of F(t,u) w.r.t. t, x(t) can be easily defined on the entire real line so that it is T-
periodic (see also Exercise 3.7). Thus, it suffices to show that (E) has a solution
x(t) defined on [0, T] and such that x(0) = x(T). To this end, let U : B,(0) — R”"
map every u € B,(0) to the value at T of the unique solution of the problem

x" =F(t,x), x(0)=u,tecR,. (7.67)
Then if Uxy = xo, for some xy € B,(0), we have xo = x(0) = x(T) for some
solution x(¢) of (E), and the proof is complete. In order to apply the Brouwer

Theorem (Corollary 2.15), we have to show that UB,(0) C B,(0) and that U is
continuous. If x(t), y(t) are two solutions of (E) on [0, T], then (7.15) implies

|[x(T) = y(T)|| < ||x(0) = y(0)|], (7.68)

which shows the continuity of U. Now, let a solution x(¢) of (E) satisfy |[x(0)]| < r
and let

D= {te[0,T]:||x(s)|| < rforse[0,1)}. (7.69)

We intend to prove that the number ¢ = sup D is equal to T'. In fact, let ¢ < T and
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suppose that [|x(c)ll < r. Then, since x(¢) is continuous, there exists an interval
[c,t1) C [c,T) such that ||x(s)]| < r, s € [c,t1). However, this contradicts the
definition of c. It follows that [|x(c)|l = r. Hence, by Lemma 7.4, we have

(%) (O] —e = 24x'(€), x(0))

= 2(F(c, x(0)), x(c)) (7.70)
< 0.

Since (d/dt)||x(t)]|? is continuous, there exists an interval [c, ;) C [¢, T) such that
(d/de)lx(t)]I? < 0 there. Integrating this last inequality once, we obtain [|x(s)|| <
llx(c)|l = r for all s in this interval. This is a contradiction to the definition of c. It
follows that UB,(0) C B,(0) and that U has a fixed point in B,(0). O

In our second existence result the operator U above is a contraction on R”.

THEOREM 7.13. Let F : R X R" — R" be continuous and such that F(t+ T, u) =
F(t,u), (t,u) € R X R", where T is a positive constant. Moreover, let M be a negative
constant such that

(F(t,ul) —F(t,uz),ul —u2> §M||u1 —u2||2 (771)
forall (t,uy,uz) € [0, T] X R" X R". Then there exists a unique T-periodic solution
of the system (E).

Proor. Continuation and uniqueness w.r.t. initial conditions follow from
Theorem 7.6. It suffices to show that the operator U, defined in the proof of The-
orem 7.12, has a unique fixed point in R". To this end, we observe that if x(t), y(t)
are two solutions of (E) on [0, T'], we have

(£ )1 llxt0) - Y] = ~2Mefx(6) - y(o

dt
+2e M (F(t,x(1)) = F(, y (1)), x() = y (1)) (7.72)
< (= 2Me Mt 4 2Me~2MY)||x(8) — y(8)||

=0.
One integration above gives
M lx(0) = y I = |lx(0) = y(O)II, (7.73)
which implies
[|x(T) = y(D)| < "T]]x(0) = y(0)]l. (7.74)

Since M < 0, the operator U is a contraction mapping on R" and, as such, it has a
unique fixed point. O
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5. BOUNDARY VALUE PROBLEMS ON INFINITE INTERVALS

Consider the problem

x" = A(t)x + F(t, x), (SF)

Ux=r, (B)

where U is a bounded linear operator on C,(R.) and r is a fixed vector in R".
As we saw in Chapter 6, there is a large family of boundary value problems that
can be written in the form ((Sg), (B)). Our intention here is to show the existence
of solutions of such problems under monotonicity assumptions on A(t), F(t,x),

and for boundary conditions (B) which do not include periodicity conditions. The
relevant result is contained in the following theorem.

THEOREM 7.14. Let A : Ry — M, F: R, XxR" — R" be continuous, F(t,0) = 0,
t € Ry. Moreover, assume the following:
(1) for every (t,u,pu) € Ry X R" x [0, 1],
(A(t)u+ uF(t,u),u) < 0. (7.75)

(i) 1X(I < M, t € Ry, where M is a positive constant, and there exist two
functions q,g : Ry — Ry, continuous, and such that

[[X Y OFtwl| < q)llull +g(t), (t,u) € Ry x R™. (7.76)
Here, X(t) denotes the fundamental matrix of the system
x =A(t)x (S)

with X(0) = I. Moreover,

Jw q(1)dt < +oo, Jwg(t)dt < oo, (7.77)
0 0

(iii) U : Cu(Ry) = R™ is a bounded linear operator such that |Uull = ¢(llu(0)Il)
for every u € Cn(Ry) with lu(t)l < [lu(0)ll, t € Ry. Here, ¢ : Ry — Ry is
continuous, strictly increasing, surjective, and such that ¢(0) = 0.

(iv) X1 exists, where X is defined in Chapter 6, Section 1.

Then the problem ((Sg), (B)) has at least one solution.

Proor. We proceed as in Theorem 6.14. To this end, we need to prove the
existence of a fixed point for the operator W, where

(W) = XX [r—Up(-, )] +p(t, f), teER,. (7.78)
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Let D,,, V1 : D; — D; be as in the proof of Theorem 6.14. There we showed
that the operator V;(x, 4) is compact in x and continuous in y uniformly w.r.t. x
in bounded subsets of D;. In order to apply the Leray-Schauder theorem (Theo-
rem 2.16), we need to show that all possible solutions of the problem x— V; (x, ) =
0 in D lie inside a ball of D, which does not depend on y € [0, 1]. To prove this,
let x € D; solve x — Vi(x, o) = 0 for some gy € [0, 1]. Then the function x(t)
satisfies the integral equation

x(t) = p(XOX [ = Up(,2)] + p(t,x)) (7.79)
for u = uo and for every t € [0, 1]. It follows that Ux = yor and that
x'(t) = A(t)x(t) + uoF (t,x(t)), te€ [0,1]. (7.80)

Now, we apply (7.10) for V = I to get

(%)Hx(t)”z = 2(A()x(t) + uoF (£, x(1)),x(1)) <0, te[0,1].  (7.81)
Integrating this inequality, we get
@Il = [lx]}, ¢ < [0,1]. (7.82)
Consequently, by hypothesis (iii), we obtain

o(llx®I) < ¢(Ix0)]) < 1UxIl = wollrll < lIrll. (7.83)

Thus, we have a bound for x(¢) : Ix(£) < ¢~'(li7ll), t € [0,1]. The number
¢~ 1(lI7ll) is a uniform bound for all solutions of x — V}(x, ) = 0 in Dy, indepen-
dently of 4 € [0, 1]. Similarly, by induction, we obtain a sequence of functions
X € D,, such that

(] < ¢~ (lIrll), ¢ € [0,m], (7.84)

and each x,,(t) satisfies (7.79), for g = 1, on the interval [0,m]. The proof now
follows as the proof of Theorem 6.14, and it is therefore omitted. ]

ExampLE 7.15. Consider the system

.12 1
x = [ ) 2}x+F(t,x) (7.85)

and the boundary condition

Ux = x(0) + Jm V(t)x(t)dt =r, (7.86)
0
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where V : R, — M, is continuous and such that

J IV(®)ldt < 1. (7.87)
0
Here, we may take
filt)x
Ftx) = | f(Hhx | (7.88)
x+xd+1

where fi, fy : Ry — R_ are continuous and such that
- [Tl <o, X @IAOd <40 789
Then q(t) = — X' ()1 Ai(t), g(t) = =IIX"1 ()]l f2(t), and
Pu) = (1 - J: IIV(t)Ildt)y. (7.90)
In fact, if u € C,(Ry) with ||u(t)|| < [|u(0), we have

Uull =

w0+ [ Vot = w@l - [T Ivl o)
0 0 (7.91)

= [ = [ IVC@lldel o)l = $ (o).

The rest of the assumptions of Theorem 7.14 are also satisfied. Thus, the prob-
lem ((7.85), (7.86)) has at least one solution for every r € R”".

EXERCISES

7.1. Show that the solution V' € M, of (7.2), given by (7.4), is unique and
positive definite.

7.2. Show that the zero solution of the system

i , = ¢ ! X1 0
[xz] ) [_2 -3+ [ﬁ]] [xz] + [| sin (tx2) | (x1 — XZ)] (7.92)

is asymptotically stable by using Theorem 7.8.
7.3. Show that the first order scalar equation

x" 4 |sint|x + x> = cost (7.93)

has at least one 27-periodic solution.
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7.4. Show that the system (in R")
x' = —-Lx+ F(t,x) (7.94)

has a unique T-periodic solution if L > 0 is a constant and F is continuous, T-
periodic in ¢, and satisfies the Lipschitz condition

[|F(t,u1) — F(t,u2)|] < K||uy — ua], (7.95)

for every (¢, u1,uz) € [0, T] X R" X R". Here, K € (0, L) is another constant.

7.5. Leta: Ry — R, b: Ry — R, be continuous. Show that all solutions to
the problem

u = a(®)u+b)|ul?, u(0) =uy =0 (7.96)

are continuable to +co.

7.6. Let F : [a,b] X R" — R" be continuous. Let K C R" be compact. Show
that there exists a sequence of continuous functions {F; } 1, Fim : [a,b] XK — R”
such that

(1) limy—co [|Fpu(t, u) — F(t,u)|l = 0 uniformly on [a, b] X K.

(1) |Fpm(t, u1) — Fp(t,u2) |l < Liplluy — up || for all (¢, uy, uz) € [a,b] X K X K,
m = 1,2,..., where L,, is a positive constant.

7.7. Let F : R X R" — R" be T-periodic in its first variable and continu-
ous. Show that system (E) has at least one T-periodic solution under the mere
assumption

(F(t,u),u) <0 (7.97)

for all (t,u) € R x R" with |lul| = r. Here, r is a positive constant. This is a
considerable improvement over Theorem 7.12. Hint. Consider the systems

x' = F,(t,x) = 6ux. @)

Here, {F,,} is the sequence in Exercise 7.6 defined on [0, T'] X B,,(0), and {8} -1
is a decreasing sequence of positive constants such that §,, — 0 as m — oo. Show
that it is possible to choose a subsequence {F,,} of {F,,} such that

Sut?

(En(tyu) — Sty u) < 5

(7.98)
for |ull = r and m = 1. Using the method of Theorem 7.12, obtain a T-periodic
solution x,,(¢), t € [0, T], of (*) with F,, replaced by F,,. Show that a subsequence
{xm, (1)} 121 of {x,u(¢)} converges uniformly on [0, T'] to a T-periodic solution of
the system (E).
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7.8. Using Exercise 7.7, show that the system

X (sin*t) (]lx]I> = 1)
X | = — (1 + xl)zxz (7.99)
X3 x§x3

has at least one 27-periodic solution.

7.9. Assume that A : R X R” — R", B : R X R" — R” are continuous and
T-periodic in their first variable ¢. Assume further that

(A(t,u),u) < —Alull?, [[B(t,w)|| < u (7.100)
for every (t,u) € R X R", where A, y are positive constants. Show that the system
x' = A(t,x) + B(t,x) (7.101)

has at least one T-periodic solution. Hint. Base your argument on the closed ball
B,(0), where r is any number in (4/A, o). Use Exercise 7.7.

7.10. Find a region of asymptotic stability (D, Q) for the system (S;) in the

text, where
0 1 0
A= N F(t,u) = . 7.102
[—1 —1] (510 [—A(t)uf} (7102

Here, A : Ry — R, is continuous and such that A(t) < L, t € R, where L is a
number in [0, 1).

7.11 (asymptotic equilibrium). Consider the system
x' = F(x), (E1)
with F : R" — R" continuous and such that
(F(u1) = F(u2),u1 —u2)y < —A||ug —uz||2 (7.103)
for every (u;, u;) € R"xR". Here, V is a positive definite matrix and A is a positive
constant. Show that (E; ) has a unique equilibrium solution, that is, a vector ¥ € R"

such that F(x) = 0. Hint. Pick an arbitrary solution x(¢), t € R4, of (E;) and let
u(t) = x(t+h) — x(t), t € Ry, where h is a fixed positive number. Show first that

(%)IIu(t)ll@ < —20|u()|’ (7.104)
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and conclude, after appraising [lu(t)[l, that x(t) — % as t — oo, where X is a finite
vector. Then, from an inequality of the form

[Ix" (D] < Mexp { = A1 (¢ — to) }|x' (20)]l, (7.105)

where 1;, M are positive constants, conclude that x"(t) — 0 ast — oo.

7.12. Show that the problem

x" = Ax + F(t,x), x(0) — Nx() =1, (7.106)
with
ro1
=0
A=| 2 ],
0 N
L 3
3 e tu;
F(t,u) = [ (7.107)

| —e™2| sinuy |uy

[ 1
r= R
-1

has at least one solution if the norm of the matrix N € M, is sufficiently small.
Here,

x(o0) = }il}.}x(t). (7.108)






CHAPTER 8

BOUNDED SOLUTIONS ON THE REAL LINE;
QUASILINEAR SYSTEMS; APPLICATIONS
OF THE INVERSE FUNCTION THEOREM

In Chapter 1, we saw that if P is a projection matrix, then I — P is also a projection
matrix and R” = R; & R;, where R; = PR"” and R, = (I — P)R". In this chapter,
we show that the projection P may induce a splitting in the space of solutions of
the system

x = A(t)x. (S)

This means that the solutions of (S) with initial conditions xo # 0 in R; tend to
zero as t — +oo, whereas the solutions with initial conditions xy such that (I —
P)xy # 0 have norms that tend to +co as t — +o0. A corresponding situation, with
the roles of R, R reversed, holds in R_. This splitting occurs if the system (S)
possesses a so-called exponential dichotomy.

Exponential dichotomies for systems of the type (S) and their effect on the
existence of bounded solutions on R of the system

x" = A(t)x + F(t,x) (Sf)

are mainly the subject of Sections 1 and 2.
Section 3 contains some results for the so-called quasilinear systems

x' = A(t,x)x + F(t,x), (So)

where A(t, u) is an n X n matrix. These results are intimately dependent upon the
behaviour of the associated linear systems

x" = A(t, f(O)x+E(t, f(1)), (s%)

where the functions f belong to suitable classes.
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Several results concerning further asymptotic properties of nonlinear systems
are included in the exercises at the end of this chapter.

1. EXPONENTIAL DICHOTOMIES

In what follows, P € M, is a projection matrix. For convenience, we write P; = P
and P, = I — P. We then have P{R" = R; and P,R" = R,. Here, of course,
we have identified the projections P;, P, with the corresponding bounded linear
operators.

We now define the concept of the angular distance between the subspaces R,
and R..

DerintTION 8.1. The angular distance a(R1, R;) between the subspaces R; #
{0}, R, # {0} is defined as follows:

a(Ry,Ry) = inf {||u; + wal|s ux € Ry, ||uk|| = 1, k = 1,2} (8.1)

The following lemma establishes the basic relationship between the norms of the
projections Pj, P, and the function a(R;, R;).

LemMa 8.2. Let R" = R, ® R, and let Py, P, be the projections of Ri, Ry,
respectively. Then if || Pkl >0, k = 1,2, we have

k=12 (8.2)

Proor. Let y > a(Ry, R;), where y is a positive constant, and let u; € Ry,
u; € Ry be such that [lukll = 1, k = 1,2, and [lug + ua|l < p. Then if u = uy + u,
we have Pru = uy, k = 1,2, and

1= |kl = [[Peuel| < [|Pel[llull < p]|Pe] (8.3)

Consequently, we find

1
m < u, (84)

which implies 1/|P¢ll < (R}, R3).
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Now, let u € R” be such that Pxu # 0, k = 1,2. Then we have

(R, R;) < HH%H ¥ IIII%H |
= e e
= a1+ ||P17|||1>ZJ|||132u||P2”| (8:5)
< oy (e + Pl )
= (Il + ) = 235
This implies that
up{”ﬁ;ﬁ”a(u@l,RZ);Pku;é0, k = 1,2} <2 (8.6)
or (see Exercise 8.1)
|[P1]]ec(R1, Ry) < 2. (8.7)
Similarly, [|P;[la(R1, Ry) < 2. |

We define below the splitting that was referred to in the introduction. The
symbol X (¢) denotes again the fundamental matrix of (S) with X(0) = I.

DerINITION 8.3. Let A : R — M, be continuous. We say that the system (S)
possesses an exponential splitting if there exist two positive numbers H, my and a
projection matrix P with the following properties:

(i) every solution x(t) = X(t)xo of (S) with xy € R, satisfies
[lx(®)|| < Hexp{ — mo(t — )} |x(s)||, t=s; (8.8)

(if) every solution x(t) = X (t)xo of (S) with xy € R, satisfies
[[x(O)|| < Hexp { — mo(s — O)}||x(s)||, s=8 (8.9)
(iii) 1Pkl # 0, k = 1,2, and if we denote by P;(t), P»(t) the projections
X(t)P1X7(¢), X(t)P,X~1(¢), respectively, and let Ri(¥) = P,(t)R",

R, (t) = P,(t)R", then there exists a constant 5 > 0 such that

a(Ri(2),Ry(2)) =B, teR. (8.10)
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In the following definition we introduce the concept of an exponential dichotomy.
The existence of an exponential dichotomy for the system (S) (with P; # 0, I)
is equivalent to the existence of an exponential splitting. This is shown in Theo-
rem 8.5.

DEerINITION 8.4. Let A : R — M, be continuous. We say that the system (S)
possesses an exponential dichotomy if there exist two positive constants Hy, mg and
a projection matrix P with the following properties:

[ X()P, X Y(s)|| < Hyexp{ — mo(t —s)}, t=s,
8.11
[ X(OP, X7 L(s)|| < Hiexp{ —mo(s— 1)}, s>t (810

THEOREM 8.5. The system (S) possesses an exponential dichotomy with Py # 0,
I if and only if (S) possesses an exponential splitting.

Proor. Assume that the system (S) possesses an exponential dichotomy with
Py # 0, I and constants H;, mq as in Definition 8.4. Let x(¢) be a solution of (S)
with x(0) = xo = P1xy € R;. Then we have x(s) = X(s)xo and xo = X 1(s)x(s).
Thus,

x| = [[X(O)Prxo|| = [[X(OP1 X (s)x(5)| 5.1
< Hjexp{—my(t—s)}||x@s)||, t=s. .

Inequality (8.9) is proved the same way.

To show that a(R;(t), R,(t)) has a positive lower bound, it suffices to observe,
by virtue of Lemma 8.2, that || Pr(¢)|| < H;, t € R.

Conversely, assume that the system (S) possesses an exponential splitting with
H, my as in Definition 8.3. Let x(¢) be a solution of (S) with x(0) = P;X~1(s)u, for
a fixed (s, u4) € R x R". Then from property (8.8) we obtain

X (6P X (s)ul| = [Jx(®)]]

< Hexp{ —mo(t —s)}||x(s)|]
(8.13)
= Hexp { — mo(t — $)}||X(s)P1 X" (s)u|

<MHexp{—mo(t—s)}lull, t=s

where the constant M is an upper bound for [|P;(¢)]].

Here we have used the fact that the existence of a positive lower bound for
a(Ry (1), Ry(t)) is equivalent to the boundedness of the projections P;(t), P»(t) on
R. Thus, the first inequality in (8.11) is true.

The second inequality in (8.11) is proved in a similar way. 0
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Now, assume that (S) possesses an exponential splitting. It is easy to see that
every solution x(t) of (S) with x(0) = P;x(0) satisfies

lim ||x(#)[| = 0. (8.14)

Let x(t) be a solution of (S) such that x(0) € R,, x(0) # 0. Then from Defini-
tion 8.3(ii) we obtain

@l = (5 ) exp tmo(s = Do, 524 (8.15)
which implies
lim [|x(s)|| = +oo. (8.16)

If x(¢) is now any solution of (S) with P,x(0) # 0, then x(0) = x1(0) + x,(0) with
x1(0) € R; and x,(0) € R,. It follows that

x(t) = X(#)x(0) = X(£)x1(0) + X(#)x2(0) = x1(£) + x2(8), (8.17)

with x1 (1), x2 () solutions of (S). From the above considerations and
(@] = [lx2 (O] = [l (], (8.18)
it follows that [|x(¢)|| — 4+co as t — co. Consequently, R, is precisely the space of

all initial conditions of solutions of (S) which are bounded on R, . The situation is
reversed on the interval R _.

ExampLE 8.6. The system

MR
X 0 1]|([x

possesses an exponential dichotomy. In fact, here we have

X(1) = [e_t 0} (8.20)
0 e
and general solution
[etxl(O)}
x(t) = X(¢)x(0) = = X(£)P1x(0) + X (t)P,x(0), (8.21)
e'x(0)
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where

P, - Ll) g] . (8.22)

It is easy to see that

e =9 0
X(OP X (s) = , t=s,
0 0
(8.23)

. 0 0
X(P,X " (s) = L set
0 e GD

2. BOUNDED SOLUTIONS ON THE REAL LINE

In Section 1 we established the fact that in the presence of an exponential splitting
the system (S) can have only one bounded solution on R-the zero solution. It is
easy to see that this situation prevails even in the case of an exponential dichotomy
with P; = I. Thus, if (S) possesses either one of these properties, the system

x' = A(t)x+ f(t) (Sf)

can have at most one bounded solution on R. Here, f is any continuous function
on R.

The following theorem ensures the existence of a bounded solution on R of
the system (Sp). This solution has some interesting stability properties. We need
the following definition.

DerINITION 8.7. The zero solution of the system (Sg) is negatively unstable if
there exists a number » > 0 with the following property: every other solution x(t)
of (Sg) defined on an interval (— o0, a], for any number g, satisfies

sup [|x(8)|| > 7. (8.24)
t<a

TueoreMm 8.8. Consider the system (Sg) under the following assumptions:
(i) A: R — M, is continuous and such that the system (S) possesses an expo-
nential dichotomy given by (8.11);
(ii) F:R X R" — R" is continuous and, for some constant r > 0, there exists a
function B : R — Ry, continuous and such that

[|F(t,u) — F(t,v)|| < B llu— vl (8.25)

forevery (t,u,v) € R X B.(0) X B,(0);
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(iil) we have

0 ©
p = Hysup { J exp {mos}p(s + t)ds + J exp { — mos}B(s+ t)ds} <1
teR —o0 0
(8.26)
(iv) we have
t )
HI X(H)P X (s)F(s,0)ds — J X(H)P,X (s)F(s,0)ds
o ;
(o) (8.27)
< %, teR.
Then
(1) there exists a unique solution x(t), t € R, of the system (Sg) such that
llxlleo < 15

(2) if P =1, F(t,0) = 0, and (iii) holds without necessarily the second integral,
then the zero solution of (Sg) is negatively unstable;
(3) let P = I and let (iii) hold without necessarily the second integral. Let

A = limsup { (%) Jot[}(s)ds} < Z—?. (8.28)

[—co

Then there exists a constant § > 0 with the following property: if x(t) is the solution
of conclusion (1) and y(t), t € [0, T), T € (0, %), is another solution of (Sg) with

[lx(0) = y(0)]| = &, (8.29)
then y(t) exists on R4,

ly@®)]| <7, teRs,

lim [[x(t) = y(0)]| = 0. (8.30)

Moreover, if F(t,0) = 0, then the zero solution of (Sg) is asymptotically stable.

Proor. (1) We consider the operator U defined as follows:

t 00
(UNH) = J_ X(H)P1X'E(s, f(s))ds — L X(t)P X '(s)F(s, f(s))ds. (8.31)
This operator satisfies UB" C B", where

B ={f€Cu(R): I flle <r}. (8.32)
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Actually,
jufle <2 o (8.33)
Also,
lUA-UALll, <pllfi = flle fis o €B (8.34)

(see Exercise 8.3).

By the Banach contraction principle, U has a unique fixed point x in the ball
B". Tt is easy to see that the function x(¢) is a solution to the system (Sg) on R.

Let y(t), t € R, be another solution of the system (Sg) with || y|l« < r, and let
g(t) = (Uy)(t). Then the function g(t) satisfies the equation

x' = A(t)x+ F(t, y(1)). (8.35)

However, by the discussion at the beginning of this section, (8.11) implies that

(8.35) can have only one bounded solution on R. Hence, g(t) = y(t), t € R, and
y is a fixed point of U in B". This says that y(t) = x(¢). Thus, x(t) is unique.

(2) Now, let P = I, F(t,0) = 0, and let (iii) hold without necessarily the second

integral. Then, by what has been shown above, zero is the only solution of (Sg) in

the ball B". Assume that y(t), t € (-, a], is some solution of (Sr) such that
sup [[y(1)]] < r. (8.36)
t<a
It is easy to see, as above, that the operator U?, defined by
t
(U)W = | XOXTOFG F6)ds, (8.37)
has a unique fixed point x in the ball
B, ={f €C(~c0,a]: | flle <r}. (8.38)
We must have x(t) = 0, t € (—co, a]. The function y(t) satisfies the equation
t
(1) = X(1) [X*I (f0) y (£o) + L X’l(s)F(s,y(s))ds] (8.39)

for any ty, t € (—o0,a] with t; < t. We fix t in (8.39) and take the limit of the
right-hand side as t; — —co. This limit exists as a finite vector because

[ X()X (ko) y(to)|]| < rHexp{ —mo(t —to)}, t=to. (8.40)
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We find

y(t) = X(¢) J_OOX‘I(S)F(s,y(s))ds. (8.41)

Consequently, y is a fixed point for the operator U* in BY,. This says that y(t) = 0,
t € (—o0,al.

It follows that every solution y(t) of (Sg), defined on an interval (—co,a],
must be such that || y(t,,)|l > r, for a sequence {t,,},,—; with t,, — —oc0 asm — oo.
Therefore, the zero solution of (Sg) is negatively unstable.

(3) Let the assumptions in conclusion (3) be satisfied (without necessarily
F(t,0) = 0) and let the positive number § < r(1 — p)/2 be such that

|[x(0) = y(0)|| < &, (8.42)

where x(t) is the solution in conclusion (1) and y(t) is another solution of (Sr)
defined on the interval [0,T), T € (0, o). Then there exists a sufficiently small
neighborhood [0, T;) C [0, T) such that ||y(¢)ll < r for all t € [0, T}). Here we
have used the fact that [|x[l. < 7(1 4 p)/2 from (8.33). For such values of ¢, we use
the Variation of Constants Formula to obtain
[lx(t) = y(®] < XX (0)][1x(0) = »(0)]]
t (8.43)
+ | XWX IR x6) - y(6)ds.

Using the dichotomy (8.11), we further obtain

exp {mot}||x(t) — y(1)]|
‘ (8.44)
<H, [||x(0) - y(0)[| + L exp {mos}(s)|x(s) — y(S)lldS].

An application of Gronwall’s inequality to (8.44) yields

[|x(£) — y(t)]] < Hy||x(0) — y(0)]| exp{ — mot + H; Jo [S(S)ds} (8.45)

for all t € [0, T;). From the definition of A in conclusion (3), we obtain that if
€ > 0 is such that A + 2€ < mo/H;, then there exists an interval [ty, =), t; > 0,
such that

1 t my
(3)] pods<rve< () -e t=n (8.46)
t) Jo H;
This immediately implies

t
H, J ﬁ(S)dS —mot < —€Ht, t=t. (847)
0
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Thus, we may choose

§ < min { Z;;II_AZ; r(lz_’)) } (8.48)
where
M = stlzlg{exp{ — mot + H; ‘[gﬁ(s)ds}}. (8.49)

For such &, (8.45) implies

r(1—p)

() =yl < ==, telo,T). (8.50)
In fact, if (8.50) is assumed false, then, letting
T, = inf{t €[0,7): [|x(t) — y(t)|| = r(lgp)}, (8.51)
we obtain from (8.45)
(1) p() 1 < "2, (8.52)

that is, a contradiction. It follows that y(#) is continuable to +co and that || y || < 7.
If we further assume that F(t,0) = 0, t € R,, then we must take x(t) = 0, t € R,.
In this case (8.45) implies the asymptotic stability of the zero solution of (Sg). [

In the next theorem the solution of conclusion (1), Theorem 8.8, is shown to
be T-periodic, or almost periodic, provided that the functions A, F have similar
properties w.r.t. the variable t. We need the following definition.

DerINITION 8.9. The continuous function F: R X S — R” (S ¢ R") is said to
be S-almost periodic if for every € > 0 there exists I(€) > 0 such that every interval
of length I(€) contains at least one number 7 with

[|[F(t+7,u) - F(t,u)|| <€, (t,u) € RxS (8.53)

In Chapter 1, we defined the concept of an R”-valued almost periodic func-
tion. Naturally, a corresponding definition can be given for an M, -valued function.
It will be used in the following theorem.

TuEOREM 8.10. Let the assumptions (i)—(iv) of Theorem 8.8 be satisfied and let
x(t) be the solution in conclusion (1) there. Then we have the following:

(i) if A(t), F(t,u) are T-periodic in t, then x(t) is T-periodic;
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(ii) let Py = I, and let (iii) of Theorem 8.8 hold without necessarily the second

integral. Let A(t), F(t,u) be almost periodic and B,(0)-almost periodic,
respectively. Then x(t) is almost periodic.

Proor. (i) The function z(t) = x(t+ T), t € R, is also a solution of (Sg) with
l|z]l o < r.In fact,

Z(t) = A(t+ T)z(t) + F(t+ T, z(t)) = A(t)z(t) + F(t, z(t)). (8.54)

Since x(t) is unique in B" (see Theorem 8.8 and its proof), we must have x(t) =
x(t+T), t € R. Hence, x(t) is periodic with period T.

(ii) Given € > 0 we can find a number I(€) > 0 such that in each interval of
length I(€) there exists at least one number 7 with

[[A(t+1) - A@®)|| <€, [|F(t+1,u) — F(t,u)|| < € (8.55)

for every (t,u) € R X B,(0) (see also Exercise 1.20). We fix 7, € and we let
¢(t) = x(t+71) —x(t), teR (8.56)
Then ¢(t) satisfies the equation
¢ =Alt+1)¢+Q(1), (8.57)
where
Q(t) = [A(t+1) — A(t)]x(t) + F(t + T, x(t + 1)) — F(t,x(t)). (8.58)
Using (8.55), we obtain

QNI < er +||F(t + 7,x(t + 7)) = F(t,x(t + 7))
+|[F(t,x(t + 1)) — F(t,x(1))|]

(8.59)
<er+e+p)o)|
=pOllgOl[ +e(r+1), teR
It is easy to see now that
Y(t) = X(t+1)X (1) (8.60)

is the fundamental matrix of the system

y = A(t+1)y (8.61)
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with Y(0) = I, and that this system possesses an exponential dichotomy given
by (8.11), where X is replaced by Y, and P, = 0. Thus, for ¢(t) we have the
expression

(1) = J_too Y(OY ' (5)Q(s)ds, 1€ R. (8.62)

In fact, the function on the right-hand side of (8.62) is a bounded solution of the
system (8.57). However, this system has a unique bounded solution on R. Using
the estimate on ||Q(#)]| in (8.59), we obtain

ol < [ Iv@yolllsllds
<t [ epl—mo(t—OIBOIPON + (r+ Delds  (8:63)
< pllglle + (%)(” e = plllla + 6,

where ¢ is another positive constant. It follows that

eIl = []x(t+7) — x(1)]| < [ ]e, teR. (8.64)

o
(1-p)

We summarize the situation as follows: for every €; > 0 there exists /;(€;) = I((1 —
p)€1/o) such that every interval of length /;(€;) contains at least one number 7
such that

Ix(t+7) — x(8)]] < [(1 fp)] [(1 _Op)el] —e, teR (8.65)

We have shown that x(¢) is almost periodic. O

As it is expected, fixed points of the operator U in the proof of Theorem 8.8
can be obtained via the use of the Schauder-Tychonov theorem (Theorem 2.13).
Actually, it suffices to show the existence of a sequence {x,,(t)},,—; such that x,, :
[-m,m] — R, [|x]le < K (for some constant K > 0), and

Xu(t) = Jz X()P1 X Y(s)E (s, xm(s))ds
- (Em)
- J X ()P X 1(s)F (s, %m(s))ds

for every m = 1,2,...,t € [-m,m]. Since each function x,, satisfies the sys-
tem (Sg) on [—m, m], the existence of a solution x(t) of (S¢) on R will follow from
Theorem 3.9. This process is followed in the following theorem.
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THEOREM 8.11. Assume that A : R — M, is continuous and such that the
system (S) possesses an exponential dichotomy given by (8.11). Furthermore, assume
that F : R X R" — R" is continuous and such that

linrgiolgf<|% sup {||F(t,u)||}} =0. (8.66)

(S
llull<m
Then system (Sg) has at least one bounded solution x(t) on R.

Proor. We consider first the functional q : C,(R) — R, defined as follows:

2Hy
my

a(f) = ——|IF(-, ()l (8.67)

We show that there exists r > 0 such that g(B") C [0, r], where
B = {f € Ci(R); I flleo < r}. (8.68)

In fact, assume that the contrary is true and let {n;};_, be a sequence of positive
integers such that

lim <|1 sup {||F(t,u){|}} =0 ask — . (8.69)
k—eo | N tcRr
lull<n
This is possible by virtue of (8.66). Then we have that q(B™) ¢ [0,n], k =
1,2,.... Consequently, each ball B contains at least one function f,, such that
2H
a(fu) = 2 IEC S Dl > me (8.70)
This implies
2H, 2H,
1< F(os fu, ()]l < su F(t,u)||f, 8.71
o PO s s Rl @70
ul[=nj

contradicting (8.69). Let >0 be such that g(B") € [0,r] and let U, : C,[—1,1] —
C,[—1,1] be defined as follows:

(ULF)(8) = j X(OP X ()F (s, £(5))ds
- (8.72)

- Jl X(OPX L (5)F (s, £(5))ds.
t
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Then U,Bj C B}, where
Bl ={f € Cu[-1,1]: | flle < 7}.

In fact, given f € B, let

f(), te[l, o),
fO =170, tel-1,1],
f(=1), te(—co,—1].

Then we have, fort € [—1,1],
NI < [ IXOPXOIIFE 7)) lds

[ IO S PG 70 s

<H, Jﬁl exp | — mo(t —s)}ds+ Ll
X|EC, fFCDa

[ [ explmsldss [ exp (-~ moslas]
VIO

<H Jom exp {mos} ds + j: exp { - mos}ds]

< IF( )l
= H R RO = () <7

mo

exp { — mo(s — t)}ds]

(8.73)

(8.74)

(8.75)

It is easy to see that the set U, Bj is relatively compact in C,[—1, 1] and that U is
continuous on Bj. By the Schauder-Tychonov theorem, U; has at least one fixed
point x; € Bj. Similarly, we obtain that each operator U,,, m = 2,..., defined on
Cy[—m, m] by the right-hand side of (E,,), has a fixed point x,,, t € [—m, m], such
that [|x;lle < r and (E,,) is satisfied on [—m, m]. Theorem 3.9 implies now the

existence of a solution x(t), t € R, of (Sp) such that ||x||o < r.

3. QUASILINEAR SYSTEMS

The most important property of a quasilinear system

x' = A(t,x)x + F(t,x)

O

(Sq)
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with A : ] X R" — M,, F: ] X R" — R" (with ] a real interval), is that the system
x' = A(t, f()x+E(t, f(1)) (s)

is linear for any R”-valued function f on J. Linear systems of the type (S/) have
been extensively studied in the preceding chapters. It is therefore natural to ask
whether information about (Sq) can be obtained by somehow exploiting the prop-
erties of the system (Sf), where f belongs to a certain class A(J) of continuous
functions on J.

It is shown here that some of the properties of the system (S/) can be carried
over to the system (Sq) via fixed point theory. In fact, if U denotes the operator
which maps the function f € A(J) into the (unique) solution x; € A(J) of (sh),
then the fixed points of U are solutions in A(J) of the system (Sq).

This procedure is followed here in order to obtain some stability and period-
icity properties of the system (Sq).

It should be noted that the quasilinear systems constitute quite a large class. To
see this, it suffices to observe that if B: J X R” — R" is continuously differentiable
w.r.t. its second variable, then there exists a matrix A(t, x) such that

B(t,x) = A(t,x)x + B(t,0), (t,x) € ] x R". (8.76)

This assertion follows from the next lemma.

LemmMa 8.12. Let D be an open, convex subset of R". Let F : D — R" be contin-
uously differentiable on D. Let x1,x, € D be given. Then

1
F(x2) = F(x1) = L Fy(sx2 + (1 = s)x1)ds(x2 — x1), (8.77)

where Fy(u) is the Jacobian matrix [0F;(u)/0x;], i, j = 1,2,...,n, of F at u.
Proor. Consider the function

g(s) =F(sxa+ (1 —5)x1), se€[0,1]. (8.78)

This function is well defined because the set D is convex. Using the chain rule for
vector-valued functions, we have

g'(s) = Fe(sxa + (1 = 8)x1) (%2 — x1). (8.79)

Integrating (8.79) from s = 0 to s = 1 and recalling that g(0) = F(x), g(1) =
F(x,), we get (8.77). O
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We notice that if the function B in (8.76) satisfies B(t,0) = 0, then the system
x" = B(t,x) (8.80)

becomes
x' = A(t,x)x. (8.81)

Before we state and prove the main stability result of this section, it is convenient
to establish some definitions. In what follows, A : Ry X R" — M, will be assumed
to be continuous on its domain.

DerinITION 8.13. The zero solution of the system (8.81) is called weakly stable
if for every € > 0 there exists §(€) > 0 with the following property: for every £ € R”
with [|€]] < 8(€) there exists at least one solution x € C,(R;) of (8.81) satisfying
x(0) = £ and

lx]le < €. (8.82)

This definition coincides with the usual definition of Chapter 4 if the solutions
of (8.81) are unique w.r.t. initial conditions at 0.

DErINITION 8.14. The systems
x=A(t f(t)x (Ef)

are called iso-stable if for every € > 0 there exists §(€) > 0 with the property: for
every f € C,(Ry) with || flle < € and every solution y((t), t € Ry, of (Ef) with
lyr(0)ll < 8(€), we have [|yrllo < €.

The iso-stability of (Ey) is of course guaranteed if for every € > 0 there exists
K = K(€) > 0 such that

t

limsup | u(A(s, f(s)))ds < K < +o0 (8.83)

t—o0 0

forany f € C,(R;) with || f |l < €. Here, y is the measure of Definition 4.7. This
fact follows from Theorem 4.12.

The following theorem provides conditions for the weak stability of the zero
solution of (8.81).

Taeorem 8.15. Let A : Ry X R" — R" be continuous and such that the sys-
tems (Ey) are iso-stable. Then the zero solution of the system (8.81) is weakly stable.
If, moreover, the solutions of the system (8.81) are unique w.r.t initial conditions at
zero, then the zero solution of the system (8.81) is stable.
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Proor. Let X((t) be the fundamental matrix of (Ef) with X;(0) = I. Fix
€ > 0 and let §(€) > 0 be such that || X, (¢)¢]l < € forevery t € Ry, f € Cu(R})
with [ flle < €, and & € R" with [[€]| < &(€). This is possible by virtue of the
iso-stability of the systems (Es). Now, fix £ € R” with ||| < &(e) and consider
the set S consisting of all functions f € C,[0,1] such that f(0) = £and || fll < €.
Obviously, S is a closed, convex and bounded set in the Banach space C,[0, 1]. We
define the operator T : S — C,[0, 1] as follows: given a function f € S,y = Tf
is the solution of the system (Es) with y(0) = ¢, restricted on the interval [0, 1].
From our assumptions above, we obtain that || y|l < € because ||&]l < (€). It
follows that TS C S. Let

p = sup [|A(t,u)|l. (8.84)
e

Then f € Sand y = Tf imply
1yl < [[AC, FO) Iyl =< pe. (8.85)

This says that the set TS is equicontinuous. Since it is also uniformly bounded,
it is relatively compact by virtue of Theorem 2.5. In order to apply the Schauder-
Tychonov Theorem, it remains to show that T is continuous on S. Let { f,} =1 C
S, f € S be such that

lim || — fll, = 0. (8.86)

M— 00

Then, since {T f,u}m—; is uniformly bounded and equicontinuous, there exists a
subsequence {T f,, } -, such that uy = T f,,, — y € S uniformly as k — oo. Let

t
W) = £+ L Als, £(s)) y(s)ds. (8.87)

The sequence {uy} satisfies

we(t) = £+ L A5, fin () e (s)ds. (8.88)

Subtracting the last two equations we get

1
e =l < [ IAG S ue(s) = AGs @) yellds, (889

which implies [|ux — ullo as k — oo. Thus, u(t) = y(t), t € [0, 1]. It follows that
y(t) satisfies the system (Ef) and that T f,,, — Tf as k — co uniformly on [0, 1].
Since we could have started with an arbitrary subsequence of { f,,} instead of { f,,,}
itself, we have actually shown that every subsequence of {T'f,,} contains a further
subsequence converging uniformly to T'f on [0, 1]. This is equivalent to saying
that Tf,, — Tf as m — oo uniformly on [0, 1]. Proceeding similarly, we obtain



166 BOUNDED SOLUTIONS ON THE REAL LINE

by induction a sequence {x,,},,—; of functions with the property: x,, € C,[0, m],
xm(0) =&, lxu ()|l < € for t € [0,m], and each x,, satisfies the system (8.81) on
the interval [0, m]. As in Theorem 3.9, we obtain now the existence of a solution
x(t), t € Ry, of (8.81) such that x(0) = & and [|x|l < €. This proves the weak
stability of the zero solution of (8.81).

If, in addition, the solutions of (8.81) are unique w.r.t. initial conditions at
zero, then the solution x(¢) above is the only solution of (8.81) with x(0) = &. This
proves the stability of the zero solution of (8.81). O

ExampLE 8.16. To illustrate Theorem 8.15, consider the system (8.81) with

U
exp{ - (t-ui)}
Alt,u) = 0 (t+ 1?2 (8.90)
Tav2p P
for any (t,u1, uz) € Ry X R X R. We choose, for convenience, the norm
llxlly = max {|x; |, [ x|} (8.91)
Then, using Table 1, we have
_ (2 | u2 | | us | ) }
p(A ) = max fexp { = (1= D)} + (s, s +exp {— ) o
_ (2 | u2 |
—ep (-~ (-] + 2
forall t > 0. Given f € C;(R;) with || fllw < €, we obtain
t
WA F0)) = exp [ — (- o)} + L0
t+1) (8.93)
<exp{e’ —t}+ t>1.

(t+1)2°

Thus, (8.83) is satisfied. Since A(f,u)u satisfies a Lipschitz condition w.r.t.  on
any compact subset of R, x R”, the zero solution of the system (8.81) is stable.

ExampLE 8.17. Similarly, the zero solution of the system x" = B(t,x) with

B(t,u) = |: (8.94)

e (1l + uy) + e 213 ]
)

te~tud + (1 +12) 'y sin (13

is stable. The proof is left as an exercise (see Exercise 8.4).
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Other stability properties of the system (8.81) can be studied by means of the
preceding method. Since the corresponding statements and methods of proof are
very similar to our considerations above, they are omitted.

As the reader might have expected, it is sometimes more convenient to trans-
fer the properties of the system (S/) to the system (Sq) without the use of fixed
point theory. In fact, it might be advisable to pick a local solution x(¢) of (Sq) and
apply the assumed uniform conditions on (/) (like iso-stability) to the system

u' = A(t,x(1)u+ F(t,X(1)), (8.95)

or the system
u' = A(t,x(t))u+ F(t,u), (8.96)
where X() coincides with x(¢) on some interval and is constant everywhere else.

To illustrate this procedure, we extend below Theorem 4.14 to quasilinear systems.

THEOREM 8.18. For the system (Sq) assume the following:
(1) A: Ry X R* = M, is continuous;
(ii) F:R; x R" — R" is continuous and such that

[|F(t,x)|| < Allxll, (t,x) € Ry x R", (8.97)

where A is a positive constant;

(iii) there exists a positive constant K € (0, 1/1) with the property: for every
f € Cu(Ry) there exists a fundamental matrix X (t) of the system (Ef)
such that

Jt X/ (0X; ' llds <K, ¢ € R.. (8.98)
0

Then the zero solution of the system (Sq) is asymptotically stable.

Proor. Let xp € R" be given and let x(¢) be a local solution of (Sq) on the
interval [0, p), for some p > 0. Let g be a constant in (0, p) and consider the
function

x(t), te€l0,ql,
x(q), t€[g,c0).

X(t) = (8.99)

Then X(t) € C,(R.) and the function x(¢) satisfies the system (8.96) on the inter-
val [0, g]. Now, we can follow the steps of the proof of Theorem 4.14 to show that
x(t) satisfies the inequality

[lx(®)]] < (1= AK)Y|x(0)]] (8.100)
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on the interval [0,q]. Since ¢ € [0, p) is arbitrary, and the right-hand side of
(8.100) does not depend on g, it follows that x(t) satisfies (8.100) on the entire
interval [0, p). Thus, by Theorem 3.8, x(t) is continuable to the point t = p. It
follows that x(t) is continuable to +o0 and that (8.100) holds on R.. This shows
that the zero solution of the system (S) is stable. The proof of the fact that the zero
solution of (Sq) is asymptotically stable follows again as in Theorem 4.14 because
we have

Lt X)X (s)||ds < K, £ 0, (8.101)

for every solution x(¢), t € R4, of (Sq). O

The existence of T-periodic solutions of the system (Sq) is the content of the
following theorem.

THEOREM 8.19. Assume that A : RXR" — M, is a symmetric matrix, T-periodic
in its first variable, and such that its largest eigenvalue Ay (t, u) is bounded above by
a negative constant —q for all (t,u) € R x R". Let F : R X R" — R" be continuous,
T-periodic in t, and such that

T
liminf {i J sup ||F(t, u)||dt} =0. (8.102)
m—oo I

lull<m

Then the system (Sq) has at least one T-periodic solution.

Proor. Assume for the moment that for every continuous T-periodic f €
Cy(R) the system (S hasa unique T-periodic solution x¢ (). Then, following the
theory developed in Chapter 6, it is easy to see that

T
x5(8) = X0 [T - XA(T)] ' X4(T) JO X;U)F(s, £(5))ds
(8.103)

+ Lt X, (X7 (5)E (s, () ds,

where X¢(t) is the fundamental matrix of (Ef) with X¢(0) = I. Obviously, the
fixed points of the operator U : f — x; are the T-periodic solutions of the sys-
tem (Sq). In order to apply the Schauder-Tychonov theorem, we first show that the
system (Ef) has indeed a unique T-periodic solution for every T-periodic func-
tion f.Fix f € P,(T),andlet xf(t), t € Ry, be a solution of the system (Ey). Then
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we have
d 5 ,
(a) (expl2qttlxr()I*) = 2qexpi2qtt|lx (o)

+2exp{2qt} (A (t, (1) xs (1), x5(t))
< 2qexp{2qt}||x; (1)||” - 2q exp{2gt}|lx; ()]

=0.
(8.104)
Integrating (8.104) from s to t = s, we get
exp{2qt}||xf(t)||2 < exp{2qs}||xf(s)||2. (8.105)
Since x(t) = Xf(t)Xf_l(s)xf(s), (8.105) implies
X (DX (5)x ()| = exp { = 2q(t = )} x(5)]|. (8.106)
Since x(s) is an arbitrary vector in R", (8.106) yields
||Xf(t)XJ?1(s)|| <exp{—q(t-s)}, t=s (8.107)

Letting s = 0 in (8.107), we obtain ||X;(¢)[| — 0 as ¢t — oco. This says that every
solution x(t), t € Ry, of the system (Ef) tends to zero as t — . It follows that the
only possible T-periodic solution of (Ey) is the zero solution.

Now, we employ Theorem 6.1 to conclude that for each f € P,(T) the sys-
tem (S/) has a unique T-periodic solution.

We need to show that [I — X¢(T)] ™! is bounded uniformly w.r.t. f € P,(T).
We are considering only t € [0, T'], because, as it was established in Chapter 6, the
existence of an x € C,[0, T], which is T-periodic, is sufficient for the existence of
a T-periodic solution of the system (Sq). Since (8.107) implies

|X¢(T)|| < exp{—qT}, (8.108)
we have

11 = XD = IEI = [|X(DINEN = (1 - exp{—qT})IENl, &eR"
(8.109)

Thus, we have shown that
I =X(T)] '] < (1 —exp{—qT}) ™, f € Pu(T). (8.110)

The rest of the proof follows as in Theorem 8.11 in order to show that U has a fixed
point in some closed ball of P,,(T) with center at zero. It is therefore omitted. [J
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Theorem 8.19 is well illustrated by the following example.

ExampLE 8.20. Consider the system

-p(t,x) 0 0
x = 0 —q(t,x) 0 x+ F(t,x), (8.111)
0 0 —r(t,x)

where p,g,7 : R X R’ — R are continuous, 27r-periodic in ¢ and such that
p(t,u) = 1, q(t,u) = 2, r(t,u) >3 (8.112)

for every (t,u) € [0,27] X R*. Moreover, F : R x R* — R? is continuous, 27-
periodic in ¢ and such that

[[F(t,u)|| < Mull® +u, te[0,27], uec R (8.113)

where A, y, o are positive constants with o € (0,1). Then Ap(¢,u) < —1 and the
rest of the assumptions of Theorem 8.19 are satisfied.

4. APPLICATIONS OF THE INVERSE FUNCTION THEOREM

Our applications of the inverse function theorem are concerned with boundary
value problems

x' = A(t)x + F(t, x), (Sg)
Ux=r (B)
of the type considered in Chapter 6. We recall again that if the homogeneous prob-

lem (F = 0, r = 0) has only the zero solution, then the problem ((Sg), (B)) is
equivalent to the problem

x(t) = X(OX [r = Up(-,x)] + p(t, x), (8.114)

where X is the matrix whose columns are the values of U on the corresponding
columns of X (t) and

t
p(t,x) = J X)X~ (s)F(s,x(s))ds. (8.115)
0
Here, and in what follows, we assume for convenience that F is defined on all of

R" w.r.t. its second variable, and that F : [0,T] Xx R” — R"and A : [0,T] - M,
are continuous. Let xq be a fixed element of C,,[0, T], and let

B" = {x € C,[0,T] : ||x — x0l|, <7}, (8.116)
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where r is a positive constant. Then the operator Ty : B — C,[0, T], given by
(TOf)(t) = F(trf(t))r (8117)

is continuous on B". This follows as in Example 2.28 because F is uniformly con-
tinuous on the set [0, T'] X S, where

S={ueR":|lull <r+|xl|.}. (8.118)

If F has a continuous Jacobian matrix Fy(f,u) on [0, T] X S, then it is also easy to
see, again as in Example 2.28, that the operator Ty is Fréchet differentiable at x,
with Fréchet derivative Tj(xo) given by

[ T4 (x0) B](t) = Fi(t,x0(2)) h(t) (8.119)

for every h € C,[0, T] and every t € [0, T].
We now state the main result on finite intervals.

THEOREM 8.21. For the equation (8.114) assume the following:
(i) A:[0,T] = M, F:[0,T] x R" — R" are continuous;

(ii) the Jacobian matrix F.(t, u) is defined and continuous on the set [0, T] X
(iii) fuigx;xo € C,[0,T] and let f, € C,10,T] be given by
xo(t) = folt) = XX Up(,x0) + p(t,30). (8.120)
Assume that the equation

x(t) = f(t) = X(OX'Uq(+, %0, ) + q(t, X0, x) (8.121)

has a unique solution x € C,[0, T] for every f € C,[0,T], where

q(t,x0,x) = J’OtX(l‘)X_l (s)Fy (s, x0(s)) x(s)ds. (8.122)

Then there exist two constants « > 0, 5 > 0 with the property: for every f € C,[0, T]
with | f — folle < B there exists a unique solution x(t) to the equation

x(t) = f(t) = X(OX'Up(-,x) + p(t, x) (8.123)

such that ||x — xolle < .
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Proor. Consider the operator V : C,[0,T] — C,[0, T] given by
(Vx)(t) = x(¢) +X(t))?_1Up(-,x) - plt,x), tel0,T]. (8.124)

It is easy to see that V' is continuous on C,[0, T] and Fréchet differentiable there
(see Example 2.28 and Exercise 2.6) with Fréchet derivative V' (x,) given by

[V’ (x0)h](t) = h(t) + X()X U4 (-, x0,h) — q(t, %0, h). (8.125)

Now, fix f € C,[0, T] and consider the equation V' (xo)h = f. Our assumption
(iii) implies that 4 is the unique solution of the linear equation (8.121). Thus,
V'(x) is one-to-one, and onto. To show that V'(x) is continuous in x, let, for
some constant r > 0,

D={ueR": [lull <r+lxll.}

(8.126)
Dy = {x € C,[0,T] : lIxllew < 7+ ||x0]| . }-
Then given € > 0 there exists §(€) > 0 such that
€
||Fx("u1)_Fx(')u2)||oo = @ (8.127)
for any u;, u, € D with [|u; — u,|| < §(€). Here, y = max{u;, y,} with
t
4 = max H ||X(t)x4(s>||ds},
relo Tl L Jo (8.128)
o = I XNl || XU N1
It follows that for every x1,x, € D; with [lx; — x2[l < 8(€) we have
[V (x1)h = V' (x2) ||, < €llhlle (8.129)
for any h € C,[0, T], or
|V (x1) = V' (x)]| <€ (8.130)

Our assertion follows now from the inverse function theorem (Theorem 2.27).
O

The preceding theorem has the following important and applicable corollary.

CoROLLARY 8.22. Let the assumptions of Theorem 8.21 be satisfied with
ll follo < B. Then there exist positive numbers &, y such that for each r € R" with
lrll < u there exists a unique solution x(t) of the problem ((Sg), (B)) satisfying
llx = xolle < ax.
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ProoF. Let € > 0 be such that || foll + € < . Then since

lim sup |IX(OX'r = fol| = [ foll.o» (8.131)
Irl—0 t€[0,7]

there exists g(€) > 0 such that

SFI;]IIX(t))?’lr—fo(t)lls [ foll. +€ <P (8.132)
te|o,

whenever ||| <y = q(€). Thus, for every r € R” with [|7|| < p, equation (8.114)
has a unique solution in the set {x € C,[0, T] : [lx — x0ll < a}. O

The next theorem solves the problem ((Sg), (B)) on the interval R.. The solu-
tions actually belong to C,(R,), which consists of the bounded continuous func-
tions on R,.

THEOREM 8.23. For the problem ((Sg), (B)) assume the following:

(i) A: Ry — M,, F:R; X R" — R" are continuous;
(ii) the fundamental matrix X(t) (X(0) = I) satisfies

sup 0t||X(t)X_1(s)||ds < +oo. (8.133)

teRy

Moreover, U : C,(Ry) — R" is a bounded linear operator such that X!
exists;

(iii) the Jacobian matrix F,(t, u) exists and is continuous on Ry X R". Given a
bounded set M C R", the sets F(R, X M), Fx(R; X M) are bounded and
for every € > 0 there exists §(€) > 0 such that

||Fx(t)u1)_Fx(t)u2)H<e (8134)

forall (t,uy,uz) € Ry X M X M such that |lu; — uy 1l < 8(€);
(iv) for every f € C,(Ry) the equation (8.121) has a unique solution x €
Cu(R+), where the function q is given by (8.122).

Given xg € Cy(Ry), let fo(t) be defined by (8.120). Then there exist two constants
a > 0, B > 0 with the property: for every f € C,(Ry) with || f — folle < f there
exists a unique solution x € C,(R.) of the equation (8.123) such that || x —xoll < .
If, moreover, || foll < B, then the problem ((Sg), (B)) has a unique solution for all
r € R" with ||rl| sufficiently small.

Proor. The key element in the proof is again the continuity of the operator
V’(x) in (8.124) in x, which follows from an inequality like (8.127) as in the proof
of Theorem 8.21. The details are omitted. O
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The reader will have no difficulty in applying the above considerations to
equations of the type

x(t) = f(t)+f X(OPX 1 (5)F (5, x(s))ds
L (8.135)
- J X ()P, X 1 (s)F (s, x(s))ds

under suitable assumptions, where P; is a projection matrix in M,,. The conclusion

in this case would be that the system (Sg) has bounded solutions on R if fo = Vg

has a sufficiently small norm | fyll« (so that f can be taken identically equal to

zero in (8.135)). Here, V is the operator defined by (8.135) written as Vx = f.
Now, we examine the problem

x" = F(t,x), (E)
Ux =0 (B)

from a different point of view. We first notice that if U is a nonlinear operator,
then we cannot in general reduce the problem ((E), (B)) to an integral equation of
the type (8.114). We also observe that the problem ((E), (B)) is equivalent to the
problem

Vx = [Nx,Ux] = [0,0], (8.136)
where
(Nx)(t) = x'(t) — F(t,x(1)). (8.137)

Thus, solutions to the problem ((E), (B)) can actually be obtained from an appli-
cation of the inverse function theorem to the operator V in (8.136). This is ac-
complished below for boundary conditions (B), where Ux has a Fréchet derivative
at any xo € C}(R,). Thus, we obtain solutions of ((E), (B)) in C.(R.). Another
theorem (Theorem 8.25) is given extending this result to problems

x' = F(t,x) + G(t,x), (8.138)

Ux = Wx, (8.139)

with no differentiability assumptions on the function G and the nonlinear oper-
ator W. Two interesting corollaries cover the case of perturbations depending on
a small parameter € > 0. Extensions to problems on R can be similarly treated,

and they are therefore omitted. We let C/ = C}(R) N C.. The space C} is a closed
subspace of C}(R.). Thus, it is a Banach space with norm

1Al = 1f oo + 1f Moo (8.140)
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We also note that C,(R;) x R" (with addition and multiplication by real scalars
defined in the obvious way) is a Banach space with norm

HLErll = flleo + lI7ll. (8.141)

The following condition on F will be needed in the sequel.

ConprTioN (F). (i) F : Ry x R" — R" is continuous and F(R; x M) is
bounded for every bounded set M C R". Moreover, the Jacobian matrix Fy (¢, u)
exists and is continuous on R, X R”.

(ii) For every bounded set M C R", F,(R; X M) is bounded and for every
€ > 0 there exists 6(€) > 0 such that

||Fx(t,1/l1) —Fx(t,u2)||<e, (t,ul,uz) e Ry XM X M. (8142)
If Condition (F) holds, then the operator N : CL(R) — C,(R) satisfies
(N(x+h))(t) = (Nx)(t) = W' (t) = F(t,x(t) + h(t)) + F(t,x(t)) (8.143)

forall (t,h) € Ry X CL(R,), and it is easy to see that N is Fréchet differentiable at
each xyp € C(R,) with Fréchet derivative N’(x,) given by

(N"(x0)h)(t) = W (t) — Ex(t, xo()) (1), (t,h) € Ry x CL(R,). (8.144)
THEOREM 8.24. Assume that the function F satisfies Condition (F) and that the
operator U : CL(Ry) D S — R" is continuous and Fréchet differentiable on the open

and bounded set S. Let U’ (x) be continuous on S, that is, for every xo € S we have:
for every € > 0 there exists §(€) > 0 with

I[[U"(x) — U’ (x0) 1h| < €llhlle (8.145)

for every x € Swith ||x — xoll1 < € and every h € CL(Ry).
Fix xo € S and assume that the linear problem

x' = Fe(t,x0(t))x = 0, (8.146)
U'(x)x =0 (8.147)

has only the zero solution in C}(R,.). Assume further that

sup {Lt ||X(t)X’1(s)||ds} < too, (8.148)

teRy

where X (t) is the fundamental matrix of (8.146) with X(0) = I.
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Let fo(t) = x,(t) — F(t,x0(t)), t € Ry, r9 = Uxg. Then there exist numbers
a >0, B > 0 such that for every [ f,r] € C,(Ry) X R" with [[[f — fo,r — rolll < 5,
there exists a unique solution x € CL(R.) of the problem

x' =F(t,x)+ f(t),

8.149
Ux=r ( )

such that ||x|l, < a. If, in addition, ||[ fo,r0]ll < 3, then the problem ((E), (B)) has a
unique solution x(t) with ||x[l; < a.

ProoF. It is easy to see that the operator V is Fréchet differentiable on
C}(R.). The Fréchet derivative V' (x) is given by
[V (x)h](£) = [I'(£) = e (£, x(6) h(t), U’ (x)h]

, , (8.150)
= [(N"(x)h)(t), U’ (x)h]
foreveryt € Ry, h € C}(R,). In view of the inequality preceding (8.146), the con-
tinuity of V' (x) in x follows from that of N’'(x). The continuity of N’ (x) follows
from Condition (F) and the identity

[I(N" (x1) ) (1) = (N" (x2) ) (]| = [|[Fe (£ x1(8)) = Fe(t,%2(8)) JR(H)||  (8.151)
for all x1, x5, h € CL(R). The operator V’(x() in one-to-one and onto because of
our assumptions on the problem ((8.146), (8.147)) in connection with the remark

following Theorem 6.1. Indeed, since the problem ((8.146), (8.147)) has only the
zero solution in C}(R,), the problem

x' = Fx(xo(t))x + f(1),

U’ (xo)x = 7 (8.152)
has a unique solution for every [ f,r] € C,(R) X R" given by
x(t) = XX [r = U (%) q(-, )] +q(t, f), (8.153)
where
t
q(t, f) = JOX(t)X"(s)f(s)ds. (8.154)

The inverse function theorem (Theorem 2.27) implies our first assertion. Our sec-
ond assertion follows from the first because we are now allowed to choose f = 0
andr = 0. O
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Now, we examine the problem ((8.138), (8.139)), where no differentiability
conditions are placed on G, W. We assume, for convenience, that xo = 0, fy = 0,
and F(-,0) = 0.

THEOREM 8.25. Let the assumptions of Theorem 8.24 be satisfied. Furthermore,
assume the following:

(i) the function

q(t) = sup |[|F(t,u)l], (8.155)
u€B,(0)

where « is given in the conclusion of Theorem 8.24 (see proof below),
satisfies

Jm q(8)dt < +oo; (8.156)
0

(ii) W is defined and continuous on the ball B* = {u € C,(Ry); llulle < a}
with values in R";

(ili) G : Ry X B4(0) — R™ is continuous, and for every € > 0 there exists
8(€) > 0 such that

[|G(t,u) — G(t,v)|| < € (8.157)

forall t € Ry and all u,v € B4(0) with |lu — vl < §(e). Moreover,
llolleo + IWull < B, u € B% where

o(t) = sup ||G(t )l (8.158)
ueB,(0)
with
J o(t)dt < +oo. (8.159)
0

Then the problem ((8.138), (8.139)) has at least one solution x € Cll.

Proor. Consider the operator V : B* — B* which assigns to each function
u € B* the unique solution x,, of the problem

x' = F(t,x) + G(t,u(t)), (8.160)
Ux=Wu (8.161)

belonging to the ball B = {x¢e Cll : lx|l; < a} C B*. The existence of a solution
x, € {x € CL(Ry) : lIxll; < a} is guaranteed by Theorem 8.24. The convergence
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of x,, to a finite limit x, (o) follows from
t t
xu(t) = x(0) + J F(s, xu(s))ds + J G(s, u(s))ds, (8.162)
0 0
which, taking limits as ¢ — co, implies

() = xa(0) + J: F(s, xu(s))ds + JO G(s, u(s)) ds. (8.163)

The limits on the right-hand side exist by virtue of the integral assumptions on
q 0.

To show that V is continuous, let {u,,},_; C B* be given with ||t —ulle — 0
and let x,,, = Vu,,, m = 1,2,.... Then we have

X, (1) = F(t, (1)) + G(t,up (1)),

(8.164)
Uxy = Wuy,.
Since
t t
[ (£) — 2 (¢)]] < ‘ J q(s)ds| + ‘ J o(s)ds (8.165)
t t
for every m = 1,2,..., it follows that {x,,} is equicontinuous on R,. Since it is

also equiconvergent (Exercise 2.5(iii)), there exists a subsequence {ul,(£)}5_, of
{tn(£)} such that, for x}, = Vul,, we have

llxm = ¥l = [Vt =yl — 0 asm — oo, (8.166)

where y is some element of C/,. Letting

y(t) = (%)x}n(t), teR,, (8.167)

we also obtain

(v (8) = v ()] < [[F (£, x,,(5) = F (£, x,(0)) |

(8.168)
+[|G(t, ub, (1) = G(t,ul()]].

It is easy to see now that this inequality, the boundedness of F,(t, ) on R X B,(0)
and (8.157) imply that {v,,(¢)} is a Cauchy sequence of functions. Thus, by a well-
known theorem of Advanced Calculus, we have

nlqig}o V() = y'(t) uniformly on R,. (8.169)
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We let

t

2() = y(0) + f F(s, y(s))ds+LtG(s, u(s))ds (8.170)

0

and observe that
t t
xh(t) = x1,(0) + J F(s,x.(s))ds + J G(s,ul (s))ds. (8.171)
0 0

Subtracting these two equations, we obtain, eventually,

k(1) = 20011 < 15 0) = YOI + [ " 1IF(s,8,9) - F(s, y9)llds
’ (8.172)

+ [ 1166 ub(9) ~ Gl uts) s
0

Using Lebesgue’s dominated convergence theorem, along with the integral condi-
tions on g, o, we obtain

lim ||x}, —z||, = 0. (8.173)
M— 00

Thus, z(t) = y(t), t € R.. This shows that y() solves (8.160) on R.. From (8.169)
we also obtain that y’ € C,(R,). Consequently, y € C/. The continuity of U
on C}(Ry) and W on C,(R) imply that Ux}, — Uy and Wul, — Wu. Thus,
Uy = Wu. Hence y(t) is the unique solution of the problem ((8.160), (8.161))
in B'. Since we could have started with any subsequence of {u,} instead of {u,,}
itself, we have actually proven the following statement: every subsequence { Vi, }
of {Vu,,} contains a further subsequence {V1,,} which converges to the same
function y(t) in the norm of C,(R;) as k — oo. This proves the continuity of
V. The relative compactness of VB® in C, (hence in C,(R;)) follows from the
equicontinuity, the equiconvergence, and the boundedness (VB* C B¥) of VB“.
The Schauder-Tychonov theorem implies now the existence of a solution x(¢) of
the problem ((8.138), (8.139)) which belongs to B. O

CoOROLLARY 8.26. Assume that the hypotheses of the first part of Theorem 8.24
are satisfied, and let n be a positive constant. Let f : Ry X (0,7) — R" be continuous
and such that

6111;1)1||f(-,€) - follo = 0. (8.174)
Letr: (0,n) — R" satisfy
lim ||r(€) — ro|| = 0. (8.175)

e—0*
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Then there exists €y > 0 such that, for each € € (0, €g) the problem

x' = F(t,x)+ f(t,€)

Ux  r() (8.176)

has a unique solution xc such that || xcll, < a.

Proor. It suffices to observe that ||[ f(-,€) — fo,7(€) — ro]ll <  for all suffi-
ciently small €. O

COROLLARY 8.27. Assume that the hypotheses of Theorem 8.25 are satisfied with
G(t,x), Wx replaced by G(t,x,€), W(x,€), respectively, for every € in the interval
(0,7), where 1 is a positive constant. Let

lim sup {||[W(x, )|} =0,

€—0* [lxllo=<a

. 8.177
lim sup {lIG(t,x,€)||} = 0. ( )
€—~0+ tER,
[lxll <e
Then there exists €y > 0 such that, for every € € (0, €g) the problem
x" = F(t,x) + G(t, x,€),
8.178
Ux = W(x,€) ( )
has at least one solution x. € Cll such that ||x¢ll; < a.
EXERCISES
8.1. Show that in the setting of Lemma 8.2 we have
sup [|Piul|| < sup  ||Pul|, 1=1,2. (8.179)
[lull=1 llull=1
UER; Pru# 0,k=1,2

8.2. Let A: R — M, be continuous and let the system (S) possess an expo-
nential splitting. Show that if x(¢) is a solution of (S) with x(0) € Ry, x(0) # 0,
then x(#) ¢ R,(¢) for any t € R.

8.3. Show that UB" € B" and ||U fi — U, < p, for fi, f» € B', in the proof
of Theorem 8.8(1).

8.4. Show the stability of the zero solution of the system x” = B(f,x), where
the vector B(t, u) is given in Example 8.17.

8.5. Consider the quasilinear system

x = A(t,x)x + E(t,x), (So)
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where A : Ry X R” — M, F : Ry X R" — R” are continuous. Assume that there
exist two functions p,q : Ry — Ry, continuous and such that

[|A(t, w)|] < p(t), ||[F(t,w)|| < q(t), (t,u) € Ry x R" (8.180)

Show that every local solution x(#) of (Sq) is continuable to +oo.

8.6. Show that the scalar quasilinear equation
x' = (cos?x —2)x + (sint)x"> + sin(2t) (8.181)

has a 27-periodic solution.

8.7. Suppose that F : R X R" — R" is continuous. Let the constant r > 0 be
such that

(F(t,u),u) <0 (8.182)

for every u € R" with ||ul| = r. Then the system (E) has at least one solution x(¢),
t € R, such that [|x|l. < r.Hint. Consider the systems

x" = F(t,x) — €x, (Se)

where € > 0. Obtain solutions x¢(t), t € R, of (S¢) such that ||x|| < r (see proof
of Theorem 7.12).

8.8. Consider the system
x" = A(t,x)x + F(t,x), (Sq)
where A, F, p, q are as in Exercise 8.5. Assume further that

r p(D)dt < +oo, F q(8)dt < +oo. (8.183)
0 0

Show that for every & € R” there exists at least one solution x(¢) of the system (Sq)
which is defined for all large ¢ and converges to & as t — co.

8.9. Assume that A : Ry — M,, F : R, x R" - R", f : Ry — R" are
continuous. Assume that the system (S) possesses a dichotomy given by (8.11),
but for t,s = 0 and m( = 0. Let the function F satisfy

1F(tu1) = F(tua)|| = MO)||ur — wal|, L |IF(,0)[|dt < +e0  (8.184)

for every u;, u; € R", where A : Ry — R is continuous and such that

J’Oo/\(t)dt < +co. (8.185)
0
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Show that for every bounded solution y(t), t € Ry, of the system
X' =At)x+ f(t) (S¢)

there exists a unique bounded solution x(¢), t € R, of the system
x'=A(t)x+ f(t) + F(t,x) (S1)

such that the operator T : x — y is one-to-one, onto, and bicontinuous (T, T~}
are continuous). Hint. Choose t; so that

H, | A#dt<1 (8.186)

t

and find a unique fixed point x(¢) for the operator V : C,[t;, ) — C,[t1, o0) with

(V) = y(t) +J X(H)PLX ' (s)F(s, f(s))ds
b (8.187)

- J’OOX(t)PzX’l(s)F(s, £(s))ds.

Show that x(¢) is continuable (in a unique way) to t = 0. Study the correspondence
T :x — ywith y = x — Vx, where x € C,(R) is a solution of (S;).

8.10. Let A : Ry X R" — M, be continuous. Using the method of The-
orem 8.15, show that the zero solution of the system (8.81), x" = A(t,x)x, is
uniformly asymptotically stable, provided that suitable stability properties are as-
sumed for the systems x' = A(t, f(f))x. In addition, examine the problem of
strong stability for the system (8.81) via the same method.

8.11. Let B: Ry X R" — R", F : Ry X R" — R" be continuous with B(t, u)
continuously differentiable w.r.t. u on Ry X R". Assume further that

[|Be(t,w)|| < p(t), [|F(t,u)|| < q(t) (8.188)

for every (t,u) € Ry X R", where p,q : R, — R, are continuous and such that
J: p(D)dt < +oo, j: q(8)dt < +oo. (8.189)
Show that for every solution y(t), t € Ry, of the system
y' =B(ty) (8.190)
there exists at least one solution x(¢), t € [¢1, o) (for some t; > 0), of the system

x" = B(t,x) + F(t,x) (8.191)
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such that x(¢) — y(t) — 0 as t — oo. Hint. Consider the integral equation

]

u(t) = —Jth(s,u(s))ds— L Fo(s, u(s))ds, (8.192)

where A(t,u) = B(t,u + y(t)) — B(t, y(t)), Fo(t,u) = F(t,u+ y(t)), and u(t) =
x(t) — y(1).
8.12. Consider the problem

X2 X1 — X3 f(1) )
x1(0) B x1(2m) _n
x2(0) x2(2m) 2
Show that there exists a number & > 0 such that whenever |r{],|r:] < & and

| fillo, | 2l < 8 (fi, fo € C1[0,27]), the problem (S;) has at least one solution
x € C,[0,2m].

8.13. Prove that the system

x| sinx; | —3)x1 +x x|
o (| 1] =3)x +x N 12 (8.193)
X2 x1+ (exp{— x|} —2)x sin” t
has at least one 27-periodic solution. Hint. Examine the eigenvalues of the matrix

[|sinf1(t)| -3 1 ] (5.19)
1 exp{— | A(t)]} -2 '

for every f € C,[0,2m] which is 27-periodic.

8.14. Consider the quasilinear system
x = At x)x+ f(1), (8.195)
where A : RXR" — M, f : R — R" are continuous, T-periodic in ¢ and such that
[[A(t,u) — A]| <K (8.196)
for every (t,u) € R X R", where A; € M, is fixed. Show that if
x' = Ax, x(0) = x(T), (8.197)

has only the zero solution and K is sufficiently small, then the system (8.81) has at
least one T-periodic solution.
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8.15. Show that the function

L

- b)] [(bft) Lt(sfa) F(s)ds+(t—a) Lb(bfs) f(s)ds], (8.198)

x(t)= [
where f € C[a, b], is the unique solution to the scalar boundary value problem
X" =f@),  x(a)=x(b)=0. (8.199)

Using the inverse function theorem, impose conditions on the function F : [0, 1] X
R — R that ensure the solvability of the problem

x"" = F(t, x), x(0) = x(1) = 0. (8.200)

8.16. Complete the proof of Theorem 8.19.

8.17. Assume that the system (S) possesses an exponential dichotomy as in
Definition 8.4. Then for each f € C,(R.) there exists at least one solution x €
Cu(R) of the system (Sy). This solution is given by

x(t) = J Gt,5) f(s)ds (8.201)
0
as in Exercise 3.23. Show that
Ixlo < Kl fllco» (8.202)

where K is some positive constant. Notice that

x(0) = j: G(0,)f(s)ds = —P, j: X1(s)f()ds (8.203)

says that x(0) € R,. Show that all bounded solutions of (S7) on R, are given by
the formula

x(t) = X(t)xo + J: G(t,s) f (s)ds, (8.204)

where X is any vector in R;.

8.18. Improve Theorems 8.24 and 8.25 by imposing local conditions on the
function F(t, u). The properties of this function were actually used in connection
with a neighborhood S of the point xy € CL(R).



CHAPTER 9

INTRODUCTION TO DEGREE THEORY

Degree Theory is a very applicable branch of Nonlinear Analysis. One of its main
concerns is the development of methods in order to solve equations of the type
f(x) = p. Here, f maps a subset A of a Banach space X into X and p is a point
in X. The solvability of this equation is often achieved by estimating the degree
d(f,D, p), always an integer or zero, where D is an open, bounded set with DcA
and p € X\ f(9D). It turns out that if this degree is not zero, then f(x) = p hasa
solution x € D.

As we will see later, we cannot define an adequate concept of degree for the
class of all continuous functions f mapping suitable subsets of X into X, unless X
is finite dimensional.

Our purpose in this chapter is to introduce the concept and the fundamental
properties of a degree which is defined for quite a large class of continuous func-
tions, namely, the compact displacements of the identity. This concept of degree is
of fundamental nature and is due to Leray and Schauder [36].

1. PRELIMINARIES

Unless otherwise stated, the symbol D denotes an open bounded subset of R”. We
use the symbol C(D) to denote the set {f : D — R" : f is continuous on D}. We
define the space C!'(D) as follows: C'(D) = {f € C(D) : f can be extended to a
function f on an open set D; D D in such a way that f has continuous first-order
partial derivatives on D; }.

The symbol f’(x) denotes the Jacobian matrix of f € C'(D) at x € D. For
such functions f, we denote by J;(x) the (Jacobian) determinant of f’(x). The
symbol I denotes the n X n identity matrix in M, as well as the identity operator
on the real normed space under consideration.

Let f : R" D D(f) — RF be given. The support of f (supp f) is defined to be
the closure of the set {x € D(f) : f(x) # 0}. We denote by Ck(A, B) the space of
all k times continuously differentiable functions f : A — B.
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We use the term homotopy for any continuous function H(¢,x) of the real
variable ¢t and the vector x. The term homotopy of compact operators has a more
specific meaning (see Definition 9.30). In this chapter, we let B,(x,) denote the
open ball of the underlying normed space with center at x, and radius r > 0.

2. DEGREE FOR FUNCTIONS IN C'(D)

In this section, we introduce the degree for functions in C!(D). The fact that every
function in C(D) is the uniform limit of a sequence {f,} C C'(D) allows us to
extend this concept of degree to arbitrary functions in C(D) (see Section 3).
Given f € C'(D), we call the point x € D a critical point of f if J¢(x) = 0.
The set of all critical points of f in D is denoted by Qs (D), or, simply, Qy.
Tueorem 9.1. Let f € C'(D), p € R" be given with p & f(Qy). Then the set
f71(p) is either finite or empty.

Prook. Let f71(p) # @. The set D is compact. Our conclusion will follow
from this, if we show that the set f~1(p) consists of isolated points. Let {x,} C D
be an infinite sequence with f(x,) = p. Then since D is compact, there exists a
subsequence of {x,}, denoted again by {x,}, such that x, — xo € D. Since fis
continuous,

lim  (5:) = £ (x0) = p. ©.1
Now, we observe that

0= f(xn) = f(x0) = f"(x0) (0 — x0) + w(xy — X0)5 (9.2)

where w(u)/||ull — 0 as u — 0. This follows from the fact that f” is the Fréchet
derivative of f and Definition 2.18. Since p ¢ f(Qy), the matrix f'(xo) is non-
singular. As such, it maps R” onto R" and has an inverse [ f'(x0)] ! which defines
a bounded linear operator on R". If we denote this operator also by [ f"(x)] ™!,
we obtain

1L (x0)] " ul| < mllull, ueR", (9.3)

where m is a positive constant. Letting v = [ f(x)] ~'u, we find
4 1 n
1f o)vl[ = —livll, v e R (9.4)
It is easy to see from (9.2) that there exists a positive integer 7 such that

lxn — x0l, n = no. (9.5)

1 (20) Gt = )1 < 5

3
This contradicts (9.4) unless x,, = x, for all large n. Consequently, f~!(p) is finite.
|
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We are now ready to define the degree of a function f € C!(D).

DEerINITION 9.2. Let f € C'(D), p € R” be given with p ¢ f(dD) and
P & f(Qf). The degree of f at p with respect to D, d(f, D, p), is defined by

d(f,D,p) = Z sgnJ(x). (9.6)
xef-1(p)

We set > e sgnjr(x) = 0.

THEOREM 9.3. If p € D, then d(I,D, p) = 1. If p ¢ D, then d(I, D, p) = 0.
The proof follows easily from Definition 9.2.

ExamPLE 9.4. Let

fx)=(xf = L,xs —x3, (63 = 3) (k3 + 1)), x€R. (9.7)

Then

2x; 0 0
ffx)=10 1 -1

0 2x(x3-3) x3+1

(9.8)

We find £71((0,0,0)) = {(1,3,3),(~1,3,3)}. Wealso find sgn J;((1,3,3)) = 1 and
sgnJr((—1,3,3)) = —1. Thus, we have d(f, Bs(0),0) = 0.

ExampLE 9.5. Consider the function

f(x) = (x — 1,x1 +3x), x€ R~ (9.9)

For this function we have f~1((0,0)) = {(1,—1/3)} and

, 3x1 0
f(x) = { X 3]. (9.10)

Thus, sgnJ¢((1,-1/3)) = 1 = d(f, B2(0),0).
ExaMPLE 9.6. For the function

fx) = (xj —6x] +11x; — 6,2 + Lx3 + x2), x € R’, (9.11)

we have f71((0,2,3)) = {(1,1,2),(2,1,2),(3,1,2)} (the roots of the first compo-

nent are 1, 2, and 3) and J¢(x) = 3x} — 12x; + 11. This gives Jr((1,1,2)) = 2,

Jr((2,1,2)) = =1 and J;((3,1,2)) = 2. It follows that d(f,B4(0),(0,2,3)) =
1—1+1=1.
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THEOREM 9.7. Assume that D = U, D;, where D, i = 1,2,...,m, are mutu-
ally disjoint open sets. Let f € C'(D) and p € R" with p ¢ f(dD), p ¢ f(Qp).
Then

d(f>D>P): Z d(f’DDP) (912)

l1<i=m

Proor. The proof follows easily from Definition 9.2 because we have that p ¢
f@Dy)and p & f(Qr(Dy)),i=1,2,...,m. O

3. DEGREE FOR FUNCTIONS IN C(D)
The proof of the following lemma can be found in Sard’s paper [50].

Lemma 9.8 (Sard). Let f € C'(D) be given. Then the set f(Qy) has measure
zero in R™,

The next lemma provides an integral representation for the degree of a func-
tion in C'(D).

Lemma 9.9. Let f € CY(D), p € R" with p ¢ f(dD) and p ¢ f(Qf). Given
€ >0, let fc : Ry — R be a continuous function such that

supp fe C [0,€], wae(llxu)dx =1. (9.13)

Then there exists € = €o( f,D, p) > 0 such that

d(f,D,p) = JDfe(Hf(x) - pINJf(x)dx, € € (0,€). (9.14)

Proor. Since p & f(Qy), the set f~!(p) is either finite or empty by Theo-
rem 9.1. If it is empty, then d( f, D, p) = 0, by definition. Also, the integral in (9.14)
equals zero, for all small € > 0, because || f(x) — pll = (some) €, x € D. Let
fYp) = {q91,92,----gm} (C D). The inverse function theorem and Exercise 1.14
imply the existence of open neighborhoods A; C D of the points g;,i = 1,2,...,m,
respectively, such that f : A; — f(A;) is a homeomorphism onto, Js(x) # 0 for
x € UA,, J has fixed sign on each A;, and A; N A; = & for i # j. Consider the
mapping g(x) = f(x) — p. Then g(A;) is an open neighborhood of zero. This im-
plies that there is §; > 0 such that (", g(A;) D Bs, (0). Moreover, for some 8, > 0,
we have [lg(x)ll = 6§, for x € D\ UL, A, If we pick €9 € (0,min{8},8,}) and
let € € (0, €9), we have supp fc(Il f(-) — pll) € UA; because || f(x) — pll > € for
x ¢ UA;, and supp fe C [0, €]. Thus,

[, 100 plbsstode =3 [ felllfeo - plbeods. ©15)
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Since J¢(x) has fixed sign in each set A;, we have

Jr(x) = |Jr(x)| sgnjf(qi), x € Aj

JA,- fe(lf(x) = pl)Jf(x)dx = sgnJf(qi) L\,- fe(llf(x) = pl) [ s—p(x) | dx (9.16)
= sgnly(a) | felyI)dy = sgnls(q).

Here, f — p denotes the function f(-) — p. It follows that

L) fe(llfx) = pl)Jf(x)dx = > sgn]f(qi) = d(f, D, p). (9.17)
i=1 |:|

The next two lemmas will be used to obtain a more concrete integral repre-
sentation of d(f, D, p). This is done in Theorem 9.12.

LemmMa 9.10. Let f € CY(D) be such that Il f(x)ll > € > 0 ondD. Moreover,
let g € Ci(Ry) vanish in the set [€, ) and in a neighborhood of zero. Assume fur-
ther that

J W g(u)du = 0. 9.18)
0
Then

JDg(IIf(x)H)]f(x)dx =0. (9.19)

Prookr. It suffices to prove the lemma under the assumption that f € C?(D) =
{h € CY(D) : h has an extension on an open set D; D D with continuous second
partials on D; }. If this is shown, then Weierstrass’ approximation theorem ensures
the validity of the lemma for functions f € C'(D).

Consider the function

-n ut”“ Hdt, ue (0,0),
" Jo gt)dt, € (0, ) (9.20)

h(u) =
0, u=20.

It is easy to see that h is continuously differentiable on R, and identically equal to
zero in [€, ) and in a neighborhood of zero. Moreover,

uh'(u) + nh(u) = g(u), u=0. (9.21)
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It follows that the functions k;(y) = h(llyl)yj, j = 1,2,...,n, are continuously
differentiable on R” and such that k;(y) = 0 for all y € R” with [|y|| = €. Con-
sequently, k;(f(-)) € C'(D) and vanishes identically in a neighborhood of oD.
Using the well-known equations

" IA;;
Z[ ’(,x)]=0, j=12,...,nx€eD, (9.22)

where A;j(x) is the cofactor of the number df;(x)/0x; in the determinant J;(x),
we obtain

z(x) =

I\Mx

> o 2 Ak (£
e

. (x))
Zl ok (f(x) (9.23)

9yj
= J () [uh’ () + nh(u)],_ s
=g(lf@INJs(x), xeD,

which, after one integration, gives (9.19). In fact, the function z(x) above is the
divergence of a function vanishing identically in a neighborhood of dD. Thus,

J 2(x)dx = 0. (9.24)
P 0

LemMA 9.11. Let f € CY(D) be such that || f(x) — pll > € on D, for some
p € R", € > 0. Then the value of the integral

[ slllrt - plhistorax 925)

is independent of the function g € C,(R,.) which satisfies the following conditions:
(1) g(u) = 0, u € [€, ), and g vanishes identically in a neighborhood of zero;
(i1) we have

Jwg(llxll)dx =1 (9.26)
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Proor. Let G denote the vector space of all functions g € C,(R.) satistying
(i), and let

Lg = J: u" g(u)du,
Mg = | gl 927)
Ng = [ gl - pl)Idx.

Applying Lemma 9.10 to the mapping fi(x) = x, with D = B,.(0) there, and the

mapping f>(x) = f(x) — p, x € D, we obtain that if Lg = 0, for some g € G, then
Mg =0and Ng = 0. Let 1,2 € G satisty Mg, = Mg, = 1. The equation

L((Lg2)g1 — (Lg1)g2) =0 (9.28)
implies
M((Lg)g — (Lg1)g) = LepMg — LgiMg,
=Lg - Lg (9.29)
= L(g2 _gl) =0.
This yields N(g1 — g2) = 0, 0or Ng; = Ng,. O

As it is expected, Theorem 9.12 shows that the integral in (9.25) is actually the
degree d(f, D, p) provided that p & f(Qy).

THEOREM 9.12. Let f € CY(D), p € R" begiven with || f(x)— pll > €, x € dD,
and p & f(Qy). Let g € Ci(R+) be a function satisfying (i), (ii) of Lemma 9.11.
Then

d(1,0.p) = | () - plbys o). (9.30)

Proor. Let € be as in the proof of Lemma 9.9 and choose a number €; €
(0, min{e, €9}). Pick a function g; € C;(R,) which vanishes in a neighborhood of
zero and in the interval [€,, ), and is such that

[ sl =1, 931)

Then, by Lemma 9.9,

d(5.0.p) = | gi(l£00) = pl)s(x)dx (932)
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and, by Lemma 9.11,

| slllr = plreds = | @l - plhrswds, ©33)

because g; has all the properties of g. O

Lemmas 9.13 and 9.14 below allow us to extend the notion of degree to points
p € f(Qy)

LemMa 9.13. Let fi € CY(D), i = 1,2, p € R", € > 0 be such that p & fi(Qy,)
and

lfitx) = p|| = 7€, i=1,2, x € D,
[[A(x) = falx)|| <€, x€D.

Then d(fi,D, p) = d(f2, D, p).

Proor. By Theorem 9.12,d(f,D, p) = d(f — p,D,0). Thus, we may assume,
without loss of generality, that p = 0. Let ¢ € C}(R) be such that

(9.34)

gu) =1, u € [0,2€],
gu) =0, u € [3€, ), (9.35)
gu) €[0,1], u € (2€,3¢€).

Let

) =1 -g([AiI)) A + g Ai]]) L (x). (9.36)

It is easy to see that f; € C'(D). Moreover, we have

llfix) - f(x)|| <€, i=1,2,x€D,

|| f5(x)|| > 6€, x € aD, (9.37)
.mm:+ﬂﬂ 1ol > 36, .
fHx) |l fitx)]] < 2e.

In order to show (9.37), we observe first that
1fiGx) = Il < g([IA@IDIAG - L] <1-€=F¢,
1/200) = Il < l2(x) = fitx) +g (AN [Ai(x) = L] (9.39)
< (1-g(lAINIAK) - )l <e, x€D

and || f3(x) |l > | fi(x)|l — € = 7€ — € = 6€, x € dD.
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Now, let hy, h; be two functions in C;(R;) which vanish in a neighborhood
of zero and are such that

hi(u) =0, uel0,4€] U [5€, ),
hy(u) =0, u€ € ),

j (lxl)dx =1, i=1,2.
[RVI

(9.40)

Then we have

hi (|1 0I5 (%) = b (| AT 4 (),

(9.41)
ha ([ 5N () = B2 (L 2()I)] 5 (x), - x € D.

In order to show the first of (9.41), assume first that || f;(x)|| > 3€. Then f3(x) =
fi(x) and we are done. If || fi (%)l < 3€, then || f3(x) — fi(x)]l < € implies || f3(x)[l <
Il fi(x)ll + € < 4e. This gives h (Il f3(x)II) = 0 and A; (|l fi(x)]l) = 0, which com-
pletes the argument. To show the second of (9.41), let || fi(x)|l < 2€. Then f3(x) =
f(x) and we are done. Let | fi(x)|l > 2€. Then || f(x)Il = [l fi(x)ll — [l f5(x) —
fi)ll >2e—€ =¢,and | L)l = I i)l =1l 2(x) = fi(x)]] >2€ —€ = €. Thus,
ha (1l 511 = ha (Il f2()]) = 0.

Theorem 9.12 implies now our conclusion from

A(0.0) = | (@I,

= [ mUAIDI; d
=d(f,D,0), (9.42)

A 0.0) = | i (IA@ID;

= [ mUlA@ I dx

=d(f,D,0). .

Lemma 9.14. Let f; € C'(D), pi € R", i = 1,2, € >0 besuch that p; & fi(Qy),
i,j=1,2,and
Ifitx) = pjll = 7€, i,j=1,2, x € aD,
lfitx) - px)ll <€, x€D, (9.43)
1P = ol < e

Then d(f1,D, p1) = d(f2, D, p2).
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Proor. We first note that the first inequality above implies that p; ¢ fi(dD)
forany i, j = 1,2. From Lemma 9.13 we obtain

d(fi,D, p1) = d(f2, D, p1). (9.44)

We also obtain

d(f,D,p1) =d(fa+ (p1 = p2), D, p1). (9.45)

From the definition of the degree, letting f(x) = f,(x) + py — pa, we have

d(f,D,p1) = > sgnJj(x)
xef -l (p)

> sgnjp(x)

{x:f(x)=p1}

> sgnjp(x) (9.46)
{x; fa(x)=p2}

Z sgnjp, (x)
xefy '(p2)

=d(f2, D, p2).

Our conclusion follows from (9.44), (9.45), and (9.46). O

We are now ready to define d(f, D, p) at points p € f(Qy). Let f € CcY(D),
p € R" be given with p ¢ f(dD) and p € f(Qy). Then since, by Lemma 9.8,
f(Qy) does not contain any open set, the point p can be approximated by a se-
quence {p,} such that p, & f(Qy). Since p ¢ f(0D), (which is a compact set), we
may assume that p, ¢ f(dD), n = 1,2,.... Actually, there exists € > 0 such that

[|f(x) = pull = 7€, n=1,2,..., x €dD. (9.47)

To see this, assume that (9.47) is false. Then there exists a subsequence {ny} of {n}
and a sequence {x,,} C 9D such that f(x,) — p,, — 0ask — oo. Since 9D is
compact, we may assume the x,, — xo € 0D. Then f(x,,) — pn, — f(x0) —p =0,
that is, a contradiction.

Applying Lemma 9.14, we see now that d( f, D, p,) = ¢ (constant) for all large
n. Since for any other sequence {g,} having the same properties as {p,} we have

lln = anll < [lpn = pll + llg. = pll < € (9.48)
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for all large n, we see that this constant ¢ is independent of the particular sequence
{pn}, that is,

lim d(f, D, ps) = lim d(f,D,q,)- (9.49)

n—oo

This approach justifies the following definition.

DEeriNITION 9.15. The degree d(f, D, p) is defined for every f € C'(D) and
every p € R" such that p & f(dD) as follows:

d(f,D, p) = lim d(f,D, py). (9.50)

The following lemma will allow us to define the degree for functions in C(D).

LEmMMA 9.16. Let f; € CY(D),i= 1,2, p € R", € > 0 be such that

|| filx) = p|| = 8¢, i=1,2, x €D,

[Ifix) = A0l <€, xeD. (9.51)

Then d(fi,D, p) = d(f»,D, p).

Proor. Let the sequence {p,} be as in the discussion preceding Definition
9.15for f = fiand f = f; (ie, p, & fi(dD) and p, & fi(Qf), i = 1,2, n =
1,2,...). Then Lemma 9.13 implies that

d(fi,D, pn) =d(f2,D, pn), n=ny, (9.52)

where || p, — pll < € for n = ny. In fact,

/i) = pall = (i) = pll = [[pn — pll > 86 —€ = 7€, n=ny.  (9.53)

Letting n — co in the above equation, we obtain our conclusion. O

Now, let f € C(D), p & (D). Let { f,,} be a sequence of functions in C' (D)
such that f, — f uniformly on D as n — 0. Then, for some € > 0, some index 1
and all m,n = ngy, we have || f,(x) — pll = 8¢, x € dD, and || fu(x) — fu(x)|l <,
x € D. In fact, we assume that Il fie (xn,) — pll — 0 as k — oo, where {x,,} C dD.
We may also assume that x,, — xp € 90D as k — oo, because 0D is compact.
Then we obtain || f,,, (xn,) — pll = Il f(x0) — pll = 0, that is, a contradiction. From
Lemma 9.16 we see that

d(fu- D, p) = d(fu, D, p), n=ng. (9.54)

Also, by Lemma 9.16, any two such degrees are eventually independent of the se-
quence { f,} under consideration. Thus, we have the following definition.
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DEerFINITION 9.17. The degree d(f, D, p) is defined for every f € C(D), p €
R" such that p ¢ f(9D) as follows:

d(f,D,p) = lim d(f,, D, p). (9.55)
As an example, we consider the function
flxn,x) = 2|x| —x1,x3 +4x; +4x3),  (x1,x%) € R (9.56)

Obviously, f & C'(B1(0)). In order to compute the degree d( f, B;(0),0), we ob-
serve first that each

fe(x1,%2) = 2] x| —x1 + 6,57 +4x; +4x3), € €(0,1), (9.57)

is the uniform limit of a sequence of functions fe , € C'(B;(0)) such that fe ,(x) #
0, x € B(0). This follows from the fact that since || fc(x1,x2)ll is positive on
B, (0), it attains a positive minimum on the compact set B; (0). Consequently, since

1 (0) = &, we have that d( fe,», B1(0),0) = 0 (see also Theorem 9.19 below) and

d(fe,B1(0),0) = ,111?0 d(feu, B1(0),0). (9.58)

Since fe — f uniformly on B (0), it follows that d(f, B,;(0),0) = 0.

4. PROPERTIES OF THE FINITE-DIMENSIONAL DEGREE

THEOREM 9.18. Let D; C R", i = 1,2,...,m, be mutually disjoint, open and
bounded. Let f € C(UD;, R"), p € R" be such that p ¢ f(0(U D;)). Then

d(f,UDip) = > d(f,Dsp). (9.59)
i=1
Proor. Obvious by virtue of Theorem 9.7. O

The result in Theorem 9.19 below contains one of the most important prop-
erties of the degree in R”. It provides conditions for the solvability of the equation

fx)=p.

TueoreM 9.19. Let f € C(D), p € R" be such that p ¢ f(dD). Letd(f, D, p) #
0. Then there exists a point xo € D such that f(xy) = p.

Proor. Assume that the conclusion is false. Then there exists € > 0 such that
If(x)—pll >2€,x € D. This is a consequence of the fact that D is compact and
that the continuous function || f(x) — p/| attains its (positive) minimum on D. Let
{fu} C CY(D) be such that f, — f uniformly on D and let {p,} be a sequence
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in R" with p, — p and p, & U, fx(Qj). This is possible because this union has
measure zero, and thus it contains no open set. Furthermore,

|| fu(x) — pil| > €, k,n=ngy, x €D, (9.60)

for some ny. At this point we apply the formula of Theorem 9.12. Let g € C;(R4)
be such that g(x) = 0 in a neighborhood of zero and in the set [€, ©). Assume
further that

Jwg(llxll)dx =1 (9.61)
Then
d(f,D, pr) = JDg(an(x) )T (0dx = 0, kon = . (9.62)

Our conclusion follows now from this equality and Definitions 9.15 and 9.17. [

THEOREM 9.20 (invariance under homotopies). Let H : [a,b] X D — R" be
continuous and such that H(t,x) + p, t € [a,b], x € dD, where p € R" is a given
point. Then d(H(t, -), D, p) is constant on [a, b].

Proor. Our assumptions imply the existence of some € > 0 such that
[|H(t,x) — p|| >9€, t € [a,b], x € aD. (9.63)

Moreover, we can find a number 6(€) > 0 such that

1 (1) = H (2, 0)] < 5 (9.64)

forallt;, t, € [a,b] with |t;—t,| < §(€) and all x € D. Fix two such points 1, t,. Let
{finh, {hut € C (D) approximate the functions H(t;,x), H(t,,x), respectively,
uniformly on D. Then there exists 1y such that

|| fin(x) — p|| > 8¢, i=1,2, x €D,

| fin(x) — fon(x)|| <€, x€D, (9.65)

for every n = ny. Applying Lemma 9.16, we see that d(fi,,, D, p) = d(fo,u, D, p),
n > ng. Thus,

d(H(t1,-),D,p) = d(H(t, ), D, p). (9.66)

Since this equality actually holds for any #,,t, € [a,b] with [t — ] < §(€), a
simple covering argument yields our conclusion. ]
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As a consequence of the above result, we obtain the following improvement
of Lemma 9.16.

TueoreM 9.21 (Rouché). Let f; € C(D), i = 1,2, p € R" be such that p ¢
fi(@D), i = 1,2, and

IlAx) = ()| < || fitx) = pl, xe€aD. (9.67)

Then d(f],D;p) = d(fZ,D>P)
Proor. We let

H(t,x) = fi(x) +t(f(x) — filx)), te]0,1], x €D. (9.68)

It is easy to see that p ¢ H(t,0dD) for any t € [0, 1]. The result follows from
Theorem 9.20. O

Before we state and prove Borsuk’s theorem, which concerns itself with the
fact that “odd mappings have odd degrees at p = 0 € D,” we should observe
first that the degree of a mapping f € C(D) with respect to a point p ¢ f(dD)
depends only on the values of f on dD. In fact, let g € C(D) be such that g(x) =
f(x), x € dD. Then p ¢ g(dD) = f(0D). Consider the homotopy H(t,x) =
tf(x)+ (1 —t)g(x), t € [0,1], x € D. If we assume that H(to,xo) = p, for some
to € [0,1], xo € 0D, then f(xy) = g(x9) = p, which is a contradiction. Thus, by
Theorem 9.20, d(f, D, p) = d(g, D, p). At this point we need the following result
which is a special case of the well-known Dugundji Theorem (cf. [14]). We denote
by co A the convex hull of the set A, that is, the smallest convex set containing A.

TaeoreM 9.22 (Dugundji). Let S be a closed subset of X, and let Y be another
real Banach space. Then every continuous mapping f : S — Y has a continuous
extension F : X — Y such that R(F) C co f(S).

On the basis of this theorem, it is evident that every continuous function f :
0D — R" can be extended to a continuous function f on all of D. Since the degree
of any such extension f with respect to p ¢ f(dD) = f(dD) depends only on the
set f(AD), it is appropriate to define d(f, D, p) = d(f, D, p).

The proof of Borsuk’s theorem is based on the following two lemmas. For a
proof of Lemma 9.23 the reader is referred to Schwartz [52, page 79]. Aset D ¢ X
is called symmetric if x € D implies —x € D.

LEMMA 9.23. Let D be symmetric with O & D. Let f : 9D — R" be continuous,
odd and such that 0 ¢ f(3D). Then f can be extended to a function f : D — R”
which is continuous, odd and nonvanishing on D N R""!, where R""! is identified
with the space {x € R" : x = (0,X2,...,%5)}.

LEMMA 9.24. Let D be symmetric and such that 0 & D. Assume that f : 0D —
R" is continuous, odd and such that 0 & f(dD). Then d(f,D,0) is an even integer.
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Proor. By Lemma 9.23, we can extend the function f to all of D so that its
extension (denoted again by f) is an odd continuous function never vanishing on
D N R"!. Now, let g € C'(D) be odd and so close to f (in the sup-norm) that

0¢g@D), 0¢g(DNR™),  d(g,D,0) =d(f,D,0). (9.69)

This can be done by approximating f sufficiently close by a function g € C!(D)
so that the above three conditions are satisfied and then replacing g, if necessary,
by the odd function (1/2)(g(x) — g(—x)). In order to estimate d(g, D,0), we set
D" = R*"" n D, D~ = R" n D, where R"" = {x € R" : x; > 0} and R*™ =
{x € R" : x; < 0}. Since the function g never vanishes on DnR*! and D =
D" U D~ U (D n R"!), we may eliminate the set D n R""! below (this actually
follows from the so-called “excision” property of the degree (see Exercise 9.23)) to
obtain

d(g, D,0) = d(g,D* u D-,o) — d(g,D",0) +d(g, D", 0). (9.70)

Let p € R" be so close to zero that p ¢ ¢(Q,) and p ¢ g(dD). This is possible
because g(Q,) contains no open set (Lemma 9.8). Since the function g is odd, J, is
an even mapping on D. Thus, we also have —p ¢ g(Qg). In view of this, choosing
the point p further, so that

d(g,D*,0) =d(g, D%, p), d(g,D~,0) =d(g,D",-p), (9.71)
we obtain

d(g,D*,0) = > sgnJy(x),
gx)=p
xeD*
d(g,D,0) = Z sgn Jo(y).

g(y)=—p
yeD™

(9.72)

Since the set {x € D* : g(x) = p} equals minus the set {y € D™ : g(y) = —p} and
Jo(x) = J;(—x), we obtain

d(g,D*,0) = d(g,D",0). (9.73)

This and (9.70) imply that d(g, D,0) is an even integer. O

TaEOREM 9.25 (Borsuk). Let D be symmetric with 0 € D. Let f € C(D) be
odd and such that 0 & f(0D). Then d(f,D,0) is an odd integer.
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Proor. Let U C D, where U is an open ball centered at zero, and let g:
D — R" be a continuous function with the properties: glop = flap, glo =1
(= the identity function). Such a function g exists by Dugundji’s theorem (Theo-
rem 9.22). If we let h(x) = (1/2)(g(x) — g(—x)), x € D, we obtain that & is an odd
function which has the properties of g : hlop = flap, hlg = I. Since 0 ¢ h(JU),
we have

d(h,D,0) = d(h,U U (D\ U),0)
=d(h,U,0)+d(h,D\ U,0) (9.74)
=1+d(h,D\ U,0).

However, since D \ U is symmetric and does not contain zero, and hlpy is con-
tinuous, odd, and such that 0 & h(3(D \ U)), we have that d(h, D \ U,0) is even by
Lemma 9.24. It follows that d(h, D, 0) = d(f,D,0) is an odd integer. O

5. DEGREE THEORY IN BANACH SPACES

In this section, we extend the notion of degree developed in Sections 1, 2, 3, and 4
to mappings of the form I — T, where T is a compact operator. Before we do this, we
need to make some observations about the degree in the space R". We first note
that this degree is independent of the basis that we have chosen for R”. In fact,
let h € C'(R",R") be one-to-one, onto and such that the Jacobian determinant
Ju is never zero. We view this mapping & as a representation of a change in the
coordinate system of R”. We let f € C'(D), p € R" be such that p ¢ f(dD) and
p & f(Qf). Then we have

d(ho f oh ', h(D),h(p)) = d(f,D,p). (9.75)
Here, of course, D is a bounded open subset of R”. In fact, if x is a point in the old

coordinate system and y = h(x), then the function f*(y) = ho f o h™!(y) is the
function f in the new coordinate system. We have

Je«(y) = Tn(f o h ") (W () T (), (9.76)

and since J,(h™'(y))Js-1(y) = 1 and Jj, never vanishes, the Jacobians Ji, Jy-1 have
the same sign. Thus,

sgnJs(y) = sgnjs(h™'(y)) = sgnj(x). (9.77)
Our assertion follows, for such functions f, from noting that

y e f*(h(p)) ifandonlyifx € f~'(p), where y = h(x). (9.78)
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By using suitable approximations, we conclude that the degree is independent of
the basis chosen for all f € C(D) and all points p ¢ f(dD).

It is now rather evident that we can define an appropriate degree function
for a continuous mapping from the closure of a bounded open subset of one n-
dimensional normed space into another. This process, which requires some cau-
tion involving the orientation of the spaces involved, is well-described in the book
of Rothe [47, pages 117-118]. The relevant degrees for mappings between such
spaces will be assumed to be known in the sequel. In what follows, we assume that
X is a real Banach space.

6. DEGREE FOR COMPACT DISPLACEMENTS OF THE IDENTITY

We start with an auxiliary result which shows that the degree of certain mappings
g : R" > D — R" is actually equal to the degree of the restrictions § : R" N D —
R", where m < n (we identify the vector (x1,x2,...,%,) € R™ with the vector
(X1,%25 ..oy X, 0,...,0) € R").

THEOREM 9.26. Let D C R” be open and bounded and let m < n. Let f : D —
R™ be continuous and set g(x) = x + f(x), x € D. Then if p € R™ does not belong
to g(dD), we have

d(g,D, p) = d(glgnqp>R™ N D, p). (9.79)

PrOOE. We assume that R” N D # @. Otherwise, p ¢ g(D) and the two
degrees in the statement equal zero. We note first that g(R™” N D) C R"+R™ = R™.
We also have p ¢ glgn p(d(R™ N D)) because d(R™ N D) ¢ R™ N dD C aD.
Thus, the degree d(g|gnn~p> R™ N D, p) is well defined. We only need to prove the
statement for f € C'(D,R™) and p & g(Qy). The rest follows by approximation.

Ifg(y) =y+ f(y) = p,theny = p— f(y) € R™. Hence g '(p) € R" n D.
It follows that the points which are to be computed for g : D — R" are also the
points to be computed for G = glgmnp : R™ N D — R™, thatis, G '(p) = g 1(p).
However, there still could be a difference in the degrees of these two mappings due
to differences in the signs of the respective Jacobian determinants at these points.
As it turns out, this does not happen because

A(x) B(x)
Onm—m Iﬂ*m

i,j=1

Jo(x) = det [ ] , withA(x)=1,+ [%(x)]m , (9.80)
j

where B(x) = [(9f/0xj)(x)], i = 1,2,...,m, j =m+1,m+2,...,n, O is the
(n — m) X m matrix of zeros, and I is the identity matrix in R, Since J(x) =
Jo(x) = detA(x), x € g~'(p), the proof is complete. O

Theorem 9.26 is one of the two key results that make possible the extend-
ability of the notion of degree to infinite-dimensional spaces. The other key result
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is that “a compact operator can be approximated by compact operators of finite
dimensional range.” The latter is the content of Lemma 9.27 below.

Given a relatively compact set K C X and an €-net {v{,v,,...,v,} of K (see
Definition 2.6), we define

21 gi(x)vi .

Fe(x) = ST a0 x €K, (9.81)

where

€—|lx—wvl|l ifllx-vil <e,
qi(x) = (9.82)
0 if||x —vi|| > e.

Note that the denominator in (9.81) cannot vanish at any x € K because g;(x) =
€ — |lx — v;|| >0 for some i.

LEMMA 9.27. Let T : X O M — X be compact, where M is a bounded subset of
X. Let K = T(M). Let F¢ be defined on K as above. If x € M, then

[|[Tx — F.(Tx)|| < €. (9.83)

Proor. For every x € M we have

| S5y (T2 T = S, qi(Tx)wi|

Tx — Fe(T = 7
|| X ( X)H Zizlq:’(Tx) (9.84)
_ 5L g0 Tx — w]
S Yam °©
(]

Now, let D C X be bounded, open, and let {€,} be a decreasing sequence of
positive numbers such that €, — 0. Let T : D — X be a compact operator and
set K = T(D) and T, = F, o T, where F is the mapping defined on K by (9.81).
Assume that p ¢ (I — T)(dD). We are going to give a meaning to the symbol
d(I - T,D,p).

We show first that there exists a number 7 > 0 such that

inf [|x —Tx— pll =r. 9.85
inf lx—=Tx—pll=>r (9.85)
In fact, suppose that there exists a sequence { y,,} C 0D with

lim ||y — Tym — pl| = 0. (9.86)
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Since T is compact, we may assume that T'y,, — yo. Then
lim Ty, = lim y, — p = yo. (9.87)

Thus, T(yo+ p) = yo. Since {y,} C 0D, wehaveu = yo+p € dDandu—Tu = p.
This contradicts p & (I — T)(dD).
Now, recall that T;,(D) lies in a finite-dimensional subspace of X and that

lim || T,x — Tx|| =0 uniformly on D. (9.88)
n—oo
Since [|x — Tx — pll = r, x € 9D, there exists some 7y such that

l|x — Tox — pl| = x € 0D, n = ny. (9.89)

r
2 b
Let X, = span{Tn(D), p}. The space X, is a real normed space, associated with

the norm of X, and D, = X, N D is a bounded open subset of X,, with dD,, C
X, N 9D C aD. It follows that p ¢ (I — T)(dD,). Since (I — T,)(D,) C X, and

xé%{)n l|x — Tpx — p|| = (9.90)

r
2
the degree dx, (I — Ty, Dy, p) = d(I — Ty, Dy, p) is defined for n = ny.
We prove that d(I — T, D, p) is constant for all large n and independent of
the particular sequence {T,} of compact operators of finite-dimensional range,
which converges uniformly to the operator T on D as above. To this end, let T,
T., : D — X be two compact operators with ranges in the finite-dimensional
subspaces X, Xn,, respectively. These two spaces are spans as above. Let these
mappings satisfy

||Tx—T,1,.x}|<%, i=1,2 xeD. (9.91)

It suffices to show that d(I — T),, Dy, p) = d(I = T,,, Dy,, p), where D,,, = X,,, N D.
First we observe that if X,, is the vector space spanned by X,,, U X,,,, then

d(I — Ty, Dy, p) = d(I = Ty, D> p), (9.92)

where D,, = X,, N D. Indeed, this follows from Theorem 9.26. We consider the
homotopy

H(t,x) = t(I— Ty)x+ (1 —)I - To)x, t€[0,1], x € D, (9.93)
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For x € D,,, we obtain

|H(t,x) = (= T)al| = ||t = Tp)x + (1 = 0)(I - Tp)x — (I - T)x|
< |[t(I = Ty)x — t(I - T)x||

111 = O = Tw)x — (1 — (I — T)x]| (5.94)
tr (1-tr r
< + —2 = 7
Hence, for x € dD,, and t € [0, 1], we find
[|H(t,x) = p|| = ||(I - T)x — p+ H(t,x) — (I — T)x||
> ||(I—T)x—p||—HH(t,x)—(I—T)xH (995)
sp_L_1T
r—5=5
Consequently, Theorem 9.20 implies that
d(I = Ty, Dyyy p) = d(I = T, Dy ). (9.96)

Our assertion follows from (9.92) and (9.96).
In view of the above construction, we are ready for the following definition.

DErINITION 9.28. Let T : D — X be compact and let p ¢ (I — T)(dD). Then
the degree d(I — T, D, p) is defined by

d(I - T>D>P) = %LHO‘IO dX,, (I - Tn)Dmp)) (997)

where X,, = span{T,(D), p}, D, = X,, 0 D.

7. PROPERTIES OF THE GENERAL DEGREE FUNCTION

We establish some properties of d(I — T, D, p) analogous to those of Section 4. We
always assume that X is a real Banach space and D an open, bounded subset of X.
We make free use of the symbols T}, D,,, X,, from Section 6.

THEOREM 9.29. Let p ¢ (I — T)(0D). If d(I — T, D, p) # 0, then there exists
X0 € D such that (I — T)xo = p.

Proor. Theorem 9.19 implies the existence of a point x, € D,, = X,, " D such

that (I — T,,)x, = p. Hence,

[|xn — Txn = pl| = ||xn — Txn — Tuxn + Tuxtn — pl| = ||Txn — Tuxn|| < €4 (1 0).
(9.98)
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Since T is compact, we may assume that Tx,, — y € X. This implies thatx, — y+p
and

%0 = Txp = pl| = lly+p =Ty +p)—pll=llx0—Txo—pll =0 (9.99)

with xg = y + p € D because p & (I — T)(dD). O

DEerINITION 9.30. Fort € [0,1],let T(¢) : X D E — X be a compact operator
with E closed. Assume that for every € > 0 and every bounded M C E there exists
(€, M) > 0 such that

[|T(t)x - T(t2)x|| <€ (9.100)

for all t;,t, € [0,1] with |t; — ] < 6(€,M) and all x € M. Then we call T(t) or
H(t,x) = T(t)x a homotopy of compact operators on E.

If H(t,x) is a homotopy of compact operators on E, then H is continuous on
[0,1] X E (see also Exercise 9.16).

TaEOREM 9.31 (invariance under homotopies). Let p € X be given. If T(t) is
a homotopy of compact operators on D and if (I — T(t))x # p for all x € D and all
t € [0,1], then d(I — T(t), D, p) is constant on [0, 1].

Proor. We show first that there exists a number r > 0 such that x € dD and
t € [0, 1] imply

I[(I =T(®)x~pll =1 (9.101)

In fact, assume the contrary. Then there exist sequences {x,} C dD and t,, € [0, 1]
such that ||y, < 1/n, where

Yn = (I =T (ts))Xn — p. (9.102)

We may assume that t, — f € [0, 1]. Since {T'(ty)x,} lies in a compact set, we may
assume that T'(ty)x, — y € X. Then

T (t)xn = pIl < [T (ta) 20 = T (t0)xal| + [|T (t0) x4 = y|| — 0 asn — oo
(9.103)
This implies that x, = T(t,)x, + y, + p — y+ p. Since T(t,)x, — T(to)(y + p), we
have T(to)(y +p)+p=y+porp=y+p—T(t)(y+p) = u— T(t)u, where
u = y+ p € dD. This is a contradiction.
Now, fix t; € [0, 1] and assume that T,, : D — X,, approximates T(¢;) in such
a way that

| Tx — T(t))x]| < 2 xeD. (9.104)
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All values of t in the rest of the proof lie in the interval [0, 1]. Since T(¢) is a ho-
motopy of compact operators, there exists § > 0 such that [t — ;| < §,x € D

imply
IT(t)x - T(t)x|| < i (9.105)

Consequently, for the same ¢, x,

IT(t)x = Tux|| < [IT(t)x = T (ty)x]| +[|T (t2)x — Tox]|

T (9.106)
4 4 2

and, for x € 9D,

llx = Tuxx = pl| = [lx = T(t)x = pl| = [|Tox — T()x]]

P, (9.107)
>T—§—E>.

By the definition of the degree, we have

d(I-T(t),D,p) =d(I = Ty,Dy, p) (9.108)
for |t — 1] < §. Since t; is arbitrary, our conclusion follows from an easy covering
argument. To see this, note first that the interval [0, 1] can be covered with a finite

number, say k, of overlapping intervals of the type (¢,,— 9, t,,+38), where t,, € (0, 1)
and § does not depend on m and is such that

IT(6)x — T(tn)x| < i, lt—tm| <8, xeD, m=1,2,....k.  (9.109)
Thus, we may choose the mapping T, : D — X,,, as above, to obtain

IT(£)x — Toux|| < % |t —t,| <8, x €D,
d(I —=T(t),D,p) = d(I = T, D> p), £ E (tm — 8, tm +9).

(9.110)

Since the intervals are overlapping,
d(I-T(t),D,p) =d(I - Tw,D,p) = const, m=1,2,...,k (9.111)
O
We can now state one of the most powerful tools of Nonlinear Analysis.

THEOREM 9.32 (Schauder-Tychonov). Let K be a closed, convex and bounded
subset of X. Let T : K — K be compact. Then there exists a fixed point of T in K,
that is, a point xo € K such that Txy = xy.
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The following two lemmas will be used in the proof of Theorem 9.32.
Lemma 9.33. If p € D, then d(I,D, p) = 1. If p ¢ D, then d(I, D, p) = 0.

Proor. The proof follows from Theorem 9.3 and the approximation preced-
ing Definition 9.28. 0

LEMMA 9.34. Let S be an open, convex, and bounded subset of X containing zero.
Let T : S — S be compact. Then T has a fixed point in S.

Proor. Consider the homotopy
H(t,x) =x—tTx, te][0,1], x€S. (9.112)

Assume that Tx # x, x € dS. Then H(1,0S) % 0. Let x € S be given. Then since
the line segment [0, Tx] C S, the points tTx, t € [0,1), belong to intS. Thus,
H(t,x) # 0, (t,x) € [0,1) X dS. Theorem 9.31 implies now that d(I — T,S,0) =
d(I,S,0) (= 1 by Lemma 9.33). This and Theorem 9.29 imply that Tx, = x, for
some xg € S. O

PROOF OF THEOREM 9.32. Let B,(0) O K for some r > 0. By Dugundji’s
theorem (Theorem 9.22), there exists a continuous function g : X — K such that
g = I onK. Let T="To g. Then T maps B, (0) into itself and is compact. By
Lemma 9.34, T has a fixed point xy € B,(0). It follows that Txo = T(g(x0)) = xo.
Since Txy € K, we have xo € K and T(g(x0)) = Txo = Xo. O

The abstract analogue of Borsuk’s theorem (Theorem 9.25), is given in the
following result.

THEOREM 9.35 (Borsuk). Let D be a bounded, open, and symmetric subset of X
with0 € D. Let T : D — X be an odd compact operator. Let Tx # x, x € oD. Then
d(I — T, D,0) is an odd integer.

Prookr. Let {v|,v2,...,v,} be an e-net of T(D) and set V,4; = —Vi, Vp2 =
~V2,...,v2r = —v,. For x € T(D), define F(x) as in (9.81), but with r replaced
by 2r. Let X, be the space spanned by the vectors v, v2,..., v, =V1, =V2,..., —Vy.
Then the operators T,, = F, o T are odd mappings on the symmetric sets D,,, and
our assertion follows from Theorem 9.25. [l

For the sake of a more comprehensive and illuminating set of exercises and
Example 9.37, we introduce below the concept of a real Hilbert space.

DEFINITION 9.36 (real Hilbert space). A real Hilbert space X is a real Banach
space associated with an inner product (-, ) : X X X — R with the following two
properties: (a) (x, y) is a bilinear form on H, that is, it is linear in x and in y; (b)

llx]l =+/{x,x).
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The space X = % of all real square summable sequences x = (x1,x,...) is a
real Hilbert space with inner product

(x,y) =D xiyi (9.113)
i1

and norm

0 12
Ixll = [Zx?] : (9.114)
i=1

The space X = L?(Q) of all real square integrable (in the Lebesgue sense)
functions f : O — R is a real Hilbert space with inner product

(f>8) = JQ fo)g(x)du (9.115)

and norm

171=[ [, reorau] ©.116

where Q) is an open, bounded subset of R” and ¢ is the Lebesgue measure of R".
The inner product of a real Hilbert space satisfies the Cauchy-Schwarz in-
equality

[ e, ) | < lxlllyll. (9.117)

We now show that we cannot define an adequate notion of degree for all contin-
uous functions mapping D C X into X. This assertion follows from the fact that
the Schauder-Tychonov theorem (Theorem 9.32) fails, in general, if we replace the
assumption of compactness on T' by the mere assumption of continuity. To this
end, we give the following example.

ExaMPLE 9.37. Let X = > and let T : B;(0) — X be defined as follows:

Tx = (1 lIxl?) ", 21,5, ). (9.118)

Then T is continuous on B;(0). Moreover, T maps B;(0) into itself. In fact, if
x|l <1, then

I Tx|I> =1 - [Ix]I* + fo =1—xlI?+ llxlI* = 1. (9.119)
i=1
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If we assume that xj is a fixed point of T in B;(0), then we must have || Tx,| =
llxo]l = 1. In addition,

Txo = (0,%01,%025...) = (Xo1,X02,.-.) (9.120)
implies that xo; = 0, i = 1,2,.... It follows that x, = 0, that is, a contradiction to
lxoll = 1.

EXERCISES

9.1. Let K C X be nonempty, closed, bounded and T : K — X compact.
Show that there exists a compact extension T : X — X of Ty such that TX C
co ToK. Hint. Let T be an extension of T, by Dugundji’s theorem (Theorem 9.22).
Use the fact that ¢ ToK is compact.

9.2 (Schaefer). Let T : X — X be compact. Assume further that the set
S={x€eX:x=tTxforsomet € [0,1)} (9.121)

is bounded. Show that T has fixed point. Hint. Let S ¢ D = B,(0), for some r > 0.
Let H : [0,1] x D — X be the homotopy defined by H(t,x) = x — tTx. Apply
Theorem 9.31 with p = 0 and use the fact that d(I,D,0) = 1.

9.3. Let D C X be open, bounded and T : D — X compact. Assume that
p & (I —T)(0D)and g € R". Show that
dI-T-q,D,p—q)=d(-T,D,p). (9.122)

Hint. (1) Let f € C'(D), p ¢ f(Qf), p ¢ f(9D). Using the definition of the de-
gree function, show that d(f —q, D, p—q) = d(f, D, p). This amounts to showing
that

16 | veiipmg) = Tr (O [ xep1(p0 (9.123)

where fy(x) = f(x) — q. B
(2) Generalize the above to functions f € C(D) and points p ¢ f(dD).
(3) In the case of a Banach space, show that

d(I - T,D,p) = d(I - Tn)Dmp))

9.124
dI-T-¢q,D,p—q)=d(I-T,—q,Duw,p—q), ( )

where T, = F,, o T and D, = X,, n D, for some suitable finite-dimensional space
X, The right-hand sides of these equalities are equal by step (2).
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9.4. Let S C X be closed, bounded and have nonempty interior. Let T : § — X
be compact and v € D = intS. Assume that

Tx—v#tlx—v) (9.125)

forall t > 1 and all x € dD. Show that T has a fixed point in D. Hint. Consider the
homotopy

H(t,x) =x—v—-t(Tx—-v), te€]0,1], x €D. (9.126)
Assume that T has no fixed point in 0D and apply Theorem 9.31 along with d(I —

T,D,0) = d(I —v,D,0) = 1, because v € D and d(I — v,D,0) = d(I,D,v) = 1
(see Exercise 9.3 and Lemma 9.33).

9.5 (Rouché). Let D be nonempty, open, bounded and T, T} : D — X com-
pact. Let p ¢ (I — Ty)(dD) and assume that

[|Tox — Tux|| < ||(I = To)x — p||, x € aD. (9.127)
Show that d(I — T}, D, p) is defined and
d(I - Ty, D, p) = d(I — T, D, p). (9.128)
Hint. Consider the homotopy
H(t,x)=t(I-T))x+ (1 -t)I - To)x, tec]0,1], x € D. (9.129)

By our assumption, H(0,x) # p, x € 0D. Show that x € oD implies ||H (¢, x) —
pll >0, t € (0,1]. The rest follows from Theorem 9.31.

9.6 (invariance of domain). Let D C X be openand T : D — X compact and
such that g = I — T is one-to-one. Show that g(D) is open. Hint. Let p € g(D).
Since D is open, there exists an open ball B C D such that g~!(p) € B. Also, if
q € X is such that

lp = qll <r = inf {llg(x) - pll}, (9.130)

then d(g, B, p) = d(g, B, q). To see this, observe that Exercise 9.3 gives

d(g)B,P) = d(g - p)B)O)y

d(g,B,q) = d(g — q.B,0) (0.131)

and Exercise 9.5 (with Tox = Tx + p, T'x = Tx + q and p = 0) implies

d(g - p,B,0) = d(g — g,B,0). (9.132)
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Thus, if we show that d(g, B, p) # 0, then q € g(B) for all ¢ € B,(p), proving that
g(D) is open.

We may take p = 0, g(0) = 0. In fact, p € g(B) if and only if 0 € §(B) with
gx) = glx+x) —p,x € B = B — xo. Here, xo € B is such that g(xp) = pand
B —xp = {x — x0; x € B}. We see that (0) = 0.

Consider the homotopy

H(t,x)=g<li+t) —g(%fi), te[0,1], x € B. (9.133)

Show that H(t,x) = I — Ho(t,x), where Hy(t,x) is a homotopy of compact oper-
ators. Show that H(f,x) = 0 implies x = 0. Use Theorem 9.31 to conclude that
d(g,B,0) = d(H(1,-), B, 0). Then use Borsuk’s theorem (Theorem 9.35).

9.7 (Schauder-Tychonov theorem for starlike domains). An open, bounded
set D C X is called a starlike domain if there exists xo € D such that every ray
starting at x, intersects 0D at exactly one point. Such a ray is given by {x € X :
x = (1 — t)xo + tx; for some t > 0}, where x; is another point in X. An open,
bounded, and convex set D is a starlike domain. Prove the following improvement
of the Schauder-Tychonov theorem.

Let D C X be a starlike domain. Let T : D — X be compact and such that
T(0D) C D. Then T has fixed point in D. Hint. If T has a fixed point in 0D, we are
done. Assume that Tx # x, x € dD, and apply Exercise 9.4 as follows: assume that
Xo € D is such that D is a starlike domain with respect to x. Let

Tx —xo = t(x — x0) (9.134)

for some t > 1, x € 0D, and show that Tx = (1 — t)xo + tx is a contradiction to
T(oD) c D.

9.8 (degree for generalized Leray-Schauder operators). Let D C X be open,
bounded and let

Ux = Mx)x — Tox, x €D, (9.135)

where Ty : D — X is compact and A : D — [m, M] is continuous. Here, m, M are
positive constants. Let p ¢ U(0dD) and consider the operator

Tx = (ﬁ - 1>p+ (ﬁ)ﬂ)x. (9.136)

Show that (I—T)x = pifand onlyif Ux = p. Then show that p ¢ (I—-T)(0D) and
that T is compact. Thus, d(I — T, D, p) is well defined. Actually, one may define

d(U,D,p) = d(I - T,D, p). (9.137)

This definition extends the notion of degree to large classes of operators U.
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9.9. Let Hy: [0,1] x D — X, A1:[0,1] X D — [m, M] be homotopies of com-
pact operators, where D C X is open, bounded and m, M are positive constants.
Let

Hi(t,x) = A(t,x)x — Hy(t, x) (9.138)
and let p € X be such that p ¢ H,(t,0D), t € [0,1]. Show that d(H, (¢, -), D, p)

is independent of t € [0, 1]. This degree function is defined, for each t € [0, 1], in
Exercise 9.8. Hint. Consider the mapping

H(t,x) =x— [( 1>p+<#)Ho(t,x)]. (9.139)

1
At x) At, x)

9.10 (Krasnosel’skii’s fixed point theorem). Let X be a real Hilbert space and
T : B,(0) — X compact and such that

(Tx,x) < ||IxlI>, x € 9B,(0). (9.140)

Prove that T has a fixed point in B,(0). Hint. Let B = B,(0) and consider the
homotopy

H(t,x) =x—tTx, te][0,1], x € B. (9.141)
Assume that x — Tx # 0 for x € 0B and show that H(t,x) = 0 for some ¢t € [0,1)

implies x = 0. Then d(I — T, B,0) = d(I,B,0) = 1, which shows that Tx = x for
some x € B.

9.11 (Altman). Let T : B,(0) — X be compact and such that
llx = TxlI* = | Tx|I* = lIxII%,  x € 3B,(0). (9.142)

Then T has a fixed point in B,(0). Hint. Let B = B,(0) and consider the operator

Tx for || Tx| < r,

rTx
I Tx|l

Tox = (9.143)

for || Tx| > r.

Show that Ty is compact and that ToB C B. By the Schauder-Tychonov theorem
(Theorem 9.32), there exists xo € B with Tyxg = xo. Show that Txy = xo. In fact,

. Txo for || Txo|| < 7, 9144
xo = Toxo = .
0T T o [| Txo|| > 7.

(| Txo|
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If | Txoll < r,wearedone. If || Txq|| > r, then ||xy]| = r and

[T
.

Txy = Xo = (Xo (9.145)

with a > 1. Use the condition (9.142) to find a contradiction.
9.12. Show that (9.140) and (9.142) are equivalent when X is a real Hilbert
space. Show that

ITxIl < lIxll, x € 9B(0), (9.146)

implies (9.142) in a real Banach space X.
9.13. Prove the Cauchy-Schwarz inequality (9.117).

9.14. Let D C X be open, bounded, and symmetric. Assume that 0 € D and
that T : D — X is compact. Assume further that the function g = I — T is such
that 0 ¢ g(dD) and

g(x) 4 g(=x)
gl * [lg(=)lI”

x € dD. (9.147)

Then d(I — T, D, 0) is an odd integer. Hint. Consider the homotopy

b
1+t

.

H(t,x) = 1+t

g(x) — g(-x), telo,1], x€D. (9.148)

As in Exercise 9.6, show that H(t,x) = I — Hy(¢,x), where Hy(t,x) is a homotopy
of compact operators. Then show that H(t,x) # 0 for all (t,x) € [0,1] X oD.
Conclude that d(H(0, -),D,0) = d(H(1, -),D,0) = an odd integer.

9.15. Let T : X — X be compact and I — T one-to-one. Assume further that

lim ||x — Tx|| = +oo. (9.149)

x| =0

Show that R(I — T) = X. Hint. Use Exercise 9.6 to show that R(I — T') is open.
Then show that R(I — T) is closed. In fact, if y € R(I — T), then x, — Tx, — y
for some {x,} C X. Show that there exists a subsequence {x,, } of {x,} such that
Xp, — X0 € X with xo — Txy = y. Note that the only open and closed subsets of a
Banach space X are X and &.

9.16. Let D C X be open and bounded and let H : [0,1] X D — X be a
homotopy of compact operators on D. Show that H is a compact operator (on
[0,1] x D).
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9.17. Let D € X be bounded and T : D — X compact. Set g = I — T. Then
(i) g(D) is bounded;
(i) if D is closed, then g(D) is closed;
(iii) if C C X is compact, then g~!(C) is compact;
(iv) if D is closed and g is one-to-one, then g7! : g¢(D) — D can be written
as I — Ty with T} compact.

9.18. Let D C X be open, bounded and let T : D — X be compact. Assume
thatg: 1 — T : D — X is one-to-one. Show that g(D) = g(D) and g(aD) = dg(D).
Hint. Use Exercise 9.6 for the openness of g(D). Then use Exercise 9.17(ii), for the
closedness of g(D).

9.19. Let D C X be open and bounded. Let T}, T, : D — X be compact and
setgy =1 — Ty, g = I — T,. Assume that yy ¢ gi(dD), i = 1,2. Assume that there
isno x € dD such that g1 (x) — yo, £2(x) — yo have opposite direction, that is, there
areno A > 0, x € dD with

2(x) = yo = —Mg1(x) = yo). (9.150)
Then d(g1, D, y0) = d(g, D, yo). Hint. Consider the homotopy
H(t,x) = (1 - t)g1(x) + tga(x). (9.151)

Show that yy ¢ H(t,0D) for t € [0, 1].

9.20. Let D C X be open, bounded, where X is a real Hilbert space. Let T; :
D — X be compact and g =1-T;,i=1,2. Assume further that y, € X is such
that yo ¢ gi(dD),i = 1,2, and

(g1(x) = ¥0,22(x) — y0) >0, x € aD. (9.152)

Use Exercise 9.19 to show that d(g1, D, yo) = d(g, D, yo). If, moreover, g, = I and
Yo € D, then gi(x) = yo has a solution x € D.

9.21. Let T : X — X be compact. Assume that there exists a compact linear
operator S such that, for some constant A,

[|Tx — ASx|| < |lx — ASx||, x € 0dB,(0). (9.153)

Show that the operator T has a fixed point in B,(0). Hint. Consider the operator
g(x) = x — Tx. This operator satisfies the assumptions of Exercise 9.14 with D =
B, (0). In fact, if the inequality in Exercise 9.14 is not satisfied, then there exists
some « > 0 and points xo, x; = —xy € 0B,(0) such that g(xo) = ag(x;). Thus,

(a+1)xo = Txog — aTx;. (9.154)
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It follows that
(a+1)(xo — ASxg) = Txo — ASxg — a(Tx; — ASx1). (9.155)

Use our assumption to contradict this equality.

9.22. Let D = B,(0) and let H : [0,1] X D — X be a homotopy of compact
operators with H(0,0D) ¢ D and

x—H(t,x) #0 for (t,x) € [0,1] x dD. (9.156)

Show that H(1, -) has a fixed point in D. Hint. Consider the homotopy h(t,x) =
x — H(t,x), (t,x) € [0,1] x D. Show that d(h(1, -),D,0) = d(h(0,-),D,0). Then
show that d(h(0, -), D,0) = 1 by considering the new homotopy m, = x—7H(0, x),
(1,x) € [0, 1]xD. Show that 0 ¢ m.(dD) forany r € [0, 1], and that d(my, D,0) =
d(my,D,0) (= d(h(0,-),D,0)).

9.23 (excision property of the degree). Let D C X be open and bounded. Let
D; C X be open and such that D; C D. Let T : D — X be compact and p € X
with p & (I — T)(D; U dD). Show that d(I — T, D, p) = d(I - T, D \ Dy, p). Hint.
It suffices to show this statement for X = R", a continuous function f : D — X in
place of I — T and a compact set K C D in place of the open set Dy, that is, it has
to be shown that

d(f,D,p) =d(f,D\K,p), (9.157)

where p ¢ f(K U dD). Show first that

xEII?faD || f(x)=p|l >0 (9.158)
implies
xellglfaD [| fu(x) — pl| >0 (9.159)

for any uniformly approximating sequence { f,} and all large n. Thus, from Defi-
nition 9.17 we obtain

d(f,D\K,p) = limd(f,,D\K,p) ~ and  d(f,D,p) = limd(f,,D,p),
(9.160)
where f, € C!(D). It remains to show that

d(fuD,p) = d(fu, D\ K, p) (9.161)

for all large n. This can be done by approximating the point p ¢ f,(K U dD) by
points g, ¢ f,(Qy, UK U dD). Fill in the details.
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